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GENERAL INTRODUCTION.
The nasal passages have been considered already for a long
time to be involved in the protection of the lower airway
system. For that purpose the nasal cavity is especially
equipped in order to perform filtration, humidification
and thermoregulation of the inhaled air. An important role
in this protective function has been attributed to the nasal fluid, which is mainly a secretory product of the nasal mucosa. It is involved in the mechanical protection of
the respiratory epithelium, the removal of inhaled pollutants and presumably possesses bacteriostatic properties.
This nasal fluid is composed of 95% water and contains
salts, proteins and glycoproteins. The main sources of
this secretion are the secretory cells of the epithelium
and the submucosal glands. However, there is only scarce
knowledge on the distribution, the secretory characteristics and the chemical composition of the secretory products of the submucosal glands.
In this thesis the distribution and structure of the nasal
glands of the rat have been studied as well as the nature
of their secretory products, with special reference to the
production of glycoproteins. The first part of this thesis
consists of a survey of the literature with respect to the
histology of the nasal mucosa. In addition the present concepts on the characteristics of glandular tissue are reviewed. The second part describes an experimental study of
the epithelium and the secretory elements in the rat nose
studied with histochemical, autoradiographical, ultrastructural and biochemical techniques.

1.

1. ANATOMY OF THE NOSE.
1.1. Introduction.
The present knowledge of the micro-anatomy of the lining
of the nasal cavity is derived from a series of light microscopical investigations in several animal species
(Seifert, 1971; Adams, 1972; Breipohl, 1972; Nogueira et
al.,
1976) and in humans (Schiefferdecker, 1900; Oppikofer,
1906; Kubo, 1907; Bauer and Temesrekasi, 1967; Mygind,
1974, 1978) as well as from various electron microscopical
studies performed in recent years in various animal species (Stockinger, 1963; Graziadei, 1970; Matulionis and
Parks, 1973; Okuda and Kanda, 1973; Cuschieri and
Bannister, 1975) and in humans (Lenz, 1972, 1973, 1977;
Jahnke, 1972, 1978; Okuda and Kanda, 1973; Mygind, 1974,
1975, 1978; Busuttil et al., 1977; Polyzonis et al.,
1979).
In this chapter the structure of the various components of
the lining of the nasal cavity will be described in addition to the gross anatomy of the nose.
1.2. Gross anatomy of the nose.
The epithelium of the nasal cavity originates from the olfactory placodes, paired epithelial thickenings on the lateroventral wall of the forebrain, in an early stage of embryological development. These placodes sink inward to form
the primitive nasal cavity. During further posterior expansion this primitive nasal cavity opens into the roof of
the stomodaeum as the primary choanae. In mammals the nasal cavity becomes separated from the oral cavity by fusion of both palatal processes forming the secondary palate. The nasal cavity opens into the pharyngeal area by the
secondary choanae. By differentiation of the lateral nasal
wall three folds are formed which develop into the three
turbinates. The expansion of the nasal epithelium into the
surrounding bone results in the formation of the paranasal
sinuses.
The nasal cavity is divided into two identical cavities
by the nasal septum derived from the fronto-nasal process
which fuses in the midline with the secondary palate. In
each of these cavities three zones with different functions can be distinguished: the vestibular region, the respiratory region and the olfactory region. They are characterized by their lining with different types of epithelium.
The vestibuiar region is restricted to a narrow zone inside the nostrils. The olfactory
region
comprises the dorso3.

lateral and dorsomedial part of the nasal cavity. The size
of this region is greatly dependent on the olfactory sense
of the relevant animal species. The remaining part of the
nasal cavity is occupied by the respiratory
region.
1.3. Epithelium.
a.

The nasal

vestibulum.

The vestibulum is lined by a thin stratified, squamous epithelium, which is only moderately keratinized (Mygind and
Bretlau, 1974). More posteriorly the stratified epithelium
is flatter and gradually passes into the epithelium of the
respiratory region. In the transitional area the epithelium is not keratinized.
b.

The respiratory

region.

In humans the composition and fine structure of this epithelium has been described by Schaeffer (19 32) , Bloom and
Fawcett (1975), Jahnke (1972, 1978), Lenz (1973), Okuda
and Kanda (1973), Mygind (1974, 1975, 1978) and Busuttil
et al. (1977). A description of the respiratory epithelium
in various laboratory animals has been given by Burian and
Stockinger (1963), Stockinger (1963), Graziadei (1970),
Adams (1972), Matulionis and Parks (1973).
The epithelium of the respiratory part of the nose is
pseudo-stratified, ciliated, columnar with a large number
of goblet cells (fig. 1). The cells rest on a basement membrane, composed of a thin basal lamina and a network of reticular and collagenous fibrils (Eggston and Wolff, 1947).
The epithelium consists of four main cell types: basal
cells, goblet cells, ciliated cells and non-ciliated cells.
The basal cells are very small and they do not reach the
luminal surface. Their cytoplasm, rich in ribosomes, contains only a few mitochondria. A Golgi area is not always
discernable. The other cell types originate from these undifferentiated cells. The differentiation into the other
types of epithelial cells occurs via an intermediate cell
type which is rich in ribosomes. However, according to
Bauer and Temesrekasi (1967) at least part of the goblet
cell population should originate from ciliated ceils.
Goblet cells are unicellular glands which can aggregate to
form complex intra-epithelial glands. The goblet cell is
characterized by a well developed Golgi complex situated
directly above the nucleus and a somewhat irregular apical
part without microvilli, when the cell is fully packed
4.

F i g . 1. Transmission e l e c t r o n m i c r o s c o p i c a l diagram of t h r e e main c e l l
t y p e s i n t h e n a s a l r e s p i r a t o r y e p i t h e l i u m . The b a s a l c e l l s a r e
v e r y small and do n o t reach t h e luminal s u r f a c e . The g o b l e t
c e l l i s packed with s e c r e t o r y g r a n u l e s and p r o t r u d e s s l i g h t l y
i n t o t h e lumen. The c i l i a t e d c e l l s a r e r i c h i n mitochondria i n
t h e i r a p i c a l cytoplasm. The luminal s u r f a c e b e a r s m i c r o v i l l i
and c i l i a .

with granules. In the secretory a c t i v e c e l l the nucleus i s
pushed towards the basal p a r t of the c e l l by the numerous
a p i c a l l y l o c a l i z e d secretory granules. The c e l l protrudes
s l i g h t l y i n t o the lumen. After the extrusion of the s e c r e tory granules the a p i c a l c e l l membrane closes again. I t i s
not known how many secretory cycles a goblet c e l l can undergo. In the normal human adult nose the average number
of goblet c e l l s v a r i e s from 4000 to 7000 c e l l s per mm2
(Mogensen and Tos, 1976) , with a s l i g h t l y higher number in
the p o s t e r i o r than in the a n t e r i o r p a r t of the nose (Tos,
1976). The major p a r t of the e p i t h e l i a l c e l l s are high columnar and most of them bear c i l i a . Their nuclei are not
located at the same l e v e l , thus c r e a t i n g the f a l s e impres5.

sion of cell stratification. Both ciliated and
non-cilia
ted cells
are covered by microvilli which enlarge the api
cal surface. They appear as fingerlike cytoplasmatic pro
trusions with a diameter varying between 0.03 and 0.1 μπι
and a maximal length of 2 ym. All microvilli protruding
from a given cell, have the same dimensions. In contrast
to the cilia the microvilli are not actively moving. Their
main function is to promote the transport of solutes and
water between cell and nasal fluid. The ciliated cells are
rich in mitochondria, which form clusters in the apex of
the cell. The Golgi area of these cells is fairly compre
hensive. Lysosomes and RER as well as free ribosomes are
present. Occasionally, the presence of bundles of tonofilaments have been described. The cytoplasm of the non-ci
liated
cells
contains mitochondria, ribosomes and lysoso
mes. Suggestions about the significance of this cell type
include a role in fluid absorption, or sensory perception,
while they are also assumed to be degenerative stages of
either ciliated or goblet cells (Rhodin, 1974).
Normally the epithelial cells are firmly bound together by
junctional complexes near the lumen, but close to the base
ment membrane a distinct intercellular space can be obser
ved (Mygind, 1978; Meneo, 1980).
с. The

olfactory

region.

The fine structure of this epithelium in several animal
species has been described by many authors (Frisch, 19 67;
Seifert, 1970; Adams, 1972; Cuschieri and Bannister, 1975;
Kratzing, 1975, 1978; Meneo et al., 1976; Ichikawa and
Ueda, 1977; Lenz, 1977; Loo, 1977; Glees and Spoerri, 1978;
Usukura and Yamada, 1978; Polyzonis et al.,
1979; Meneo,
1980).
The epithelium of the olfactory region is pseudo-stratified columnar (fig. 2). It is much thicker than the respi
ratory epithelium. It also rests on a basal lamina, which
is extremely thin, mainly due to the lack of reticular and
collagenous fibrils. This sensory epithelium is composed
of basal cells, supporting cells and olfactory cells.
The basal cells
are rather small in size and number. They
are situated close to the basal lamina and probably repre
sent stem cells which may develop into supporting cells.
The supporting ceils also called sustentacuiar cells,
are
characterized by a long and slender apical part and a tape
ring base resting on the basal lamina. These cells protru
de further into the lumen than the olfactory cells. The
apical surface bears several microvilli, which are some-

6.

Fig. 2. A and В. Diagrams of the olfactory epithelium, showing t h r e e
d i s t i n c t c e l l types. The basal cells are small and are s i t u a 
ted close t o the basal lamina. The supporting (sustentacular^
cells are characterized by a long and slender apical p a r t with
m i c r o v i l l i . The olfactory cells have most of t h e i r cytoplasm
in the perinuclear a r e a . They terminate on the limi nal surface
by a rounded olfactory knob with many olfactory c i l i a .

times branched. Many cytoplasmatic i n c l u s i o n s are p r e s e n t .
The supporting c e l l s are connected with the o l f a c t o r y
c e l l s by t i g h t j u n c t i o n s and desmosomes. The olfactory
c e l l s a r e t r u e b i p o l a r neurons with most of t h e i r cyto
plasm concentrated in the p e r i n u c l e a r a r e a . These c e l l s
narrow t o a p e r i p h e r a l , t h i n d e n d r i t i c processus extending
t o the surface of t h e epithelium and terminating by a roun
ded o l f a c t o r y knob with m i c r o v i l l i and with o l f a c t o r y c i 
l i a . Apart from the o l f a c t o r y c i l i a the presence of v e s i 
c l e s i s a constant feature of the o l f a c t o r y knob. Below
the nucleus, the o l f a c t o r y c e l l t a p e r s t o a t h i n processus
7.

(axon), surrounded by the proximal processes of the supporting cells. These axons perforate the basal lamina and
form bundles of non-myelinated olfactory nerves which course through the ethmoid bone to the olfactory bulb.
1.4. Cilia.
Cilia are long and thin projections from the surface of
the cell of both respiratory and olfactory epithelium. In
the respiratory part and in the sinuses the cilia carry a
'blanket' of mucus. They have a cleansing function by moving debris and bacteria backward towards the nasopharynx.
The most likely function of the cilia in the olfactory
cells is to increase the total receptor-bearing area
(Douek, 1974). These two kinds of cilia are characterized
by distinct morphological features.
a. The respiratory

region.

The cilia in the upper airway system are mobile. They vary
from 5-10 ym in length and from 0.1-0.3 ym in width. The
length of the cilia is uniform within one single cell, indicating a synchronized growth. The number of cilia per
cell is different in the various parts of the upper respiratory tract. In the human trachea there are about 250 cilia per cell (Rhodin, 1974) , in the anterior part of the
human nose 50-100 (Mygind and Bretlau, 1974) and in the
human middle ear 40-50 (Shimada and Lim, 1972).
Cilia are light microscopically characterized by an axial
filament, surrounded by a coating of cytoplasm. Cilia originate form basal bodies, which also anchor them in the
cell.
The fine structure of the cilia as observed in the electron microscope reveals a very complicated structure
(Fawcett and Porter, 1954; Friedman and Bird, 1971; Rhodin,
19 74). Generally the characteristic pattern of a cross section of a cilium is a ring of nine pairs of microtubules,
surrounding two single central microtubules (fig. 3). 1though this basic 9 + 2 pattern in the axoneme is observed
in most ciliated cells studied so far, atypical axonemes
with 9 + 4 , 8 + 2 and 1 0 + 2 patterns have been described
(Friedman and Bird, 1971; Takasaka et al.,
1980). The two
central microtubules terminate in a basal plate, while the
nine outer pairs of microtubules are continuous with two
or three tubules in the nine triplets of an intracellular
structure, the basal body. This basal body possesses accessory structures such as rootlets, basal feet and alar
sheets (Friedman and Bird, 1971; Anderson, 1971), which anchor the basal body.
8.
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Fig. 3. A and В. Simplified diagram (A) and transmission electron mi
crograph (B) (x 175.000) of a cross section of a respiratory
cilium. A ring of nine pairs of microtubules surrounds two
single central microtubules. From one side of each of the ni
ne pairs of microtubules two projections, dynein arms, protru
de.

9.

A series of projections, called dynein arms, protrude from
one side of the nine outer doublets. In these arms a protein with ATP-ase activity, named dynein, has been localized. Dynein is thought to be responsible for ciliary motion, because immotility corresponds with the apparent absence of dynein arms (Afzelius et al.,
1975; Summers,
197 5). Satir (1974) proposed a possible mechanism for ciliary motion. According to his opinion energy production
in the dynein arms should cause the peripheral microtubules to slide past one another (sliding-microtubule
hypothesis) , while the central filaments should have a directing
function. Support for this theory can be derived from the
absence of dynein arms in cilia of patients with
Kartagener's syndrome, a hereditary abnormality, characterized by ciliary immotility. However, the ciliary motion
seems not purely dependent on the presence of these dynein
arms, because recently also ciliary immotility has been reported in the presence of morphologically normal dynein
arms (Herzon and Murphy, 1980). Although within a limited
area all cilia beat in the same direction, but not at the
same time, forming a metachronical wave (Proetz, 1953)
(fig. 4 ) , so far there is no evidence for a neural control
of ciliary motion. According to observations made by Kuhn
and Engleman (1978), the displacement of the cilia should
be limited by a fixation of the axonemal microtubules in
the tips of mammalian respiratory cilia. Roth (1958) suggested that the rootlets should play an important role in
the coordination of ciliary movement by functioning as
electrical conductors, but the precise mechanism is still
unknown.
b. The olfactory

region.

Ten to fifteen long cilia extend laterally from each olfactory knob (olfactory vesicle) and run parallel to the epithelial surface. It is generally accepted that these extremely long cilia are nonmotile. The basal part of the shaft
of the cilium consists of the usual ring of nine double
filaments and a central pair of single filaments, the typical structure of respiratory cilia. Then the cilium narrows abruptly to a long distal segment, while the number
of microtubules declines via intermediary stages to one
single central pair (fig. 5). The doublets become triplets
in the basal bodies and each triplet ends in a dense rounded footplate. The basal body is usually situated in an
elevated area of cytoplasm. In this region the cell membrane and the basal portion of the ciliary shaft have
circular structures. These structures may be involved in
the attachment of the cilia to the cell (Meneo, 19 80). In
some cases it has been observed that the basal bodies are
10.
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Fig. 4. Diagram showing the characteristics of ciliary motion.
A. effective stroke
B. recovery stroke
The mucus layer (M) is moved in the direction of the effective
stroke.
C. Within a limited area all cilia beat in the same direction,
but not simultaneously, thus forming a metachronical wave.

provided with rootlet fibres (Polyzonis et al.,

1979).

1.5. Lamina propria.
The lamina propria contains a loose network of fibro-elastic connective tissue with many blood vessels, nerves and
glands. The architecture of the lamina propria is closely
related to the role of the nose in thermoregulation and
humidification of the inhaled air. For that purpose the
vascularization of the nasal mucosa has a complex organization both in humans (Dankmeijer, 1964; Ritter, 1970;
Osborn, 1978) and in animals (Dawes and Prichard, 1953).
Its components include fenestrated capillaries (Cauna and
Hinderer, 19 69), cavernous veins, arteriovenous anastomoses and so-called cushion veins. The capillaries are situated at three distinct levels:
1. a superficial layer situated immediately below the epithelium. These capillaries are mainly supposed to be involved in thermoregulation and humidification of the
11.

Fig. 5. Diagram of an olfactory cilium. The basal portion of the ciliary shaft is supported by circular structures. The structure
of the shaft is similar to that of the respiratory cilium.
More distally the cilium narrows and the microtubules are gradually reduced to a single central pair.

inhaled air.
2. periglandular capillaries, associated with the glands.
3. perichondral and periosteal capillaries, situated close
to the nasal skeleton.
From the scarce ultrastructural studies of the nasal capillaries in humans it appears that these capillaries are characterized by two conspicuous features (Cauna and Hinderer,
1969; Cauna, 1970a, b; Cauna and Cauna, 1975). First, the
internal elastic membrane is absent, so that the endothelial basement membrane is continuous with the basement membrane system of the surrounding smooth muscle cells. Secondly, the endothelial cell junctions are very loose in
the nasal mucosa and there are distinct gaps between the
endothelial cells (Watanabe et ai., 1980). In addition,
the connective tissue surrounding the capillaries is also
12.

very loose. On account of these ultrastructural characteristics it seems likely to assume that the musculature of
the nasal blood vessels may be influenced by vaso-active
agents in the blood. The cavernous veins of the nasal mucosa receive blood from the capillary bed and from the arteriovenous anastomoses when the shunts are open. In contrast with the anastomosing artery, the wall of the anastomosing vein is devoid of musculature and nerves. The
anastomosis is supplied by a non-myelinated periarterial
nerve plexus containing cholinergic and adrenergic axons.
It has been suggested that the cushion veins regulate the
drainage of the cavernous tissue by narrowing and widening.
They are provided with a nervous plexus and are presumably
under humoral control (Cauna, 1975).
Apart from the rich plexus of blood capillaries, one of
the most conspicuous features of the lamina propria of the
olfactory area is the presence of a dense network of lymphatic capillaries. The nerve supply of the nasal mucosa
is abundant and very complicated in comparison with the
mucous membranes in the other parts of the upper respiratory tract. This is related to an adequate and immediate
reaction of the nasal mucosa upon a large variety of external and internal stimuli. The nerves belong to the somatic
and the autonomic nervous system. The sensory fibres are
thought to come from the trigeminal nerve (Christensen,
1934; Malcolmson, 1959; Douek, 1974), whereas the sympathetic fibres are derived from the superior cervical ganglion
(Christensen, 1934). The parasympathetic fibres originate
from the superior secretory nucleus in the brainstem. The
sensory fibres convey sensations like touch, cold, pressure, heat and pain, which can result in sneezing, increased
secretion or changes in blood flow. Although sensory fibres have been observed along the blood vessels, so far no
data are available on their presence between the epithelial cells of the nose as observed in other parts of the
upper airway system. The parasympathetic system innervates
both glands and vessels (Ishii and Toriyama, 1972; Cauna
et al., 1972; Grote, 1974). Stimulation of these fibres
evokes a dilatation of the blood vessels. On the other hand
the sympathetic fibres innervate only the vessels and stimulation results in vasoconstriction. The sympathetic fibres are especially numerous in the wall of the cavernous
veins, which contain the main part of the nasal blood volume in the turbinates. In this way the autonomic innervation
plays a crucial role in swelling and shrinkage of the mucosa and thus in the patency of the nasal passages. In addition to the sympathetic adrenergic (Malm, 1977) and parasympathetic cholinergic (Anggard, 1977) nerve fibres,
other nerve fibres have recently been demonstrated in the

13.

nasal mucosa of both humans (Uddman and Sundler, 1979) and
animals (Uddman et al., 1978; Anggard, 1979; Malm et al.,
19 80). They were identified as vasoactive intestinal polypeptide (Said and Mutt, 1970) containing nerves (VIP nerves) , originating in the pterygopalatine ganglion (Uddman
et al.,
1980) and were found around blood vessels and nasal glands. Apart from its potent vasodilatory activity
VIP is known to stimulate the secretory activity in various exocrine glands elsewhere in the body (Said and Mutt,
1972). Therefore it seems conceivable that the nasal VIP
nerves are involved in the regulation of the local blood
flow and the regulation of the secretory activity of the
nasal glands.
As the third important structure in the nasal lamina propria, various glands deserve special attention. The lamina
propria of the vestibular region is characterized by the
presence of sebaceous as well as sweat glands. Both are
absent in the interior part of the nasal cavity. The respiratory region contains many scattered serous and mucous
glands. An extensive description of these glands will be
given in chapter 3. The lamina propria of the olfactory
region contains Bowman's glands, which are specific for
this region. In man they are compound tubulo-alveolar
glands, while in the rat they are simple tubular (fig. 6).
In man these glands are composed of two kinds of cells according to their electron density: bright and dark glandular cells which can discharge large secretory droplets
(Seifert, 1971; Breipohl, 1972). In one acinus either
bright or dark granulated cells or both types can be found.
The secretions of the glands of Bowman are discharged into
the nasal cavity through straight ducts, lined by a flat
epithelium. These secretions form a liquid boundary layer
of low viscosity, in which the olfactory hairs are embedded. The precise function of Bowman's glands is not known.
They are only found in the olfactory mucosa and are therefore supposed to be involved in olfaction.

14.

Fig. 6. Micrograph of a simple tubular gland of Bowman of the rat.
They are limited to the olfactory region and drain into the
nasal cavity.
PAS,x 280.

15.

2. EXOCRINE GLANDS.
2.1. Introduction.
Secretion is the active process whereby precursor molecules of largely varying composition, taken up by definite
cells from their environment, are transformed into products that are discharged from the cell. Single epithelial
cells or groups of cells that are specialized for secretion, are called glands. The discharge of secretory products may take place either by release into duct systems
and onto epithelial surfaces (exocrine glands) or directly
into the circulatory system (endocrine glands). In this
chapter only the most common features of exocrine glands
will be discussed, as endocrine glands are beyond the scope of this study. Extensive reviews of exocrine glands have been given by Tamarin and Sreenby (1965) , von Mayerbach
(1973), Rhodin (1974), Bloom and Fawcett (1975), Windle
(1976), Amenta (1978), Copenhaver et ai. (1978), Young and
van Lennep (1978), Borysenko et ai. (1979), Ham and
Cormack (1979) and Knoche (1979).
2.2. Development of glands.
Exocrine glands originate as invaginations of an epithelial lining, either in the form of a cord or a tubule, into the underlying mesenchymal tissue. These ingrowing
cells constitute a gland by further proliferation and/or
subsequent differentiation. The connection between the
gland and the surface is generally retained. The connecting epithelial cells differentiate into the epithelial
lining of a duct, through which the secretory products of
the glands can be transported to the surface.
2.3. Classification of exocrine glands.
Exocrine glands can be classified on the basis of distinct
criteria:
a. the number of cells
b. the secretory portion and duct system
c. the nature of secretion
d. the mode of secretion.
a. The number

of

cells.

Exocrine glands may be unicellular or multicellular. The
most common example of an uniceiiuiar gland is the goblet
17.

cell found scattered among the non-secretory epithelial
cells of the digestive and respiratory tract (fig. 7a).

А
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Fig. 7. Simple forms of unicellular and multicellular glands.
A. unicellular gland
B. epithelial sheet gland
C. intraepithelial gland
The glandular cells are black and the non-glandular cells
clear.

Goblet cells secrete mucin, a mixture of proteins and Poly
saccharides, which upon hydration forms a lubricating so
lution, called mucus. Light microscopically, this secreto
ry product first appears as minute droplets which gradual
ly increase in size and produce swelling of the cell, re
sulting in the deformation of the nucleus and compression
of the adjacent cells.
Ultrastructural studies reveal an abundance of free and
bound ribosomes, arranged in the paranuclear and basal cy
toplasm (fig. 8). A well developed Golgi complex is situa

is.

Fig. 8. Transmission electron microscopical diagram of a goblet c e l l .
Ribosomes/ situated in the paranuclear and basal cytoplasm,
and a well developed Golgi complex are evident. The mature
goblet c e l l i s characterized by the presence of many confluencing secretory granules, displacing the c e l l organelles, and
by a s l i g h t l y i r r e g u l a r , protruding surface.

ted between the nucleus and the secretory granules in the
a p i c a l p a r t of the c e l l . These granules are surrounded by
extremely d e l i c a t e membranes and they tend to coalesce i n to l a r g e r pools. The mature goblet c e l l protrudes s l i g h t l y
i n t o the lumen and has l o s t i t s m i c r o v i l l i . Other charact e r i s t i c s are the somewhat i r r e g u l a r surface, an expanded
apex and a slender basal end. In an advanced stage the membranes of the secretory granules w i l l fuse with the plasma
membrane, leading to extrusion of the secretory product.
Thereafter the c e l l closes again and i s probably ready to
synthesize new granules.
The simplest form of a multicellular
gland i s a sheet of
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epithelium consisting of a homogeneous population of secre
tory cells (fig. 7b) . A slightly more complicated form of
this kind of glands is a small accumulation of glandular
cells, arranged around their own lumen and localized with
in the epithelium. This type is called intraepithelial
gland (fig. 7c). In man these glands are found in the na
sal mucosa (fig. 9 ) , the Eustachian tube, the ductuli efferentes and the urethra.

Fig. 9. Micrograph of human nasal respiratory epithelium with an in
traepithelial gland.
Toluidine blue, χ 280.

All other multicellular glands arise as invaginations of
an epithelial sheet and extend into the underlying mesen
chymal tissue (fig. 10). The glandular cells are usually
confined to definite secretory portions of the invagina
tions. The secretory product reaches the surface directly
or through an excretory duct lined with non-secretory
cells. These complex glands with ducts are by far the most
numerous type. They can be recognized by the appearance
of both their secretory portions and duct systems.
b.

The

secretory

portion

and

duct

system.

Based on the duct system alone, multicellular exocrine
glands are designated as simple with unbranched ducts
(fig. lOa-e) or compound referring to a branched duct
(fig. lOf-g). In accordance with the form of the epithe
lium in the secretory portion alone, glands can be classi20.

fied as tubular, acinar (alveolar) or tubulo-acinar (tubulo-alveolar) (fig. lOa-g).
The simple exocrine glands can be described as simple tubular, simple coiled tubular, simple branched tubular, simple acinar (alveolar) and simple branched acinar (alveolar).
simple tubular glands (example: crypts of Lieberkühn in
the small intestine) are characterized by a straight secretory tubular portion directly opening between the epithelial villi (fig. 10a).
In simple

coiled

tubular

glands

(example: common sweat

glands) an unbranched, long excretory duct is present, but
the secretory portion consists of a long coiled tubule
(fig. 10b).
Characteristics of simple

branched

tubular

glands

(example:

Brunner's gland in the upper duodenum) are: the secretory
portion divides into two or more branches, sometimes coiling at the end. The excretory duct is short, or may even
be absent (fig. 10c).
In the simple acinar (or alveolar)
glands the terminal secretory portion is expanded and more rounded in shape (example: poison gland in the skin of some amphibians) (fig.
lOd). Light microscopically the distinction between acinar
and alveolar is not always easy, resulting in a chaotic
use of these terms in literature.
A gland is called simple

branched

acinar

(alveolar)

when

several acini are arranged along one excretory duct or when
the acinus (alveolus) is composed of several smaller compartments (fig. 10e). An example of this type are the sebaceous glands.
The classification of the simple exocrine glands has been
extended to the compound exocrine glands. A distinction
is made between compound tubular, compound acinar and compound tubulo-acinar glands. The ducts of compound exocrine
glands branch repeatedly. This arborescent system of
ducts ends in a number of simple glands.
In compound tubular glands the secretory portions are
usually branching tubules (fig. lOf). To this category belong the bulbo urethral glands (or glands of Cowper).
In compound acinar glands the terminal secretory portions
are dilated to form spherical units with a small lumen
(fig. 10g). However, generally the form is that of irregularly branched tubules with acinar outgrowths. According
to Bloom and Fawcett (1975) these glands should be more
correctly designated as compound tubulo-acinar. An example
of this type are the salivary glands.
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Fig. 10. Types of simple and compound multicellular glands.
A. simple tubular
E. simple branched acinar
B. simple coiled tubular
F. compound tubular
C. simple branched tubular G. compound tubulo-acinar
D. simple acinar
The glandular cells are black and the non-glandular cells
clear.
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The histological architecture of these compound exocrine
glands reveals certain common features. The glandular tissue (parenchyma) is surrounded by connective tissue (stroma) , forming a capsule of varying thickness and fiber density. From the capsule, connective tissue septa or trabeculae extend into the parenchyma. The septa divide the
gland into a number of compartments or lobes. Smaller septa from the capsule and the interlobular septa subdivide
the lobes into smaller compartments or lobules. A lobule
is not only an anatomically separated portion of the gland,
it also represents a group of tubules or acini with one or
more ducts. The duct system carries the secretory product
to a free external or internal body surface. During its
journey the product usually undergoes changes in its chemical composition by interference of ductular cells. The duct
system communicates with the acini either directly or
through intercellular canaliculi. Combination of these two
possibilities are also found. These communicating ducts
are branches of the intercalated ducts, which are continuous with the intralobular ducts, smaller branches of the
duct system lying within the lobules. The intralobular
ducts unite to form the interlobular ducts, which are localized in the septa between the lobules. The interlobular
ducts are branches of the lobar ducts, which after fusion
form the main duct (fig. 11).
The epithelium of the largest ducts is simple or pseudostratified columnar. After branching the ducts become
smaller whereas the epithelium passes from simple columnar
to cuboidal and finally squamous. In electron microscopical studies intralobular ducts are usually called striated
ducts, because of the extensive folding of the baso-lateral plasma membrane.
c. Nature

of

secretion.

Based on the nature of their secretion products, glands
are usually classified as mucous, serous or seromucous.
In general, mucous glands produce a viscous material with
a lubricating or protective function, whereas serous
glands have a relatively clear and watery secretion, which
is often rich in enzymes.
Originally the distinction between serous and mucous
glands was based on the form of the endpieces and on the
correlation between the above-mentioned properties of the
secretory product and their affinity for relatively simple
dyes. After the introduction of various new histochemical
dyes and staining methods it was observed that for example
some mucous cells could be stained specifically while
others failed to show any affinity for these dyes. This
resulted in great confusion and each author used his own
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interpretation of the terms serous, mucous and seromucous.
According to Young and van Lennep (1978) the terms serous,
mucous and seromucous should be used as much as possible in
the classical sense, i.e. based on cytological characteristics and not on the histochemical analysis of the secretory
product. The use of these terms is merely a convenient way
of identifying cell types. According to these criteria the
cells of the mucous, serous and seromucous glands have the
following characteristics:
Mucous glands. The structure of a unicellular mucous gland
cell has already been described. In multicellular mucous
glands the individual secretory cells are usually pyramidal
in shape because of their arrangement around the lumen of
the secretory unit (fig. 12). The nucleus is flattened and
pushed towards the basal part of the cell by the accumulated secretory droplets, which occupy the major portion of
the cell. These secretory granules do not stain with hematoxylin and eosin. Hence mucous cells appear pale and vacuolated in histological sections. Ultrastructurally the
granules have a homogeneous, fairly electron-translucent
matrix and often reveal a tendency to fuse.
Serous glands.
In uni- and multicellular serous glands the
cells are also pyramidal but generally smaller than in mucous glands (fig. 12). Their nucleus is rounded, situated
in the middle or the basal half of the cell and surrounded
by deeply basophilic cytoplasm. The nucleus never becomes
flattened as in the mucous cell. The apex of the cell may
be empty or filled with discretely staining granules.
These granules are refractile and usually eosinophilic. Ultrastructurally the granules appear homogeneous and in most
instances electron-dense.
Seroraucous glands. In these glands the cells have an intermediate appearance between serous and mucous cells. The
granules may be either closely packed and eosinophilic, or
more discrete and usually larger than the serous granules.
In the latter case they have a moderate electron-translucent matrix, often with one or more electron-dense (eosinophilic) inclusions. Examples of these glands are the
mandibular gland of the Australian possum and the mandibular
gland of the sheep (Young and van Lennep, 1978).
Apart from the seromucous glands some exocrine glands deliver serous and mucous secretions through their ducts.
These glands possess separated serous and mucous secretory
units and/or secretory units consisting of both mucous and
serous secreting cells. They are often called mixed glands
or seromucous glands. Young and van Lennep (19 78) propose
to use the terms homocrine and heterocrine (Schaffer,
1927), where homocrine refers to glands consisting of se24.

cretory portions with only one type of glandular cells and
heterocrine refers to secretory portions, in which different types of glandular cells are present. Thus in heterocrine glands a single terminal secretory portion contains
two or more secretory cell types, or individual secretory
portions may contain only one type of secretory cell, but
there may be two or more different types of terminal portion. In the former type of heterocrine glands the mucous
cells often make up the major part of the gland. The mucous cells are capped by crescent-shaped aggregations of
serous cells, called serous demilunes or crescents of
Giannuzzi
(fig. 12). These cells communicate with the lumen via intercellular canaliculi. An example of this glandular type is the human submandibular salivary gland. A
rather unusual variant form of this type is found in the
mandibular glands of the hedgehog (Erinaceus europaeus),
where serous cells are capped by mucous demilunes.
d. Mode of

secretion.

With reference to the modes of secretion histologists traditionally have distinguished three mechanisms.
1. Merocrine secretion.
Merocrine secretion is defined as
release through the cell membrane, the cell itself remains
essentially intact. Light microscopy did not reveal how
this was accomplished, but electron microscopic observation has shown that merocrine secretion consists of release by the process of exocytosis. This mechanism involves
fusion of the boundary membrane of the secretory granule
with the plasma membrane resulting in discharge into the
lumen of the acinus. This type of secretion may be found
in the salivary glands.
2. Holocrine
secretion.
Holocrine secretion involves
either the release of the entire cells laden with secretory material into the excretory ducts, or a total discharge
of the contents of the cells resulting in their complete
destruction. This is a very drastic process and holocrine
glands are far from common. In sebaceous glands the cells
break down with extrusion of their cytoplasm and accumulated lipid droplets (sebum), constituting the secretion of
the gland, which is squeezed out via the hair follicles to
lubricate the skin. Lost cells are replaced by division of
cells situated near the basal lamina.
3. Apocrine secretion.
An intermediate form of secretion,
known as apocrine, is found in sweat glands in certain regions of the skin, and in the mammary glands. Apocrine secretion is a 'pinching off' of the accumulated secretory
product together with the apical end of the cell. Because
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Fig. 11. Diagram of the composition of a glandular duct system.

Fig. 12. Schematical drawing of a section of a gland.

1.
2.
3.
4.
5.
6.
7.
8.
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myoepithelial cell
serous cell
intercalated duct
demilune (crescent of Giannuzzi)
mucous cell
striated duct (intralobular duct}
interlobular duct
lobar duct.
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the nucleus and most of the cytoplasm is retained, these
cells are capable to restore and to reaccumulate secretory
material. However electron microscopical studies showed
that this secretion was less drastic than light microscopy
suggested. It appeared that during secretion only a segment of the cell membrane and a thin rim of cytoplasm surrounding the secretion product was extruded. For this reason it is probable that some glands designated in the past
as apocrine, are actually merocrine.
2.4. Synthesis and storage of secretory products.
Cells which synthesize secretory products of high amino
acid and protein content occur in both exocrine and endocrine glands. Protein producing exocrine glands are present in the digestive, respiratory and reproductive systems. Secretory processes consecutive to the synthesis and
storage of fatty acids, triglycerides, cholesterol and
cholesterol esters, are found in mammary glands, sebaceous
glands, adrenal cortex and the interstitial cells of
Leydig in the testes. This category of secretory processes,
broadly named 'lipid secretion', will be left out of consideration.
Generally, the following structures participate in synthesis and storage of the various secretory products: ribosomes, rough endoplasmic reticulum, Golgi apparatus and secretory granules. Synthesis and storage are followed by
secretion. Their causal interrelationship can be summarized as follows: the messenger RNA from the nucleus, bearing the blue print of the appropriate product, becomes associated with ribosomes and starts directing the particular sequence of amino acids, needed for the formation of
a well-defined protein. With the aid of transfer RNA the
amino acids are assembled to form the protein molecules,
which are transported through the labyrinthine system of
canaliculi of the endoplasmic reticulum and from there to
the supranuclear Golgi region by means of intermediate or
transport vesicles. The intermediate vesicles accumulate
at the forming face of the Golgi region where they coalesce with each other and with the outermost flattened saccule of the Golgi complex. Thus this complex functions as a
center for concentration of the product into condensing
vacuoles. However the Golgi complex is not only involved
in the concentration of the secretory product, but also
in the conjugation of proteins with a carbohydrate moiety,
as shown by autoradiography in those cases where the secretory product is a glycoprotein. This attachment of the
carbohydrate moiety depends upon glycosyltransferases lo-
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cated in the Golgi membranes. The f i n a l secretory product
i s transformed i n t o granules, i t leaves the Golgi complex
a t i t s secretory face and accumulates in the a p i c a l cytoplasm. In most instances these granules are expelled from
the c e l l through exocytosis.
The r o l e of the various organelles in the secretory process i s schematically presented in f i g . 13.

information storage and
transcription

protein synthesis
segregation and transport
concentration and packaging
storage

discharge of product

Fig. 13. Diagram of the involvement of various cell organelles in the
secretory processes.

2.5. Regulation of secretion.
Many glands secrete more or less continuously at a low level, but they can be stimulated under certain conditions
to secrete more abundantly. This can be established hormonally and/or via the nervous system. The nervous control
of the secretory activity of exocrine glands is mediated
by the autonomic division of the nervous system, which
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functions more or less automatically, but it can be influenced by external stimuli. The main nerve trunks entering the glands are largely composed of non-myelinated fibres. The nerves as well as the blood vessels show the same basic pattern: they penetrate the capsule, follow the
connective tissue septa or the thinner partitions between
the lobules and from there send branches inward. In most
glands the density of innervation is greatest around the
terminal secretory portions (Young and van Lennep, 19 78),
but there is much variability among species and among
glands in a single species. Although both cholinergic and
adrenergic fibres innervate the terminal secretory portions, the cholinergic fibres usually predominate. From
histochemical studies there is some evidence that also the
cells of the striated and excretory ducts, which are presumably involved in electrolyte transport, are innervated
by both cholinergic and adrenergic fibres, although the
pattern and the number of these fibres in different glands
is quite variable.
An additional role in the regulation of the secretory activity of glands has been ascribed to myoepithelial cells.
Myoepithelial cells are situated between the basal membrane of the secretory cells and the basement membrane. These
musclelike cells consist of a central region containing
the nucleus and many long cytoplasmic processes encircling
the secretory units in such a way that it resembles a
loosely woven basket. From ultrastructural studies it appears that these processes contain actin filaments, which
are oriented in a longitudinal direction, following the
axis of the cell and ramifying into the cell processes.
Very detailed descriptions of these cells are found in studies by Tandler (1965), Tamarin (1966) and Tandler et al.
(1970). Whereas muscular tissues are of mesodermal origin,
the myoepithelial cells originate from the ectoderm. This
explains their location within the limits of the basement
membrane. It is generally assumed that the function of these contractile elements is to promote squeezing of the secretory products from the secretory units into the glandular ducts, but according to Emmelin et al. (1968, 1969)
contraction of these elements should prevent exaggerated
distension of the terminal secretory portions. Although
the myoepithelial cells are believed to have a dual innervation of cholinergic and adrenergic fibres (Young and
van Lennep, 19 78), convincing experimental evidence is
still lacking.
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3. NASAL GLANDS.
3.1. Introduction.
The function of the respiratory part of the nose in the
protection of the deeper airways is manyfold. An important
role in this protective function is played by the secretion produced by the nasal mucosa. Nasal secretion was initially thought to be formed in the brain and to be filtered through the sieve-like cribriform plate to bathe the
lining of the nose. The first report on a substantial contribution of the nasal mucosa to the nasal fluid dates
from Schneider (1660). He described the nasal mucosa as
the source of mucus. A few years later Steno (1664) reported the presence of glands, nowadays still carrying his
name, in the lateral nasal wall of animals like sheep and
dog. In 1724 Santorini observed glands in the human nasal
mucosa.
At present it is generally agreed that nasal secretion is
to a great extent a glandular product. Especially from studies during the second half of this century the nasal
fluid has been shown to be of a more complex nature, because of the contribution from other sources, like transudate from the submucosal vessels, lacrimal glands and condensed water from the expired air.
Biochemical analyses of the nasal fluid revealed the presence of a large variety of chemical substances such as
serum proteins (Remington et al., 1964), immunoglobulins
(Brandtzaeg et al.,
1967), electrolytes (Melon and
Schoffeniels, 1966), enzymes of the intermediary metabolism (Schorn and Hochstrasser, 1976) and glycoproteins
(Boat et al.,
1974). In particular glycoproteins are considered as very important constituents of the nasal fluid,
because they are responsible for the viscosity and gel
forming properties of mucus. The gel layer on the surface
of the epithelial lining in the airways is supposed to
play an important role in the ciliary activity. Moreover,
it has been suggested that the oligosaccharide chains of
the mucus glycoproteins and cell surface glycoconjugates,
which can act as receptors for microorganisms, might exert
a protective role by trapping microorganisms (Clamp et
al.,
1978) .
Despite this role of glycoproteins in the physiology of
the nose, little information is available about the exact
nature of these substances. As far as their origin is concerned, it seems likely that glycoproteins are produced by
the secretory cells in the epithelial lining of the nose
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and presumably to a greater extent by the submucosal
glands, mainly located in the respiratory part of the nose.
3.2. Nasal glands in humans.
The glands of the respiratory area of the nose can be divided into secretory cells of the epithelial lining and into
the submucosal glands. The epithelium contains numerous goblet cells with a varying density at different sites. They
also occur clustered in the so-called intra-epithelial
glands.
In the normal adult human nasal septum the mean number of
goblet cells ranges from 4000 to 7000 cells per mm2
(Mogensen and Tos, 1976) with a slightly larger density in
the posterior part in comparison with the anterior part of
the nose (Tos, 1976). From studies of Poulsen and Tos
(1975) on the distribution of goblet cells in the nasal cavity during embryogenesis it has been demonstrated that
the cells first appear in the vestibule during the 13th
week. Thereafter they spread posteriorly and meet during
the 16th week a goblet cell front originating from the
soft palate. A comparable front migrates from the nasopharynx. In the 30th week goblet cells are found throughout
the whole respiratory region. At that time three areas of
different densities can be distinguished: a lower zone at
the bottom of the nose with the highest density, a central
zone with a medium density and an upper zone at the border
of the olfactory region with only scattered goblet cells.
This distribution is observed both on the septum and the
lateral wall.
Intra-epithelial glands, very irregularly distributed in
the human nose, were already described during the past century, but they were thought to be the results of pathological processes. Although Kubo (1907) and Oppikofer (1906)
observed intra-epithelial glands in the normal nose and
considered them as a normal component of the nasal mucosa,
it seems most likely that they are not originally present
in the nasal epithelium as can be derived from studies made by Tos (19 76). In his study on noses of foetuses and
premature infants using whole mount techniques no intraepithelial glands were found. Furthermore Messerklinger
(1958) demonstrated with the use of pilocarpine that they
are very instable structures.
In man the submucosal glands can be divided into two
groups: anterior nasal glands, which open into crypts in
the region of the internal ostium, and small tubulo-alveolar glands, which are scattered throughout the entire res32.

piratory area (Bojsen-Mjriller, 1965). Large glandular systems, as present in the lateral wall of several animals,
are only found in human embryos, they completely regress
during subsequent development (Grosser, 1913; Bast, 1924).
Concerning the innervation of the nasal glands in humans,
only fibres of the parasympathetic system have been demonstrated (Cauna et al.,
1972).
a.

Anterior

nasal

glands.

In contrast to Broman (19 30), who assumed that the anterior nasal glands are developed in the human embryo but
that they atrophy and disappear parallel to the regression
of Jacobson's organ (organum vomero-nasale), later studies
unmistakably showed the presence of these glands in the
adult human. Bojsen-M011er (1965) described the anterior
nasal glands both during embryogenesis and in the adult
nose. The serous acini situated in the deeper part of the
lamina propria, drain by large excretory ducts into the
region of the internal ostium at the junction of the vestibular and the respiratory region. On account of the number of orifices Bojsen-M^ller (1965) concluded the presence of about 50 - 80 glands on the septum, having the
highest density in the upper part of the internal ostium.
Tos (19 76) mentions only 20 - 30 glands and suggests that
the anterior nasal glands must be considered as a phylogenetic rudiment, of little physiological significance.
b.

Tubulo-alveolar

glands.

The small tubulo-alveolar glands and their orifices are
distributed throughout the whole respiratory region
(Bojsen-Mtfller, 1965; Terrahe, 1970; Tos, 1976). They
drain by small excretory ducts, which frequently end with
a funnel-shaped opening (Bojsen-Miller, 1965; Tos, 1976).
The epithelium lining of the ducts is simple columnar and
sometimes pseudo-stratified. Close to the orifice it resembles the surface epithelium with goblet cells and ciliated cells (Schiefferdecker, 1900). Ultrastructural studies revealed that striated ducts are absent in these
glands (Terrahe, 1970; Jahnke, 1972).
The development of these glands and their density during
embryogenesis has been studied extensively by Tos and
Poulsen (1975) and by Tos and Mogensen (1976) . It starts
in the 13th week in the vestibule. Their development
follows the same pattern as that of the goblet cells. In
the 23th fetal week they are scattered throughout the
whole respiratory region. The earliest anlagen of these
glands grow perpendicular to the surface deep into the la33.

mina propria and subsequently divide there, forming a
layer of glandular tissue. Glands which develop in a later
stage of embryogenesis cannot penetrate the lamina propria
to the same extent, because this structure has become thicker and more solid. Because of this developmental course
the glands in the adult are grosso modo arranged in two
layers, a deep and a superficial layer, while the thickness of these two layers varies from site to site.
Concerning their distribution in adults there are largely
varying views, as can be derived from the data given by
the various authors (Schiefferdecker, 1900; Oppikofer,
1906; Kubo, 1907; Heiss, 1936; Eggston and Wolff, 1947;
Messerklinger, 1958; Tos and Mogensen, 1976, 1977). The
same divergency exists for the secretory characteristics.
They are described as serous (Heidenhain, 1870), mucous
(Schiefferdecker, 1900; Oppikofer, 1906) , various mixed
types (Stöhr, 1886; Schmincke, 1903; Heiss, 1936;
Boj sen-Miller, 1965; Terrahe, 1970; Toppozada and Gaafar,
1973), seromucous (Tos, 1976) and seromucinous (Brunner,
1942).
3.3. Nasal glands in mammals.
In contrast to the human nose many mammals are provided
with a system of large glands situated in the respiratory
area of both septum and lateral wall. An important component of the glandular tissue in the nasal mucosa is a large gland in the lateral wall, discovered by Steno (1664)
in sheep and dog. It consists of an extensive group of acini situated beneath the ostium of the maxillary sinus and
extending into the medial and anterior wall of the maxillary sinus. From this site a large excretory duct proceeds
beneath the mucosa of the middle meatus and opens at the
nostril just anterior to the nasoturbinal. After the discovery of Steno the presence of this gland has been established in embryos of many other mammals (Kangro, 1884;
Schwink, 1888; Glas, 1904). Meyer (1904) described this
gland macroscopically in adult dogs, cats, pigs and horses
and decided on a compound tubulo-alveolar structure. A similar gland has been reported in birds, amphibians and reptiles (Born, 1882; Mihalkowics, 1899) . From a developmental study on the mouse by Schmidt (1904) it appeared that
Steno's gland originates from an ingrowth of the epithelium into the mesenchymal tissue near the vestibule. These
invaginations further migrate posteriorly towards the maxillary sinus, where they differentiate into glandular acini.
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In addition to Steno's gland various other glands have
been reported to be present in the mammalian nasal cavity.
Broman (1921) studied the occurrence and development of na
sal glands in a number of rodents and distinguished seven
groups of glands, referring to the stage of embryological
development in which they were laid down. So Steno's gland
was identified as gianduia nasalis lateralis anterior 1.
In addition to the lateral nasal gland (Steno's gland)
Bast (19 24) described in the dog other small alveolar com
pound glands in the medial wall of the sinus and opening
into the sinus. By Bang and Bang (1959) the latter glands
are regarded as the maxillary gland. In addition to the
single efferent duct, opening into the vestibule, these
authors described the existence of a network of accessory
ducts. Also in the septum glandular tissue has been repor
ted (Bojsen-M^ller, 1964; Katz andMerzel, 1977).
In recent years light and electron microscopical studies
have been performed in order to elucidate the structure
and the secretory characteristics of the various glands in
the nasal cavity (Warshawsky, 1963; Bojsen-M011er, 1964,
1965; Vidic and Greditzer, 1971; Мое and Bojsen-M011er,
1971; Vidic, 1973; Tandler and Bojsen-Mtfller, 1974, 1978;
Katz and Merzel, 1977). However there is a large discrepan
cy in the relevant data reported by these authors.
3.4. Purpose of this investigation.
The present study was undertaken to elucidate the position,
the structure and the secretory characteristics of the na
sal glands in the rat. The study of the location of the
nasal glands and their structure was performed with a lar
ge variety of morphological techniques. An analysis of the
secretory characteristics of the glands, with special re
gard to the glycoproteins, was attempted by using histochemical, autoradiographical and electron microscopical tech
niques. Finally the nature and course of the secretion was
studied biochemically with the aid of radio-isotopes and
electrophoresis.

35.

Ц. METHODS.
4.1. Experimental animals.
Except for the scanning electron microscopical and develop
mental studies adult female Wistar rats (about 200 gram bo
dy weight) were used throughout this study. For the scan
ning electron microscopical studies 8 weeks old germfree
Osborn-Mendel rats were used, because Wistar rats, born
and raised under germfree conditions, were not available
at that time. For developmental studies Wistar rats were
used from the 14th up to the 20th day after mating.
4.2. Light microscopy.
a.

Histology.

For the dissection of the nasal structures the animals we
re killed by an intracardiacal injection of an overdose of
Nembutal and subsequently decapitated. The tissues were
fixed in either a solution containing 2.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.0) or phosphate buffered
4% formalin (pH 6.95) or Carnoy's fixative (Pearse, 1968)
or an acetic alcohol formalin mixture according to Lillie
(Pearse, 196 8). To ascertain optimal fixation the fixative
was introduced dropwise into the nares during dissection.
In those cases where the glandular structures were not dis
sected from the lateral wall, the specimens were decalci
fied in EDTA (10%; pH 7.0). For paraffin embedding the tis
sues were dehydrated in an ascending series of aqueous
ethanol, and embedded in paraffin, sectioned (7 ym) and
stained with hematoxylin-eosin or various glycoprotein
stains. For embedding in glycol methacrylate (GMA, JB-4 em
bedding kit, Polysciences) the specimens were dehydrated
in alcohol up to 96% and impregnated with catalyzed solu
tion A (100 ml solution A + 0.9 gm catalyst) overnight at
4° C. Subsequently the specimens were divided into pieces
of about 5 mm, each placed in moulding cups and embedded
in a mixture of 25 ml catalyzed solution A and 0.9 ml solu
tion B. To avoid the interference of air with the polymeri
zation process the specimens were kept in vacuo during
1 5 - 3 0 minutes at 4° C. Then the plastic moulding cups we
re sealed with melted paraffin. Polymerization was conti
nued at 0° С for half an hour and thereafter at 25° С for
another hour. The hardness could be improved, when necessa
ry, by subsequent storage at 50° С for several hours. Un
til use the blocks were stored in plastic boxes at 4° С to
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prevent desiccation. GMA sections (2 pm) made with a glass
knife, were floated on distilled water, containing 2 - 4
drops of concentrated NH4OH per 100 ml. Thereafter the sec
tions were picked up on clean glass slides, the excess of
water removed with filter paper and the slides slightly
warmed until the wrinkles disappeared. The sections were
stained with either toluidine blue, or methylene-basic
fuchsin (Bennett et al., 1976), or glycoprotein staining
reagents.
b.

Whole mount

studies.

In order to trace the localization of secretory cells in
the epithelium and of the submucosal glands as well as the
course of their excretory ducts, the whole mucosa of the
septum and the lateral wall was carefully dissected. These
whole mount specimens were either fixed and stained in
0.2% osmium tetroxide (Bojsen-M^ller, 1964) or fixed in
neutralized 4% formalin and stained with Alcian blue-perio
dic acid Schiff (AB-PAS). Clearing was performed, after de
hydration in alcohol, using methylbenzoate.
c.

Developmental

studies.

The gravid animals were killed with ether and the fetuses
removed from the uterus. All fetuses were fixed in Bouin's
solution for 24 hours. Dehydration was performed in graded
alcohols. The specimens were embedded either in paraffin
or in glycol methacrylate as described before. Paraffin sec
tions (7 ym) were stained with hematoxylin-eosin and GMA
sections (2 ym) with toluidine blue.
d.

Autoradiography.

In addition to the histochemical procedures autoradiogra
phy with 3 5 S was performed to trace the presence of sulphated (glyco)proteins.
The rats received an intraperitoneal
injection of Na2 3 5 S0 4 (1 yCi per gram body weight; S.A.
88.5 mCi/mmol.; Radiochemical Centre, Amersham, England).
After survival times varying from 1 hour to 4 days, the
animals were sacrificed and the nasal structures were dis
sected, fixed in buffered glutaraldehyde and embedded.
Autoradiograms were made from both paraffin and glycol me
thacrylate sections by dipping the slides in Ilford К 5
emulsion. After an exposure time, varying between 1 and 8
weeks at 4° C, the autoradiograms were developed in amidol,
fixed and stained with methylgreen pyronin. In some cases
the sections were stained with PAS before the dipping pro
cedure .
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e. Staining procedures.

As staining of GMA sections turned out to be impossible
with the conventional periodic acid Schiff, toluidine blue
and alcian blue techniques, modifications of these proce
dures were developed. The periodic acid Schiff technique
was also modified to stain epon sections for electron mi
croscopical studies. Satisfactory results were obtained
with the following procedures.
1. Periodic acid Schiff (PAS).
Solutions.

a. 1% periodic acid
b. Mayer's hemalum
c. Sulphurous acid: d. Schiffs reagent:
-

distilled water
200 ml.
1 N hydrochloric acid
10 ml.
sodium metabisulphite (10%) 12 ml.

basic fuchsin (C.I. 42500)
5 gm.
sodium metabisulphite,
anhydrous
10 gm.
- distilled water
1000 ml.
- 1 N hydrochloric acid
100 ml.
Before the addition of basic fuchsin
the distilled water was boiled. After
stirring and cooling to 50° С the solu
tion was filtered and hydrochloric
acid added. Before the addition of so
dium metabisulphite the solution was
cooled to 25° C. After 2 days storage
in the dark this solution becomes near
ly colourless and is ready for use. Decolorization can also be achieved by
shaking with activated coal.

Staining

a.
b.
c.
d.
e.
f.
g.
h.

procedure.

periodic acid
rinse in distilled water
Schiffs reagent
rinse in 3 fresh changes of sulphurous acid
10 min. each
repeated rinsing in tap water
Mayer's hemalum
repeated rinsing in tap water
dry in the air, clear and mount in DPX

Staining

procedure .for epon

a. periodic acid
b. rinse in tap water
c. rinse in distilled water

sections.

15 min.
5 min.
60 min.
30
10
10
10

min.
min.
min.
min.

45 min.
10 min.
1 min.
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d. Schiffs reagent
e. rinse in 2 fresh changes of sulphurous acid
30 min. each
f. rinse in tap water
g. rinse in distilled water
h. Mayer's hemalum
i. rinse in tap water
j. rinse in distilled water
k. dry in the air, clear and mount in DPX
2. Alcian blue (pH

90 min
60
15
1
60
30
1

min
min
min
min
min
min

2.6).

Solutions.

a. Mayer's hemalum
b. Alcian blue solution:
- Alcian blue 8 GX
- 3% acetic acid
Staining

a.
b.
c.
d.
e.

3 gm.
100 ml.

procedure.

Alcian blue solution
rinse in distilled water
Mayer's hemalum
repeated rinsing in tap water
dry in the air, clear and mount in DPX

90
1
10
10

min
min
min
min

Methylgreen pyronin solution:
- methylgreen (CI. 42585)
1
- pyronin Y (Gurr)
0.75
- alcohol 96%
2.5
- 0.1 M acetate buffer
100
After filtering the solution was stored in the dark.

gm.
gm.
ml.
ml.

3. Methylgreen pyronin.
Solution.

Staining

procedure.

a. Methylgreen pyronin solution
b. rinse in distilled water until the excess of
stain is removed
c. dry in the air, clear and mount in DPX

6 min

4. Toluidine blue.
Solution.

a. 2.5% toluidine blue (C.I. 52040)
b. 2.5% sodium carbonate, anhydrous
Staining

procedure.

a. toluidine blue solution
b. rinse in distilled water until the excess of
stain is removed
c. warm up slightly (50° C)
d. clear and mount in DPX
40.

2 min
5 min

4.3. Electron microscopy.
a. Transmission electron

microscopy.

immersion fixation.
The animals were killed by an intracardiacal injection of an overdose of Nembutal and subsequent
decapitation. As for light microscopy the fixative was in
troduced dropwise into the nasal cavity during dissection
to obtain adequate fixation. Then the glands were further
fixed at 4° С for 2 hours . The fixatives used were:
a. 2.0% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4),
final osmolarity 420 mOsm.
b. a mixture of 2.0% paraformaldehyde and 2.5% glutaralde
hyde in 0.1 M phosphate buffer (pH 7.4), final osmolari
ty 1130 mOsm.
c. a mixture of 1.0% glutaraldehyde and formaldehyde with
1% sucrose in 0.1 M phosphate buffer (pH 7.4) (Geuze
and Slot, 1978), final osmolarity 460 mOsm.
Perfusion fixation.
The animals were anaesthetized by an
intraperitoneal injection of Nembutal (50 mg per kg body
weight). After thoracotomy the vascular system was perfu
sed with physiological saline (15 ml) and subsequently
with 100 ml of 2.0% glutaraldehyde in 0.1 M phosphate buf
fer (pH 7.4; 420 mOsm) via the left ventricle of the heart.
After dissection the glandular tissues were immersed in
the same fixative at 4° С for 2 hours.
After a fixation period of 2 hours both in the case of im
mersion and perfusion fixation the specimens were rinsed
in 0.1 M phosphate buffer (pH 7.4) at 4° С for 3 to 4
hours. Subsequently the specimens were postfixed at room
temperature during 1 hour in 1% osmium tetroxide in 0.1 M
phosphate buffer (pH 7.4). After rinsing in the same phos
phate buffer for at least 2 χ 30 minutes or overnight, the
specimens were dehydrated in graded alcohols and embedded
in Epon 812 (Luft, 1961). Semithin sections (1 ym) were
cut and stained either with toluidine blue or PAS (chapter
4, section 2e) and examined with the light microscope to
select appropriate areas for electron microscopical stu
dies. Ultrathin sections were cut (Reichert microtome OmU 3)
and double contrasted with a 3% aqueous solution of uranyl
acetate and saturated lead citrate The thin sections were
examined in a Philips E.M. 300 microscope.
b.

Scanning

electron

microscopy.

The animals used for scanning electron microscopical stu
dies were divided into three groups :
a. rats, housed without special precautions
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b. rats, born, raised and housed under germfree conditions
c. rats, born, raised and housed under germfree conditions
and subsequently 1 or 2 weeks before sacrificing under
normal conditions.
Except for the fixation fluid (2.5% glutaraldehyde in 0.1
M phosphate buffer, pH 7.0) the same procedure was follo
wed as for transmission electron microscopy. The nasal ca
vity was divided into two pieces along a sagittal plane,
just in between the septum and the lateral wall. These two
parts were immersed in the same fixative at 4° С for ano
ther 2 hours. After this prefixation procedure the speci
mens were rinsed in 0.1 M phosphate buffer (pH 7.4) at
4° С for 2 χ 60 minutes. Subsequently the specimens were
postfixed at room temperature for 2 hours in 1% osmium tetroxide in 0.1 M phosphate buff er (pH 7.4). Af ter rinsing in
the same phosphate buffer for 2 periods of each 60 minutes
the specimens were dehydrated in graded alcohols and immer
sed in amylacetate via an ascending series of mixtures of
amylacetate and ethanol. The samples were processed by the
Critical Point Method, using liquid carbon dioxyde. Dried
and mounted specimens with the epithelium exposed were
coated with gold and examined with a Philips PSEM 500 scan
ning electron microscope at 12 KV.
4.4. Biochemical methods.
a. Uptake

and release

of

radioisotopes.

Adult
rats received an intraperitoneal injection of either
3
H-arginine (0.5 yCi per gram body weight; S.A. between
8.5 and 17 Ci/mmol.; Radiochemical Centre, Amersham,
England) or Na2 3 5 S0 4 (0.5 yCi per gram body weight; S.A.
between 6 3 and 88.5 mCi/mmol.; Radiochemical Centre,
Amersham, England). After survival times varying from 1
hour to 10 days the animals were anaesthetized with Nembu
tal (50 mg per kg body weight) administered intraperitoneally. Bloodsamples and pieces of the glandular tissue
were taken for further study.
Blood

samples.

Blood samples (0.05 ml) taken from the ventricle of the
heart, were mixed in a counting vial with 1.5 ml of a Soluene-350 (Packard)/isopropanol mixture (1 : 1) with gen
tle agitation. Hydrogen peroxide (0.5 ml; 30% minimum)
was carefully added and after swirling gently and loosely
capping, the scintillation vial was warmed up to 40° С for
20 minutes. After the addition of 10 ml of a 0.5 N HCl/Insta-Gel (Packard) mixture (1 : 9) and shaking, the sample
was ready for counting after temperature and light equili42.

bration (about 2 hours) in the liquid scintillation system
(Packard 3380).
Tissue samples.

After taking the blood samples and subsequent thoracotomy
the vascular system was perfused with physiological saline.
The animals were killed by decapitation, and a piece of
tissue containing the nasal glands was separated from the
skull and maintained at 0° C. All further dissection steps
were carried out at 0° С with the use of a Zeiss stereomicroscope. The various nasal glands were dissected and im
mersed in Soluene-350 (Packard) in a counting vial (max.
100 mg wet weight per ml Soluene-350). These samples were
dissolved at 40° С overnight. After addition of 10 ml scin
tillation solution (Insta-Gel, Packard) they were proces
sed for counting in the same way as the blood samples.
b.

Micro-electrophoresis.

Specimens of the glandular tissue were obtained in the sa
me manner as described above. In order to verify the isola
tion of the appropriate glandular areas the remaining tis
sue block was processed for sectioning and light microsco
pical study. Each tissue sample was homogenized in 200 yl
triple distilled water at 0° С in an all glass tissue grin
der. After centrifugation the supernatant was lyophilized
and stored at -25° С until use. No significant loss of pro
tein was noticed over periods of storage up to 2 weeks. The
lyophilized homogenates were weighed and dissolved in va
rious volumes of distilled water. Determination of the to
tal protein content was done with a micro-modification of
Lowry's method (1951). After adding a few drops of a 20%
sucrose solution,10 μΐ of each homogenate were carefully
transferred to glass capillaries filled with Polyacrylami
de gradient gels for micro-electrophoresis. The Polyacryl
amide gradient gels (5 - 40% gels; Tris/H2S04 buffer,
pH 8.8) were prepared according to Neuhoff (1973). The ca
pillaries were attached to the funnels of the micro-elec
trophoresis apparatus (Ernst Schutt jr., Göttingen) as
shown in fig. 14. Using Tris/glycine (pH 8.6) as electrode
buffer and a constant current of 4 8 μΑ/capillary, electro
phoresis was carried out during 3 hours. After electropho
resis the gels were fixed and coloured in Coomassie Bril
lant Blue R (0.5%) in a mixture of methanol/distilled wa
ter/acetic acid (45 : 45 : 10) for the detection of pro
teins and subsequently stored in a mixture of methanol/dis
tilled water/acetic acid (7.5 : 87.5 : 5). Some gels were
also fixed in 12.5% trichloracetic acid (30 ml/gel). After
rinsing in distilled water they were stained with the pe
riodic acid Schiff (PAS) technique for the detection of
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Fig. 14.
A, Photograph of the micro-electrophoresis equipment with power supply and capillaries.
B. Detail of position of gel containing capillary between
electrode buffer compartments,
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glycoproteins. Instead of using the procedure described
by Zacharius et al. (1969), the solutions mentioned in the
sections on staining methods (chapter 4, section 2e) were
used. The gels were stored in 3 - 7.5% acetic acid.
c. Amino

acid

analysis.

The whole lateral glandular tissue was dissected in the sa
me manner as described earlier. This tissue sample was
transferred to about 15 ml physiological saline and stir
red during 18 hours at 4° C. After centrifugation (43000
rpm) for 1 hour at 4° С 0.3 ml 20% trichloracetic acid was
added to 1 ml supernatant. The precipitate was washed 4
times with cold acetone; the pH of the fourth wash solu
tion was about 7.0. Subsequently the precipitated proteins
were dried in an exciccator and 2 mg of these dried sam
ples were used for amino acid analysis.
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5. MORPHOLOGY AND HISTOCHEMICAL AND ULTRASTRUCTURAL CHARACTERIZATION OF THE NASAL GLANDS OF THE RAT,

5.1. Introduction.
As pointed out in chapter 1, there is only scarce knowledge concerning the exact character of the epithelial lining
and especially of its secretory elements at various sites
of the nasal cavity. The same applies for the subepithelial glands. This must mainly be ascribed to the lack of
using appropriate morphological and histochemical techniques and in the majority of these investigations only limited areas or biopts have been studied. In animals the
anatomical position and structure of the subepithelial
glands have been the subject of many studies (chapter 3),
but they display a large divergency in the description of
the morphological, histochemical and ultrastructural characteristics.
In addition to a short developmental study, in the first
part of this chapter a description will be given on the
characteristics of the epithelium and the epithelial and
subepithelial glands as studied with light microscopical
techniques and scanning electron microscopy. In the second
part of this chapter an attempt is made to classify these
glands with the use of histochemical and ultrastructural
methods. As glycoproteins constitute the main secretory
product of many epithelial glands and are supposed to play
an important role in nasal physiology, the presence and
chemical composition of glycoproteins was used for histochemical identification of the glands. Moreover, the ultrastructure of the secretory granules was used as an additional criterion for identification. As the ultrastructure of
the secretory granules has been found to be highly dependent on the fixatives used (Kramer et al., 1978), various
fixation procedures were tested.
5.2. Embryogenesis.
The formation of the nasal cavity starts with invagination
of the olfactory placodes, followed by further backward
extension which leads to an open communication with the
nasopharynx. At that stage the central area of the septum
is covered by one or two layers of cuboidal cells. This
epithelium differentiates rapidly into a pseudostratified
columnar epithelium on the 16th day of gestation. The
first goblet cells and ciliated cells can be observed on
the 19th day of prenatal life. The goblet cells presumably start secreting just before birth.
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Figs. 15, 16, 17. Micrographs showing various developmental stages of
nasal glands in the rat.
Fig. 15. Epithelial invaginations of the septal gland (IS) and ducts
of the lateral glands (VLl in the mesenchyme of the lateral
wall.
17 day embryo, toluidine blue, χ 28.
Fig. 16. Epithelial invaginations at the posterior end of the maxil
lary sinus.
18 day embryo, hematoxylin eosin, χ 50.
Fig. 17. Acini and ducts of the developing glandular systems, origina
ting from the maxillary sinus (ML) and the nasal vestibule
(VL).
19 day embryo, hematoxylin eosin, χ 28.
EC = ethmoidal turbinais
M = maxillary sinus
N = nasal lumen
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OJ = organ of Jacobson
S = septal cartilage

IB

49.

The primordia of the subepithelial glands of the nasal septum can be observed on the 18th day of gestation. They originate from epithelial invaginations on both sides of the
septum immediately caudal of the vestibule (fig. 15). Further differentiation is established by the formation of a
duct in caudoventral direction. Thereafter, at about the
19th day of prenatal life, additional ducts appear and acinar primordia, acini as well as collateral ducts become
evident. Just before birth the arborization of the excretory ducts is rather extensive and a further differentiation in acini is observed.
In the lateral nasal wall short ducts of the future lateral nasal gland are already present at the level of their
vestibular openings on the 16th day of gestation. These
ducts grow further in caudoventral direction through the
subepithelial mesenchyme of the middle meatus to reach the
anterior recess of the maxillary sinus (fig. 15). On the
18th day of gestation one large duct and several smaller
ducts can be observed. At that time ramification of the
posterior ends and differentiation into acini is observed.
Just before birth the anterior part of the subepithelial
mesenchyme of the maxillary sinus is completely filled
with glandular tissue.
A separate glandular system develops in the upper part of
the posterior recess of the maxillary sinus. On the 18th
day of gestation the first few primordia of this system arise
as small invaginations of the posterior end of the maxillary sinus (fig. 16) . Shortly thereafter reunification and
differentiation into acini is observed (fig. 17). At birth
the maxillary sinus is then completely surrounded by glandular tissue of different origin without any distinct anatomical boundary.
5.3. Epithelium and epithelial glands.
The outline of the various components of the epithelial
lining of the nasal cavity in the adult rat is shown in
fig. 18. The anterior part of the nasal cavity, the vestibule, is lined by keratinized epithelium (fig. 19). More
posteriorly this squamous epithelium passes either gradually or at some sites abruptly into the epithelium of the
respiratory area. The olfactory epithelium, characterized
by very long cilia of the olfactory cells, is situated in
the dorsal and posterior part of the nasal cavity (fig. 20).
A small ectopical area of olfactory epithelium, described by
Rodolfo-Masera (1943) in various rodents, is localized in
the ventral part of the septum. The middle part of the na50.

Fig. 18. Lateral surface of the nasal septum of the rat showing three
different functional areas.
A: vestibular
B: respiratory
C: olfactory
In the respiratory part of the septum a small area of olfac
tory epithelium, the organ of Masera (Μ), is situated.
χ 4.

sal cavity is lined by respiratory epithelium. Based on
its appearance in the scanning electron microscope, this
epithelium can be divided into four distinct types:
Type 1 includes only cells with cilia (fig. 21a). This type
is almost exclusively localized in the posterior part of
the respiratory area, close to the olfactory region.
Type 2 includes cells with cilia and goblet cells (fig.
21b). This type is observed throughout the whole respirato
ry area, but mainly in the middle and anterior parts of
this area.
Type 3 includes cells with cilia, cells with microvilli
and goblet cells (fig. 21c). This type is exclusively lo
calized in the middle part of the respiratory area.
Type 4 includes cells with cilia and cells with microvilli
(fig. 2Id). This type is only found in a small area close
to the vestibular region. The number of cilia decreases
towards this region.
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19. Keratinized epithelium in the vestibular part of the nose
x 1250.
20. Olfactory epithelium, situated in the dorsal and posterior
part of the nasal cavity and characterized by very long cilia of the olfactory cells.
x 2500.

Fig. 21. Respiratory epithelium, divided into four types, situated in
the middle part of the nasal cavity:
a. only cells with cilia (type 1)
x 2500.
b. cells with cilia and goblet cells (type 2)
χ 1250.
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21. Respiratory epithelium, divided into four types, situated in
the middle part of the nasal cavity:
с cells with cilia, cells with microvilli and goblet cells
(type 3)
2500
χ
d. cells with cilia and cells with microvilli (type 4)
x 2500

The distribution of these four distinct types is identical
in both lateral wall and septum, although the number of goblet cells is larger in the lateral wall.
From the whole mount specimens of the septal mucosa it appears that the concentration of goblet cells varies considerably in the respiratory epithelium of both lateral wall
and septum (fig. 22). The olfactory area is characterized
by the presence of the glands of Bowman. Goblet cells are
nearly absent in the posterior part of the respiratory
area, close to the olfactory region (fig. 22a). More anteriorly the density of these cells increases gradually (fig.
22b and c), to reach a peak in the central part of the septum (fig. 22d). From this area the density of goblet cells
slightly decreases towards the vestibule (fig. 22e). Close
to the vestibule the goblet cells are arranged in typical
rows (fig. 22f).
Effects

of

environmental

conditions.

In studying the distribution of the four cell types in
rats raised and housed under various conditions, clear-cut
differences appeared between germfree and conventionally
housed animals. In comparison with germfree animals, both
conventionally housed animals and germfree animals, housed
under regular conditions for two weeks, revealed a tremendous increase of type 4 (cells with cilia and cells with
microvilli). Moreover, in the two latter groups the concentration of both type 2 and 3 had decreased, but no significant difference was found between these two types.
5.4. Subepithelial glands.
The glands can be divided into glands situated in the respiratory area, the glands of Bowman limited to the olfactory region and glands associated with the organ of Jacobson.
The main part of the glandular tissue in the lateral nasal
wall is situated in the region of the maxillary sinus. The
boundary lines are very irregular as shown in the transversal, sagittal and frontal sections (fig. 23a-k). The glandular tissue occupies almost the entire subepithelial area
of the maxillary sinus. Especially in the floor of the sinus a large portion of glandular tissue, surrounding the
root of the incisor, is situated. From this region a long
strand of glandular tissue, situated between the epithelium of the middle meatus and the alveolar bone of the incisor, extends forward. In addition a small projection of
glandular tissue invades the dorsal part of the ethmoid
conchae. From a morphological point of view, as far as hematoxylin-eosin sections are concerned, no clear-cut diffe55.

Fig. 22. Whole mount specimen of the septal mucosa (x 7), showing in
the upper left the typical arrangement of the glands of
Bowman, specific for the olfactory region, and in the centre
the large septal gland.
The characters (Α-F) refer to the position where the photo
graphs are made. Goblet cells are nearly absent close to the
olfactory region (A), whereas the density of these cells gra
dually increases towards the vestibule (B and Cl, reaches a
peak (D) and thereafter decreases slightly (E and F}. In
this area the goblet cells are usually arranged in typical
rows.
PAS-Alcian blue, Α-F, χ 128,
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. Schematic drawing of the position of the glandular tissues
in the nasal mucosa of the lateral wall and the septum. The
characters in the sagittal section (A) of the nasal lateral
wall refer to the position of the frontal sections (B-Η) and
the transversal sections (I-K) of both lateral wall and septum.
Bo
olfactory bulb
Dn
nasolacrimal duct
Ds
duct of Steno's gland
Ec
ethmoidal turbinais
FMr
first molar root
Ir
incisor root
L
L
L
different
histochemically reacting areas of
l' 2 ' 3
the lateral wall
M
maxillo turbinal
MM
middle meatus
Ms
maxillary sinus
nasal turbinal
N
ML
nasal lumen
NS
nasal septum
OJ
organ of Jacobson
RM
root of the maxillo turbinal
root of the nasal turbinal
RN
s
different histochemically reacting areas of
l' s2
the septum.
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rences in the classification of the various parts of the
glandular tissue could be observed. They are all of the
tubulo-acinar type. With reference to the size of the acini and to the excretory duct system, the main portion of
the glandular tissue in the lateral wall can be divided into a dorsal and a ventral part. In the ventral part the
acini are smaller. The indication L2 for the dorsal part
and hi and L3 for the ventral part of the glandular tissue
(fig. 23) is based on histochemical data. The dorsal part
shows neither typical intercalated ducts nor striated
ducts and this simple branched tubulo-acinous glandular
portion drains by some simple excretory ducts into the lumen of the maxillary sinus (fig. 24). However, the ventral
part consists of a strikingly branched tubulo-acinous glandular tissue with many intercalated and striated ducts.
From the area L3 one large excretory duct, which can be
traced with serial sections or India ink injection, courses in dorsal direction along the medial side of the incisor towards the vestibule. From the Li area many excretory
ducts extend, in a nearly straight course, into the direction of the vestibule. No interconnections between these
ducts and the long duct of the L3 area were observed (fig.
25) .
A large portion of the subepithelial tissue of the nasal
septum is occupied by one single large gland. Its position
is demonstrated in figures 2 3 and 26. The subdivision Si
and S2 is also based on histochemical data. The septal
glandular tissue contains a moderately developed duct sys-tern between the acini and can be considered as a branched
tubulo-acinous gland. There are five large excretory ducts
(3 dorsal and 2 ventral) running anteriorly towards the vestibule. Along these ducts clusters of acini are situated,
emptying their secretion products through short ductuli into the main duct.
5.5. Histochemical aspects of glycoproteins.
The classical way of identifying glycoproteins is the use
of either Alcian blue and periodic acid Schiff staining
techniques separately, or a combination of these two staining methods on serial tissue sections (Jones, 1978). With
Alcian blue (pH 2.6) acid glycoproteins are stained. The
acid groups include the carboxyl group of sialic acid and/
or ester sulphate. Although there is a lot of controversy
on the nature of this reaction, there are indications that
the staining reaction is based on a positive-negative charge attraction between polyanions in the tissue and cations
in the dye (Scott et al.,
1964). According to Jones and
64.
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Fig. 24. Micrograph of the nasal mucosa in the region of the maxilla
ry sinus (MS), showing the dorsal glandular area (L,) with
a simple excretory duct emptying into the sinus.
Methylgreen-pyronin, χ 128.

Fig. 25. Whole mount specimen of the mucosa of the lateral nasal
wall with many excretory ducts without interconnections
coursing into the direction of the vestibule.
M
maxillo turbinal
N
nasal turbinal
V
vestibule
PAS, χ 8.
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Fig. 26. Drawing of the glandular tissue and excretory ducts (Arabic
figures) in the mucosa of the nasal septum.
C: clusters of acini along the excretory ducts
NOJ: nerves to the organ of Jacobson
Sg: septal glandular tissue.

Reid (1973) reducing the pH of Alcian blue will result in
more specific staining of sulphate groups. Other staining
methods for the demonstration of sulphate groups, such as
aldehyde fuchsin and high iron diamine (Pearse, 1968), have been advocated, but very little is known about the reaction mechanisms. Another technique for the demonstration
of sulphated glycoproteins is the uptake of radioactive
sulphate. The PAS reaction is based on the oxidation of ctglycol groups (as well as carbonyl dérivâtes and a-aminoalcohols) by periodic acid, which disrupts the C-C bonds
and on the visualization of the aldehydes formed with
Schiffs reagent (Pearse, 1968). So both neutral and acid
glycoproteins can be stained with the PAS reaction (Jones
and Reid, 1973).
These histochemical staining methods for the identification of glycoproteins in serial tissue sections are summarized in table 1.
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Table

ι . Histochemical staining procedures for the identi
fication of glycoproteins in serial tissue sec
tions.

Histochemical stains

Reacting groups

Glycoproteins

1. Periodic acid-Schiff
2. Alcian blue (pH 2.6)

vic-glycol groups
sialic acid groups
+
sulphate groups
sulphate groups

Neutral + acid
Acid

3. Alcian blue (pH 1.0)

Sulphated

5.6. Glycoproteins of epithelial glands.
All secretory cells in the epithelial lining of the nose
stained with the PAS technique, while the majority of the
se cells also reacted with Alcian blue (pH 2.6), which in
dicates the presence of acid glycoproteins. A minor number
of goblet cells stained with PAS only, which indicates the
presence of neutral glycoproteins. Furthermore most of the
se cells stained with Alcian blue (pH 1.0), aldehyde fuchsin and high iron diamine, which indicates the presence of
sulphated glycoproteins. In contrast to these histochemi
cal findings autoradiograms made from animals injected
with radioactive sulphate, revealed only a small number of
labeled goblet cells. Labeling was most heavy during the
first hours after administration of sulphate. After long
survival periods (more than one day) labeled cells could
not be detected anymore. However, the mucus layer along
the surface of the epithelium was uniformly labeled. This
layer also showed a strong affinity for all the above-men
tioned histochemical techniques for demonstrating glyco
proteins.
5.7. Glycoproteins of subepithelial glands.
With the mentioned batch of histochemical staining techni
ques for glycoproteins, a differentiation could be made in
the glandular tissue of both lateral wall and septum.
The glandular
mass of the lateral
wall showed three dis
tinct staining areas (fig. 23 and 27a-b):
1. area Llt no reaction with any of the staining procedures
for glycoproteins.
2. area L2, positive reaction with PAS, but negative reac
tion with Alcian blue (pH 2.6), which indicates the pre
sence of neutral glycoproteins.
3. area L.,, positive reaction with both PAS and Alcian
blue (pH 2.6), which indicates the presence of acidic
glycoproteins.
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Fig. 27. Micrographs of the glands on the lateral wall and on the septum of the rat nose, showing different histochemically reacting areas (L2 and L3 and S^ and S2).
A. lateral wall
PAS
B. lateral wall
Alcian blue (pH 2.61
C. lateral wall
Autoradiogram (^5S; methylgreen pyronin)
D. septum
PAS
χ 128.

None of these areas stained with Alcian blue at pH 1.0,
which suggests the absence of sulphated glycoproteins. This
was confirmed by the absence of any affinity for aldehyde
fuchsin or diciinine stain.
On account of the histochemical staining reactions for glycoproteins, the septal
glandular
tissue
could be divided
into a dorsal and a ventral area. No glycoproteins were
found in the dorsal area S ^ The ventral area S2 contained
neutral glycoproteins, because it stained with PAS, but
not with Alcian blue (pH 2.6) (fig. 27d). As in the case
of the lateral gland none of these areas stained with Alcian blue (pH 1.0), aldehyde fuchsin or high iron diamine.
It must be mentioned that the PAS reaction can sometimes
give false positive results following glutaraldehyde fixation, because of reacting with residual free aldehyde
groups of the fixative. But, in comparing the staining reaction with PAS of specimens fixed in glutaraldehyde, buffered formalin, the Carnoy of the Lillie fixative, no essential difference could be established between these fixatives, so aspecific PAS staining is unlikely.
Autoradiographs of the lateral gland revealed a heavy incorporation of 3 5 S in the area L2, which stained with PAS
(fig. 27c). However, no incorporation of labeled sulphate
was observed in the area L3, staining with PAS and Alcian
blue (pH 2.6) and the septal area S2, staining with PAS only. Labeling was highest 6 hours after injection, after 1
day only a faint labeling was visible and after 2 days no
labeling could be observed anymore.
The results obtained with histochemistry and with autoradiography are summarized in table 2.
5.8. Ultrastructure of subepithelial glands.
Because of the considerable extension of the glandular tissue, only small areas, representing the various histochemically defined areas, were excised. Semithin sections of
this material were stained with PAS and studied for the
presence of intercalated and striated ducts in order to define exactly the relevant areas for electron microscopical
studies (table 3 ) .
Electron microscopically, the acinar cells of the septal
area S2 and the lateral area L2, both producing neutral
glycoproteins, contain a well developed rough endoplasmic
reticulum in their basal cytoplasm and numerous apical secretory granules (fig. 28). These rather homogeneous electron-dense and regularly shaped granules do not appear to
fuse.
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Table
Area

2. Histochemical differentiation of subepithelial
nasal glandular tissue.
PAS

AB(pH 2.6)

AB(pH 1 .0)
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Glycoproteins
not detectable
neutral +
sulphated
sialylated
not detectable
neutral

lateral glandular tissue
septal glandular tissue
positive reaction
negative reaction

Table 3. Separation of glandular areas for electron micros
copy.

Area

PAS

Intercalated and
striated ducts

negative

present

positive

present

negative
positive
positive

present
absent
present

Septum

Lateral wall

Scattered in between these granules a few lighter granules
are observed.
The acinar cells of the lateral area Ьз, containing acidic
glycoproteins, are characterized by a moderate amount of
rough endoplasmic reticulum and by different types of se
cretory granules. Some secretory granules (type л) contain
a delicately grained, electron-grey substance (fig. 29)
and they closely resemble the secretory granules of the go70.

blet cell, observed in the lower respiratory tract
(Jeffery and Reid, 1975; Jeffery, 1978; Jones, 1978). The
se granules coalesce into larger pools, visible as vacuo
les with the light microscope. Apart from these granules
cells with other granules (type в) with a variable elec
tron-density are evident (fig. 30a, b). Concerning this
type B, transitions of condensing vacuoles at the forming
face of the Golgi area into maturing granules with diffe
rent internal substructures can be observed, as shown in
fig. 31. During this transition process dense material is
concentrated in irregularly shaped cores, followed by a re
ticular or a concentric arrangement in so-called 'arrowtarget' granules. The most mature secretory granules of ty
pe В show an electron-dense core and an electron-lucent ha
lo. It is remarkable that an acinar cell in this particu
lar area L3 may contain either only type A or type В granu
les, or both types combined (fig. 32).
The acinar cells of the septal area Sj and the lateral
area Lj, both without any affinity for glycoprotein stai
ning procedures, also contain two types of secretory gra
nules (fig. 33). Several are electron-grey and resemble
those in the goblet cells of the lower respiratory tract.
These granules are slightly irregular and tend to become
confluent into larger pools. Scattered among this particu
lar granule type another regularly shaped type with homo
geneous electron-density is found. Granules of this type
do not coalesce. They resemble the secretory granules of
the area L2 and S2.
The above-mentioned ultrastructural data combined with the
histochemical results of this investigation, are summari
zed in table 4.
All the data presented here, were obtained after fixation
in 2.0% glutaraldehyde. In view of the suggested influence
of the fixation procedure on the appearance of the secre
tory granules, the effect of several mixtures of glutaral
dehyde and formaldehyde, as well as the effect of varying
the osmolarity, were studied. No differences in the types
of secretory granules can be observed in comparison with
the 2.0% glutaraldehyde fixation. Furthermore, no diffe
rences in the characteristics of the granules were found
either between the immersion and the intravital fixation.
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Fig. 29. A glandular portion of the area L3 of the lateral wall, con
taining acid glycoproteins. Several acinar cells with many
secretory granules are observed. These granules {type A) are
electron-grey and coalesce.
Glutaraldehyde fixation, χ 5500.
Fig. 28. Electronmicrograph, low magnification, of several acinar
cells (A) and a detail showing the lumen (L) of an acinus
and the apical portions of three cells (B). of the areas con
taining neutral glycoproteins (L2 and S2).
Note the well developed rough endoplasmic reticulum and nume
rous regularly shaped, homogeneous electron-dense, non-con
fluent secretory granules. The variation in densities of the
granules presumably represents different stages of matura
tion.
G = Golgi apparatus with condensing vacuoles.
Glutaraldehyde fixation
A χ 2000
Β χ 19000.
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Fig. 30a. Survey of a portion of the area L3 of the lateral ventral
part. The acinar cells contain many secretory granules
(type B) with different internal substructures.
Glutaraldehyde fixation
χ 2500.

Fig. 30b. Detail of fig. 30a. The secretory granules show various ty
pical structures representing different stages of matura
tion.
Glutaraldehyde fixation, χ 6000.
Fig. 31. Higher magnification of an acinar cell of the glandular por
tion of fig. 30a. Condensing vacuoles at the forming face
of the Golgi area (t) as well as secretory granules at va
rious stages of maturation. Glutaraldehyde fixation, χ 19000.
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Fig. 32a. Acinar cells of area L3 containing acidic glycoproteins.
Both type A and type В granules are present in each cell.
Glutaraldehyde fixation, χ 4600.
Fig. 32b. Acinar lumen (L) and apical portions of three cells of area
L3, containing acidic glycoproteins. The cells contain
either type A (1) or type В (2) or both types (3).
Glutaraldehyde fixation, χ 21000.

76.

Fig. 33. Higher magnification of three acinar cells of an area with
out any affinity for glycoprotein staining (L^ and S^), sho
wing two types of secretory granules.
Some are electron-grey and confluence to larger pools,
others are regularly shaped, homogeneous electron-dense and
do not coalesce.
L = lumen
Glutaraldehyde fixation, χ 26000.
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table

4. Rat nasal glands.

Secretory granules

Lateral wall

Septum

Histochemistry

l

non-confluent
electron-dense

neutral
glycoproteins

confluent,
electron-grey
(type A)
non-confluent,
internal substructure
(type B)

acidic
glycoproteins

non-confluent,
electron-dense;
confluent,
electron-grey
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not detectable
glycoproteins

6. BIOCHEMICAL ASPECTS OF THE NASAL GLANDS.
6.1. Introduction.
The first step in the production of secretory proteins is
the uptake of amino acids by the secretory cell (chapter
2). Although some passive transport of amino acids occurs
from the extracellular to the intracellular compartment,
most amino acids required for the synthesis of secretory
proteins are likely taken up by the cell by active transport. Various amino acid carrier systems have been described in a number of organisms (Heinz, 1974; Eddy, 1980;
Matthews and Payne, 19 80). Experiments on salivary (Barka,
1971) and mandibular (van Venrooij et al., 1973) glands of
the rat suggest that secretory proteins are preferentially
synthesized from amino acids taken up from the extracellular compartment. In their opinion the amino acid carrier
systems are situated in the basolateral plasma membrane.
From these carriers t-RNA molecules should transfer the
amino acids to the ribosomes of the RER. Further steps in
synthesis and discharge of secretory proteins have been
previously described (chapter 2).
In the first part of this chapter the results of an experimental study will be described to trace the secretory activity of the rat nasal glands with the use of radio-isotopes. In the second part, in addition to the morphological
and histochemical characterization, a biochemical identification of the various parts of the lateral nasal gland was
attempted with the use of micro-electrophoresis combined
with specific staining methods for glycoproteins.
6.2. Amino acid composition of secretory (glyco)proteins
from the nasal lateral glandular tissue.
Before selecting an appropriate batch of amino acids to be
used as precursors for (glyco)protein synthesis in the nasal glands, the amino acid composition of the secretory
(glyco)proteins from the whole lateral nasal glandular tissue was determined according to the method described in
chapter 4. The amino acid content was determined on hydrolysates (6 N HCl, 24 hours at 110° C) of dried protein samples on a Chromaspek (Rank Hilger) amino acid analyzer*.
* Amino acid analysis could be performed by courtesy of
the Department of Biochemistry, Medical Faculty, University of Nijmegen.
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The amino acid composition of these samples is shown in
table 5. Glutamic acid and aspartic acid are the most abundant amino acids. Together they represent about one fifth
of all identifiable amino acids.
Table

5. Amino acid analysis of nasal lateral glandular
tissue.

Amino acid
Lysine
Histidine
Arginine
Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine

Nanomoles/mg dried protein

Percentage

86.9
50.5

7.7
4.5

49.3
104.6
71.2
70.2
150.0
48.1
74.6
59.4
25.9
79.3

4.4
9.3

Leucine
Tyrosine

19.5
46.3
99.2
42.2

Phenylalanine

50.0

6.3
6.2
13.3
4.3
6.6
5.3
2.3
7.0
1.7
4.1
8.8
3.7
4,4

6.3. Uptake and release of radio-isotopes.
On account of the amino acid analysis leucine, arginine,
methionine and phenylalanine were initially selected for
the tracer experiments. In order to get an impression
about the degree of incorporation of these amino acids into the glands and into the surrounding tissues autoradiography was performed. Autoradiograms were made according
to the procedure described for sulphate in chapter 4. From
these experiments it appeared that arginine was predominantly incorporated into the glandular tissue of both lateral wall and septum. It was therefore selected for studying the secretory behaviour of the glands.
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The time course of the H-activity of the nasal glandular
tissues after intra-peritoneal injection of labeled argini
ne is presented in fig. 34. There is a rapid uptake of ar
ginine by the glandular tissues during the first 60 minu
tes after injection. Thereafter a steady level was obser
ved up to 5 hours, as was clearly demonstrated in experi
ments in which samples with one hour interval were measu
red. After about 5 hours an efflux of radioactivity occur
red, which virtually ceased after 32 hours. This level was
maintained up to an observation period of 4 days. No essen
tial difference could be observed between the radioactivi
ty of the glands of the lateral wall and septum nor be
tween the glands of both sides of the nose. The time cour
se of radioactivity in the blood, demonstrated in fig. 35,
reveals a maximum arginine uptake after 210 minutes, imme
diately followed by a sharp decrease, which stabilizes af
ter about one day. In the following days there is only a
faint diminution of the radioactivity. As it is nearly im
possible to obtain reliable data on the rate of arginine
uptake during the first hours, the attention was focused
on the secretory phase (efflux) of the labeled substance
from the glandular tissue. This efflux was plotted on a
logarithmic scale. Fig. 36 shows the plot for the efflux
from the right lateral nasal gland. Similar plots were ob
tained for the septal gland and for the glands in the left
side of the nose. In first approximation the first part of
the secretory phase shows exponential behaviour, which is
indicated by the straight line resulting from the log
transformation (fig. 36). Under such conditions a suitable
measure for the rate of secretion can be established by ta
king the ratio:
radioactivity of the glandular tissue after 24 hours
radioactivity of the glandular tissue after 6 hours "
This residual activity after 24 hours (unit activity at 6
hours) is given in table 6. Analysis of variance shows
that there are no significant differences between the re
sidual activities for the various glands (F = 0.71, df = 3
and 12; Ρ = 0.56). The right-left differences are not sig
nificant either (Student's t = 0.25, Ρ = 0.81 for the la
teral wall; t = 1.21, Ρ = 0.27 for the septum, both df = 6).
Apart from 3H-arginine labeled sulphate was also administe
red. This substance has been shown to be exclusively incor
porated into the dorsal glandular area L2 in the lateral
gland, whereas no significant incorporation in the septal
gland
could be detected (chapter 5). The time course of
the 35S-activity of the lateral glands of both sides is
shown in fig. 37. The sulphate release starts about 4
hours after the intraperitoneal injection. The amount of
81.
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Fig. 34. Time course of Зн-activity after intraperitoneal injection
of labeled arginine per 50 mg wet weight glandular tissue in
the lateral wall (LW) and the septum (S) of both sides
(L = left; R = right) of the nasal cavity of the rat.

Fig. 35. Time course of radioactivity per 0.05 ml blood of the rat af
ter intraperitoneal injection of radioactive arginine or sul
phate, respectively.
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Fig. 36. Log-plots of efflux of labeled substances after the intra
peritoneal administration of labeled arginine or sulphate,
respectively, from the right lateral nasal gland. Data of
fig. 34 (arginine) and of fig. 37 (sulphate) are used.
Table

6. S e c r e t i o n

of r a t n a s a l glands.
Arginine
N

Lateral wall

Residual
activity

Sulphate
SE

N

Residual
activity

SE

Left

4

0.43

0.05

4

0.12

0.02

Right

4

0.42

0.08

4

0.12

0.01

Left

4

0.4Θ

0.07

Right

4

0.42

0.07

Septum
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Fig. 37. Time course of " S activity after intraperitoneal injection
of labeled sulphate per 50 mg wet weight glandular tissue of
the right (LWR) and left (LWL) lateral wall of the rat nose.

radioactivity decreases very rapidly till a stable low le
vel is reached after about one day. The rate of sulphate
release from the blood appears to be faster, as shown in
fig. 35. The log-plot for the labeled sulphate release
from the lateral glands reveals a faster decrease than
that of incorporated 3H-arginine (fig. 36). There are no
right-left differences in residual activity.
6.4. Micro-electrophoresis.
The different glandular areas were dissected as described
before and prepared for electrophoresis (chapter 4).
The protein content of these samples, determined by a mi
cro-modification of the Lowry (19 51) method, is given in
table 7. From this table considerable differences in the
protein content of the three different areas of the gland
become apparent. These data were used for obtaining compa
rable protein concentrations of the various samples (0.6
yg/μΐ) for electrophoresis. The electrophoretically sepa
rated components of the various areas, stained with
Coomassie Brillant Blue, are shown in fig. 38. There is a
clear resemblance between the patterns of the areas li1 and
Lo. In comparison with these areas, area L2 shows only a
84.

table
Area

7. Protein content of the three different glandular
areas.
N

protein content
yg protein/yg lyophilized
homogenates

SE

3

107.8

12.2

3

299.0

29.0

477.9

27.9

Fig. 38. Drawings of Polyacrylamide gels of the different lateral glan
dular areas. A gels stained with Coomassie blue.
В gels stained with PAS.

small number of bands. The three glandular areas have only
one distinct band in coiranon. With PAS staining to trace
the presence of glycoproteins/ no components of area Lj
could be visualized. Areas L^ and L3 reveal one distinct
band, which stained positively with PAS, as can be seen in
fig. 38. In comparing the Coomassie Brillant Blue stained
gels of the three areas with the PAS stained gels of areas
L2 and L 3 , it appears that the PAS positive bands of areas
L2 and L3 coincide with a Coomassie Brillant Blue stained
band in area Li· As the lack of staining of the band
with PAS in area L^ might be attributed to a low glycopro85.

tein concentration, electrophoresis was performed with samples containing a much higher protein concentration. Although the capillary gels are clearly overloaded with protein, this particular band in area Lj shows only a slight
affinity with the PAS procedure.
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7.

DISCUSSION AND

CONCLUSIONS,

The main part of the epithelial lining of the nasal cavity
of the rat appears to consist of ciliated cells with a varying number of goblet cells, having their highest density
in the central part of the cavity lining. Except for a difference in the total number of goblet cells, there is no
significant difference between the character of the epithelium of septum and lateral wall. The distribution and number of goblet cells appears to be influenced by environmental conditions, as can be concluded from the data obtained
on germfree raised and specific pathogen free rats, revealing a substantial decrease in the number of goblet cells,
when they are kept under conditions without special hygienic precautions. Comparable observations have been made in
the lower respiratory tract of rats (Jeffery and Reid,
1975). The secretory product of the majority of the goblet
cells are acid glycoproteins, while a minor number secretes merely neutral glycoproteins. This situation differs
from that in the epithelium of the lower respiratory tract
where only goblet cells secreting neutral glycoproteins
are present (Jones et al.,
1973). On account of the histochemical and autoradiographical data the acid glycoproteins can be further identified as sialylated and sulphated glycoproteins. However, this latter group necessitates
a further differentiation, because some cells did not only
stain with the techniques assumed to demonstrate the presence of sulphated glycoproteins, but also incorporated
radioactive sulphate, while others had the same staining
characteristics, but failed to incorporate radioactive sulphate. A comparable differentiation has been reported by
Lamb and Reid (19 72) in the lower respiratory tract of
humans.
Because of the high similarity of the histochemical characteristics of the mucous layer on the luminal surface of
the nasal epithelium and the secretory content of the goblet cells, it can be assumed that these cells contribute
to a large extent to this layer. The existence of such a
so-called mucous blanket has already been described in various animal species, while there seems to be an interspecies difference in the chemical composition (Spicer et al.,
1971; Jeffery, 1978). Although this blanket has been considered as a non-motile component closely adherent to the
cell surface (Spicer et al., 1973), the high secretory activity of the goblet cells speaks more in favour of the assumption that it, at least partially, contributes to the
respiratory mucus involved in protecting and cleansing the
nasal cavity.
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Although the glandular tissue in the lateral wall seems to
be an anatomical entity, the developmental data together
with the morphological data on the size of the acini and
the characteristics of the secretory ducts convincingly demonstrate that two different glands are concerned: one situated dorsally emptying into the maxillary sinus (L2) and
another one situated ventrally and emptying into the nasal
vestibule (Lj and L3).
The dorsal gland turns out to be identical with the maxillary gland described by Bang and Bang (1959) and Vidic and
Greditzer (1971). In contrast to the short simple excretory ducts as described in the present study, Vidic and
Greditzer (1971) described a drainage system consisting of
a complicated chain of excretory ducts. Furthermore the
dorsal projection of this gland into the ethmoid conchae
has erroneously been considered as a separate gland
(Warshawsky, 1963). On account of histochemical staining
methods, the maxillary gland has been reported as predominantly serous by Vidic and Greditzer (1971). However, as
pointed out in chapter 2, a differentiation in mucous and
serous cells cannot be made on account of their affinity
for stains for glycoconjugates, because secretory granules
of both mucous and serous cells have been shown to contain
glycoproteins (Lamb and Reid, 1969, 1970; Jones and Reid,
1978). Moreover, a classification of the glandular cells
of the nasal glands based on cytological characteristics
appeared to be impossible. Therefore it seems more appropriate to define the glandular cells by the chemical nature of the glycoproteins they produce. According to this
classification the dorsal gland (L2) is characterized by
the production of neutral glycoproteins on account of the
positive staining with PAS and the lack of affinity for
Alcian blue. However, a remarkable observation was the
high labeling of this gland with 3 5 S labeled sulphate,
which indicates the presence of sulphated glycoproteins.
This observation conflicts with the lack of staining of
this area with Alcian blue (pH 2.6 and 1.0), supposed to
be an indicator for acidic and sulphated glycoproteins,
respectively (Pearse, 1968; Jones and Reid, 1978). A comparable conflicting observation has been made by Jones and
Reid (1978) in human tracheo-bronchial glands. An explanation for this phenomenon is unknown so far. Ultrastructurally the acinar cells of this particular portion contain
uniform granules. The observed variation in electron-density can be assumed to represent various stages in the maturation process.
The whole ventral part of the lateral nasal gland, referred to as lateral nasal gland (Vidic and Greditzer, 1971) ,
must be considered as an anatomical entity on the basis of
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its embryological development and the absence of any anato
mical boundary. This contrasts with the assumption made by
Bojsen-MfzSller (1964) and Мое and Bojsen-M011er (1971),
that two anatomically separated glands are concerned. The
se authors called the part situated around the ostium of
the maxillary sinus, the (lateral nasal) gland of Steno
and considered the part, extending into the middle meatus,
as a separate serous gland. There is some controversy on
the character of the ventral gland. It has been denominated
as serous (Warshawsky, 1963; Bojsen-Mjziller, 1964) or as
predominantly mucous (Vidic and Greditzer, 1971). On ac
count of its affinity for glycoprotein stains this gland
can be divided in an area Li without secretory glycopro
teins and an area Lo producing acid glycoproteins. As
the latter area failed to stain with Alcian blue at pH 1.0,
the acid glycoproteins must be assumed to be sialylated
(Pearse, 1968; Jones and Reid, 1978). In this context it
must be mentioned that the histochemical staining procedu
res for glycoproteins do not allow to decide on the presen
ce of neutral glycoproteins in areas containing acidic gly
coproteins. With respect to area L^, micro-electrophoresis
indicates the presence of small amounts of glycoproteins
and therefore it seems likely to conclude that these quan
tities are beyond the detection level for current histoche
mical staining procedures. Also on an ultrastructural ba
sis, a distinction can be made between area Li and area L3.
The acinar cells of area L3 are characterized by two kinds
of secretory granules: electron-grey granules and more or
less regularly shaped granules with different internal sub
structures. Such substructures vary from irregularly sha
ped dense cores to a concentric arrangement of dense mate
rial and to an electron-dense core with an electron-lucent
halo. Similar structures have already been described in sa
livary glands (Tandler and Erlandson, 1972; Simson et
al.,
1974; Ichikawa and Ichikawa, 1977; Bondi et al.,
1978; van
Lennep et al., 1979). Although these internal substructu
res have been regarded as artefacts, introduced by the
fixation procedure (Kramer et al.,
1978), the present stu
dy strongly suggests on the basis of the anatomical posi
tion and the relation to the Golgi complex, that the gra
nules with varying internal substructures represent stages
in the maturation process. Support for this view can be
derived from studies made by Ichikawa and Ichikawa (1977).
They showed, with the use of cryotechniques, that these
internal substructures of the granules cannot be artefacts
caused by preparation procedures, but that they are esta
blished structures. The acinar cells of area L 1 are charac
terized by the presence of electron-grey, confluent granu
les with scattered in between homogeneous electron-dense,
regularly shaped, non-coalescing granules.
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Although the appearance of various types of secretory granules has been ascribed to inadequate fixation
(Martinez-Hernandez et al.,
1972; Geuze and Slot, 1978;
Kramer et al.,
1978), the use of mixtures of glutaraldehyde and formaldehyde, either by direct intranasal administration or by direct vascular perfusion, in the present study did not change the appearance of the distinct
types of secretory granules. Anyhow, it remains a puzzling
question what the difference in electron-density indicates
in terms of chemistry and if one is dealing with different
products. It has often been suggested that the electrondensity of the granules varies with the protein content
(Jeffery, 1978). According to Meyrick and Reid (1975) and
Reid et al. (1976) the concentration of glycoproteins in
the electron-dense granules is lower, but Kramer et al.
(197 8) stated that not the concentration but the nature of
the glycoproteins is responsible for the differences in
electron-density.
Biochemical analysis of the components of the various
glandular areas reveals that all three areas L1, L 2 and L3
have in common a PAS positive component with the same electrophoretical behaviour, but there seems to be a remarkable difference between the biochemical substances, present
in area L2 and those in the areas 1^ and L3.
As to the drainage of secretory products, a complicated
system of small ducts, together with one large duct, emptying into the vestibule, has been reported (Broman, 1921;
Bang and Bang, 1959; Warshawsky, 1963; Bojsen-Miller, 1964,
1965; Vidic and Greditzer, 1971). The present study however reveals that area I4 is drained into the vestibule
through several excretory ducts and area L3 separately
through the single large duct.
Apart from the glands specifically confined to the organ
of Jacobson, the glandular tissue on the nasal septum can
be considered as one glandular mass from a morphological
point of view. This is supported by the observations made
by Vidic et al. (1975). The draining characteristics and
the presence of accessory glands along the excretory ducts
confirm the observations made by Boj sen-Miller (1964) and
Tandler and Bojsen-M^ller (1978). The septal gland is composed of a dorsal area Sj without detectable glycoproteins
and a ventral area S2 producing neutral glycoproteins.
This differentiation is supported by the ultrastructural
data of this investigation. The acinar cells of area S2
resemble those of the dorsal lateral gland from a histochemical and ultrastructural point of view, although they
do not incorporate 3 5 S . The area S^ is composed of acinar
cells which do not stain with glycoprotein stains and con-
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tain two types of secretory granules, and therefore resemble the acinar cells of the lateral glandular area Lj.
These data differ in many respects from the observations
made by Tandler and Bojsen-Miller (1974). According to
these authors the septal glandular mass is composed of two
glandular areas: an anterior part consisting of serous-like cells and a more posterior part containing granules
with a substructure of light and dark components. Neither
on account of histochemical or ultrastructural data of the
present investigation is there any indication for the
existence of such a differentiation.
As to the secretory activity of the subepithelial glands,
evidence is presented that there is a rather fast synthesis and secretion of the proteins, whereas the secretion
of the sulphated component is even faster. This difference
is difficult to explain because the secretory mechanism is
generally assumed to be governed by the secretomotor fibres of the pterygopalatine nerve (Eccles and Wilson, 1973)
and there are no morphological indications that the various areas are innervated in a different way. Apart from
this, the technique described for the study of secretory
activity offers the opportunity for investigating the effects of various drugs, which can interfere with secretory activity.
In conclusion, the results obtained indicate that the nasal glands are composed of several areas producing different secretory products. The secretion consists of various
glycoproteins and presumably of non-conjugated proteins
(area L^), which are secreted into various parts of the nasal cavity. Except for a bacteriostatic effect of the sialylated glycoproteins, the role of those secretory products in nasal physiology needs further elucidation.
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SUMMARY.
The nasal passages are involved in the protection of the
deeper airways by filtration, humidification and thermoregulation of the inhaled air. An important role in this protective function is attributed to the nasal fluid. Although this fluid originates from various sources, a substantial contribution is provided by the gland cells in
the respiratory epithelium and by the submucosal glandular
tissue. In most mammals this glandular tissue is organized
in large glands, whereas in the human nose only small
glands have been demonstrated. There is only scarce and
controversial knowledge of the secretory characteristics
and the chemical composition of the secretory products of
these glands.
This study deals with the development, location and structure of the nasal glands in the rat and the nature of
their secretory products, with special regard to glycoproteins, investigated with the use of morphological, histochemical and autoradiographical techniques. In addition
a further identification of the glandular tissue is performed with micro-electrophoresis and finally the secretory
activity of the glands is studied with radioactive precursors of the secretory products.
In chapter 1 the current knowledge of the micro-anatomy of
the lining of the nasal cavity is described. In chapter 2
the most common features of exocrine glands are discussed.
The literature on glands in the nasal cavity is reviewed
in chapter 3. The methods used in this experimental study
are described in chapter 4. A description of the epithelial lining and the secretory characteristics of both epithelial and subepithelial nasal glands of the rat is given
in chapter 5. In chapter 6 the results of electrophoretical analysis of the glands and the secretory activity is
described.
The respiratory epithelium of the nasal cavity can be divided into four distinct cell types on account of the presence of cilia, microvilli and goblet cells. The distribution of these different cell types appears to be dependent
on environmental conditions.
The major part of the subepithelial
glandular
tissue
in
the lateral
wall is situated around the ostium of the maxillary sinus. It can be divided into a dorsal and a ventral portion. The simple branched, tubulo-acinous dorsal
glandular portion drains into the maxillary sinus through
some simple excretory ducts. The secretory granules in the
93.

acinar cells of this dorsal portion are uniform electrondense and non-confluent and contain neutral glycoproteins.
The strikingly branched, tubulo-acinous ventral portion
drains into the vestibule through numerous excretory ducts.
Two different areas can be distinguished in this ventral
portion: one area, containing acidic glycoproteins and
characterized by the presence of two types of secretory
granules, confluent and homogeneous electron-grey and nonconfluent with remarkably internal substructures, and a second area without detectable glycoproteins and composed of
acinar cells containing confluent, electron-grey granules
and non-confluent, electron-dense granules. A distinction
in three different areas can also be made by electrophoresis. Moreover, the presence of a small amount of glycoproteins can be demonstrated in the area without histochemically detectable glycoproteins.

The subepithelial

glandular

tissue

in the nasal septum con-

sists of one large branched tubulo-acinous gland. Histochemically and ultrastructurally this glandular tissue can
be divided into a dorsal and a ventral area. The dorsal
area without detectable glycoproteins is composed of acinar cells containing two types of secretory granules. The
ventral area containing neutral glycoproteins, resembles
the comparable lateral dorsal portion.
Radioactive experiments show a fast uptake of both labeled
arginine and 3=>S precursors and a rapid secretion of labeled components which reaches a nearly steady level after
about one day. The outcome of these experiments show that
this method is particularly useful for studying the effects of drugs, which can interfere with secretory activity.
In chapter 7 the results obtained are discussed.
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SAMENVATTING.
De architectuur en mucosa van de neuspassages spelen een
belangrijke rol bij de bescherming van de lagere luchtwegen door middel van filtratie, bevochtiging en thermoregulatie van de ingeademde lucht. In deze beschermende funktie wordt een belangrijke taak toegeschreven aan het neusvocht. Dit neusvocht is hoofdzakelijk afkomstig van zowel
de epitheliale kliercellen als de subepitheliaal gelegen
klieren in het respiratoir gedeelte van de neus. Bij de
meeste zoogdieren zijn enkele grote subepitheliaal gelegen
klierpakketten aanwezig, maar bij de mens worden alleen
kleine klieren aangetroffen. Het inzicht in de secretoire
kenmerken van de klieren en de samenstelling van het secreet is gering en de gegevens hierover zijn vaak tegenstrijdig.
In dit onderzoek wordt de ontwikkeling, de ligging en
structuur van de neusklieren bij de rat beschreven. Daarnaast is het karakter van het secreet onderzocht, waarbij
speciale aandacht aan de glycoproteïnen is geschonken.
Hiervoor is gebruik gemaakt van verschillende morfologische, histochemische en autoradiografische technieken en
van micro-electroforese. De secretoire activiteit van de
klieren is bestudeerd met behulp van radioactief gelabelde
precursors.
In hoofdstuk 1 wordt een overzicht gegeven van de anatomie
van de neuspassages. In hoofdstuk 2 worden de meest algemene kenmerken van exocriene klieren besproken terwijl in
hoofdstuk 3 de huidige kennis van de klieren in de neus
wordt beschreven. De, in dit onderzoek gebruikte, methodieken worden besproken in hoofdstuk 4.
In hoofdstuk 5 wordt een beschrijving gegeven van de epitheliale bekleding van de neuspassages bij de rat en van
de ligging en secretoire kenmerken van de klierelementen.
De resultaten van het electroforetisch onderzoek van de
neusklieren en de secretoire activiteit worden in hoofdstuk б weergegeven.
Op grond van de aanwezigheid van trilharen, microvilli en
slijmbekercellen kunnen in het respiratoir epitheel van de
neus 4 verschillende celtypen onderscheiden worden. De ver
deling van deze celtypen blijkt sterk beïnvloed te worden
door omgevingsfaktoren.
Het grootste gedeelte van het subepitheliaal

gelegen

klier-

weefsel
in de laterale
wand van de neus is rondom de opening van de sinus maxillaris gelokaliseerd. Dit klierweefsel bestaat uit een dorsaal en ventraal gelegen deel. Het
weinig vertakte dorsale deel, dat tubulo-acineus is, drai95.

neert via kleine afvoergangen in de sinus maxillaris. De
acineuze cellen bevatten niet-fuserende secreetgranula van
gelijke electronendichtheid
met als voornaamste bestanddeel neutrale glycoproteïnen. Het sterk vertakte ventrale
deel, dat eveneens tot het tubulo-acineuze kliertype behoort, mondt uit in het neusvestibulum via een aantal afvoergangen. Dit ventraal gelegen klierweefsel kan op grond
van zijn secretoire componenten in 2 gebieden worden verdeeld. Het eerste gebied bevat glycoproteïnen met een zuur
karakter en de acineuze cellen worden gekarakteriseerd
door 2 typen granula, namelijk fuserende homogeen lichte
granula en niet-fuserende granula met opvallende substrukturen. Het tweede gebied bevat histochemisch géén aantoonbare glycoproteïnen en is samengesteld uit acineuze cellen
die fuserende lichte granula en niet-versmeltende donkere,
electronendichte granula bevatten. De verdeling in 3 gebieden van het klierweefsel in de laterale wand kan door middel van electroforese bevestigd worden. Bovendien blijkt
met deze techniek dat het gebied waar histochemisch geen
glycoproteïnen konden worden aangetoond, toch een kleine
hoeveelheid van deze stoffen bevat.

Het subepitheliaal

gelegen

klierweefsel

in het

septum be-

staat uit één grote klier van het tubulo-acineuze type.
Deze klier kan verdeeld worden in 2 gebieden: een dorsaal
gebied dat geen detecteerbare glycoproteïnen bevat en bestaat uit acineuze cellen met 2 typen secreetgranula en
een ventraal gebied met neutrale glycoproteïnen dat veel
overeenkomst vertoont met het dorsale deel van de klier in
de laterale wand.
Experimenten met radioactief gelabelde stoffen tonen aan
dat er een snelle opname van zowel 3H-arginine als 35 S04
plaats heeft evenals een snelle secretie van gelabeld secreet. De secretie bereikt een nagenoeg stabiel niveau na
ongeveer 1 dag. Deze techniek lijkt bijzonder geschikt om
het effect van farmaca op de activiteit van de neusklieren
te bestuderen.
In hoofdstuk 7 worden de resultaten bediscussieerd.
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109.

STELLINGEN.
1. De termen muceus en sereus die gewoonlijk gebruikt worden om klieren te karakteriseren, blijken minder goed
hanteerbaar om de klierstructuren in de neus te classificeren.
2. Wanneer intracellulaire substanties in klierweefsel een
positieve kleurreactie vertonen met de gecombineerde
perjoodzuur Schiff-Alcian blue methoden, kan hieruit alleen geconcludeerd worden dat glycoproteïnen met een
zuur karakter aanwezig zijn.
3. De conclusie van Gray, dat 1 jaar na doorsnijding van de
nervus vidianus als therapie voor rhinitis vasomotoria,
het mucociliaire transportsysteem van de neus normaal
functioneert, moet op grond van de gebruikte parameters
en methoden met groot voorbehoud bezien worden.
R.F. Gray, J. Laryngol. Otol. 93, 277, 1979.

4. Rhinomanometrie kan een belangrijk hulpmiddel zijn om
klachten over neusobstructie te objectiveren.
5. De veronderstelling van von Boletzky dat het ciliaire
apparaat van het pijlinktvis embryo een belangrijke rol
speelt bij het uitkomen uit het chorion, is niet in
overeenstemming met het door Marthy et al. beschreven effect van de perivitelline vloeistof van dit embryo op
kleine Crustacea.
S.v. Boletzky, Experientia 35, 1051, 1979.
H.-J. Marthy, R. Hauser and A. Scholl, Nature 261, 496, 1976.

6. De door Arnold en Vosteen beschreven metaplasie van het
middenoor epitheel, na afsluiting van de buis van
Eustachius, moet aan een infectieus proces worden toegeschreven.
W. Arnold und Κ.-H. Vosteen, Acta Otolaryngol. Suppl. 330, 48,
1975.

7. Bij de toelatingseisen voor vele studierichtingen in
het wetenschappelijk en hoger beroepsonderwijs wordt
een onnodig zwaar accent gelegd op kennis van de "exac
te vakken". Dit kan middelbare scholieren al vroeg be
lemmeren in de keuze van een vakkenpakket dat bij hun
aanleg past en kan tevens opgevat worden als een misken
ning van de vormende waarde van de "niet exacte vakken".

8. Door de vestiging van academici in kleine kernen in de
omgeving van de universiteitssteden kan de dorpssamenleving onder zware "intellectuele" druk komen te staan.

A.B.M. Klaassen, 1981.

