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Olfactory system The olfactory system is a highly plastic region of the nervous system. Continu-
Vomeronasal system ous remodeling of neurona circuits in the olfactory bulb takes place throughout
Neuron life as aresult of constant turnover of primary sensory olfactory neurons in the
Glycoconjugate periphery. Glycoconjugates are very important in olfactory development, regen-
Lectin eration and function. Thisarticle deals with different aspects of glycobiology rel-
Cell adhesion evant for the olfactory system. Various anatomical, developmental and func-
Extracellular matrix tional subdivisions of the olfactory system have been labeled with exogenous
Development lectins. The application of reverse lectin histochemistry resulted in the visualiza-

tion of endogenous lectins, involved in fasciculation of olfactory axons. Numer-
ous glycoproteins, among them members of the immunoglobulin superfamily,
the cadherins and integrins as well as different glycolipids and proteoglycans can
act as surface adhesion molecules in the olfactory system. The olfactory-specific
form of the sialoglycoprotein neura cell adhesion molecule is implicated in
olfactory neuronal and axona guidance. Glycoconjugates including laminin,
fibronectin and proteoglycans are abundant components of the olfactory extra-
cellular matrix, influencing neurite outgrowth and cellular migration. Immuno-
histochemical labeling has revealed occurrence of the carbohydrate differentia-
tion antigen, playing a role in neurulation and morphogenesis of the very early
olfactory system. The synaptic vesicle glycoprotein, appearing also early in
olfactory development, is used as a marker of olfactory tumors. Finaly, mem-
brane and transmembrane glycoconjugates as well as secreted glycoconjugates
may act as olfactory receptor molecules.

Introduction

The olfactory system is remarkable in its ability to rec-
ognize and discriminate numerous airborne molecules. In
most vertebrates, chemical signals are perceived and trans-
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Fig. 1. a Anatomica scheme of the vertebrate olfactory system, parasagittal section. 1=0lfactory epithelium;
2=olfactory bulb; 3=cerebrum; 4=ethmoidal concha; 5=ventral nasal concha; 6=fronta sinus; 7=maxilla. b Dia-
gram to demonstrate the connection between the olfactory receptor neurons and the olfactory bulb. 1=0lfactory
receptor neuron; 2= supporting cells, 3=olfactory glomerulus (olfactory bulb); 4=mitral cells (olfactory bulb); 5=cri-
briform plate; 6=olfactory nerve; 7=olfactory tract.

neurons terminating in a multiciliated dendritic knob at the
epithelial surface that protrudes into a mucus layer (fig. 1,
2). The olfactory axon arising from the proxima pole of
the neuronal cell bodies fasciculates with other axons and
passes through the lamina cribrosa into the olfactory bulb,
where axona fascicles branch and terminate in characteris-
tic synaptic connections called olfactory glomeruli (fig. 1b).
Axons from the main olfactory epithelium end in the main
olfactory bulb, whereas those of the accessory olfactory
system end in the accessory bulb (fig. 3) [Barber and Rais-
man, 1978; Graziadei and Monti Graziadei, 1979; Breipohl,
1986].

Olfactory receptor cells are very unusual neurons. They
have a limited life span and are replaced by new neurons
which migrate into the upper compartment of the epithe-
lium following their formation from the stem cells in the
basal portion. Also, if these neurons, which have direct
contact with the external environment, are damaged or
destroyed, neuronal regeneration occurs regularly and the
olfactory epithelium is reconstituted. Thus, the only known
structure of the adult mammalian nervous system, where

Glycobiology of the Olfactory System

neuronal and axona growth normally occurs, is the olfac-
tory system and continuous replacement of the olfactory
neurons is maintained throughout life of the individua
[Farbman, 1986, 1988, 1994].

Investigation of the olfactory system is particularly
intriguing for glycobiologists for at least three reasons:
(1) Glycoconjugates play a crucia role in the devel opment
of the olfactory system. (2) Glycoconjugates are involved
in continuous regeneration of the olfactory neurons, i.e.
in neuronal proliferation, neurite outgrowth, fasciculation
and synapse formation. (3) Glycoconjugates are important
in recognition, discrimination, transfer and processing of
odorant information. An enormous variety of glycoconju-
gates, i.e. glycoproteins, glycolipids, glycosaminoglycans
and proteoglycans, has been tracked down in the olfactory
system by different methods of glyco- and immunohisto-
chemistry as well as molecular biology. Olfactory-specific
glycoconjugates as well as glycoconjugates without tissue
specificity have been found in the different parts of the
olfactory system, in various subcellular localization or in
the extracellular matrix.
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Fig. 2. Schematic drawing of the olfac-
tory epithelium [according to Hees and 4

\
mac- 2 A S

Sinowatz, 1992]. A =0Olfactory neuron; 1=
dendritic knob; 2=sensory cilia; 3=peri-
karyon with nucleus; 4=axon; B=support-
ing cell with microvilli; C=basa cells.

Lectin Labeling of the Olfactory System

Lectin Labeling and Olfactory Anatomy

The expression of various sugar moieties in the main
and accessory olfactory system has been studied intensely
by labeling with a battery of lectins. Although the actual
intrinsic role of plant lectins is still a matter of debate
[Rudiger, 1998], they are well-appreciated laboratory
instruments for investigating the presence of distinct sugar
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determinants, as similarly documented in this issue by
Brinck et al. [1998], Danguy et a. [1998] and Zschabitz
[1998]. Whereas the chapter of Villdobo and Gabius
[1998] dedls with the biochemical events of signaling, this
contribution focuses on the histochemica level. Table 1
gives an overview on studies using lectin binding and
documents that this method is a powerful tool to identify
anatomical subdivisions of the olfactory system in different
species. Lectin-reactive epitopes can be found in al parts
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Fig. 3. Schematic diagram of the synaptic
organization of the olfactory bulb. 1=0lfac-
tory axons; 2=glomerular layer; 3=mitra
cells; 4=granule cells; 5=superficial tufted
cells; 6=deep tufted cells, 7=periglomerular
cells, 8=superficial short axon cells; 9=deep v SN +
short axon cells; 10=fibers to anterior com-
missure; 11=fibers to anterior olfactory nu-
cleus, 12=fibers to latera olfactory tract;
13=fibers to mesencephalon: 14=fibers
from lateral olfactory tract.

1312 11 10

of the olfactory system, including neurons, supporting
cells, basa cells, olfactory bulbs, Bowman glands and
mucus.

Certain sugar moieties are expressed throughout the
olfactory system, as has been shown with the N-acetyl-
galactosamine-specific lectin soybean agglutinin (SBA).
This lectin labels all parts of the olfactory system in Xeno-
pus, i.e. the olfactory and vomeronasal epithelia, the olfac-
tory and accessory olfactory nerves and the olfactory and

Glycobiology of the Olfactory System

the accessory olfactory bulbs [Key and Giorgi, 1986h].
Other lectins distinguish the main and accessory olfactory
system, for example Vicia villosa agglutinin (VVVA) or Ban-
deiraea simplicifolia agglutinin | (BSA 1). These lectins,
specific for terminal N-acetylgal actosamine and galactose,
recognize cell surface carbohydrates in the vomeronasa
system but not in the main olfactory system of the opossum
[Shnayder-Shapiro et al., 1995]. Recently, further subdi-
visions of the accessory olfactory bulb have been docu-
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Table 1. Lectin binding studies of the main and accessory olfactory systems grouped according to chronological order

Species Lectin(s) References

Mouse ConA Smuts[1977]

Garfish ConA Coleand Elam [1983]

Rat BSA |, Con A, LCA, MPA, PHA, PNA, PWM, WGA, TPA Hempstead and Morgan [1983]
Frog ConA Chen and Lancet [1984]
Rat Con A, LTA,RCA |,RCA Il, SBA, UEA |, WGA Pfenninger et al. [1984]
Rat PHA Scott and Pemberton [1984]
Mouse WGA Broadwell and Balin [1985]
Xenopus SBA Key and Giorgi [1985]
Hamster WGA Schoenfeld et al. [1985]

Rat WGA Shipley [1985]

Rat PHA Zahm and Heimer [1985]
Rat WGA Baker and Spencer [1986]
Frog ConA, WGA Cheneta.[1986]

Rat ConA Collinsand Surtees [1986]
Rat, mouse SBA Key and Giorgi [1986a, b]

Human, rat, mouse, dog

Rat

Rat

Rat

Catfish

Rat

Mouse

Rat

Chick

Lizard

Mouse

Rhesus monkey
Mouse

Rat

Squirrel monkey
Rat

Salamander, hamster, mouse

Eel

Human

Xenopus

Frog

Rat

Rat, golden hamster
Teleostean fishes
Mouse

Rat

Rat

Salamander
Amphibia (Ambystoma, Xenopus)
Human

AAA,BSA,1-B,,BSA Il,Con A, DBA, LCA, LFA, LTA,
PNA RCA |, SBA, VVA, UEA |

PHA

ConA

PHA

Con A, PNA, WGA

PHA

DBA

UEA |

Con A, DBA, PNA, RCA I, SBA, UEA |, WGA
Con A, PNA, SBA, WGA, WPA

Con A, DBA, PNA, SBA, UEA |, WGA

ConA

DBA, LPA, PNA, SBA, UEA |, WGA

ConA

WGA

BSA I-B, DBA, EEA, PNA, SBA, SJIA, UEA |, VVA, WFA
BPA,BSA |I,Con A, DBA, DSA, LFA, LPA, LTA, MPA, PNA, SBA,
UEA |, WGA

BSA I,BSA I-B,, DBA, SBA

Con A, DBA, LTA, PNA, SBA, UEA |, WGA
SBA

DBA

PHA

DBA, LPA, PNA, SBA, UEA, WGA

Con A, DBA, LTA, PNA, SBA, UEA |, WGA
SBA

ConA

Con A, PNA, SBA, WGA

LFA

SBA

Con A, DBA, LTA, PNA, SBA, UEA |, WGA

Nakagawaet al [1986]

Woolf et a. [1986]
Edwardset al. [1987]

Heimer et al. [1987]
Kalinoski et al. [1987]
Ichikawa [1988]

Plendl and Schmahl [1988a, b]
Barber [1989]

Croucher and Tickle[1989]
Ferri and Liquori [1989]
Lundh et al. [1989]

Menco [1989]

Mendozaet al. [1989]

Polak et al. [1989]

Sadikot et al. [1990]
Silverman and Kruger [1990]
Foster et al. [1991]

Franceschini and Ciani [1991]
Gheri et al. [1991]

Hofmann and Meyer [1991]
Key and Akeson [19914]

Kott et al. [1991]

Mendoza and Kiihnel [1991]
Pastor et al. [1991]

Wysocki and Lepri [1991]
Farbman [1992]

Farbman and Buchholz [1992]
Foster et al. [1992]
Franceschini et al. [1992]
Gheri et a. [1992]

Rat BSA |,BSA II,Con A, DBA, DSL, ECA, JAC, LEA, LCA, PHA, Ichikawaet al. [1992]

PNA, PSA, RCA, SBA, SJA, STA, WGA, UEA |, VVA, WGA
Rat DBA, PNA, SBA, WGA Menco [1992]
Rainbow trout PWA Oakley and Riddle[1992]
Squirrel monkey PHA Sadikot et al. [1992]
Dog UEA | Salazar et al. [1992]
Rat BSA |, VVA Takami et al. [1992]
Rat BSA I-B, Caggiano and Brunjes[1993]
Shark SBA,BSA |, BSA I-B, Franceschini and Ciani [1993a]
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Table 1 (cont.)

Species Lectin(s)

References

Newt (Triturus)
SBA, SJIA, UEA |, WGA

Salamander DSA, LFA
Mouse DBA
Human SBA, UEA |
Rainbow trout

Golden hamster
STA,UEA |, VVA, WGA

BSA I,BSA I-B,, Con A, DBA, LCA, PHA, PNA, PSA, RCA |,

Con A, DBA, PHA, PNA, PWA, SBA, UEA |, WGA
BSA I,BSA Il,ConA, DBA, DSL, ECL, LEL, PNA, PSA, SBA, SJA,

Franceschini and Ciani [1993b]

Getchell et al. [1993]
Key and Akeson [1993]
Nagao et al. [1993]
Riddleet al. [1993]
Taniguchi et al. [1993]

Rat BSA I, LEA, SBA Franceschini et al. [1994]
Mouse BSA I-B, Htain et al. [1994]

Rat BSA I, VVA Ichikawaet al. [19944, b]
Rat UEA | Pellier and Astic [1994]
Rat BSA | Schwob et al. [1994]

Rat 21 lectins Saito et al. [1994] (in Japanese)
Rat BSA I-B,, DBA, DSA, VVA, WGA Takami et al. [1994]

Mouse MAA, SNA Uenaet al. [1994]

Rat TPA, UEA | Pestean et al. [1995]
Opossum BSAI, VVA Shapiro and Halpern [1995]
Rat BSA I-B, Takami et al. [1995]

Turtle BSAI, DBA, LEA, SBA, SJA Franceschini et al. [1996]
Honeybee, locust DSA Hahnlein et al. [1996]

Frog SBA Meyer et al. [1996]

Rat UEA | Pellier et al. [1996]
Opossum BSA I-B,, PTC, SBA, VVA Shapiro et al. [1996]

Rat Lotuslectin Stewart and Touloukian [1996]
Lamprey BSA | Tobet et al. [1996]
Transgenic mouse (H-OMP-LacZ-6) DBA Treloar et al. [1996]

Rat WFA Koppeet al. [1997]

Frog SBA Meyer et al. [1997]

Mouse DBA Treloar et al. [1997]

Rat BSA I-B, Wu et al. [1997]

Mink BSA I-B,, UEA I, VVA Salazar et al. [1998]

AAA =Aleuria aurantia agglutinin; BPA =Bauhinia purpurea agglutinin; BSA | =Bandeiraea simplicifolia agglutinin I; Con A=con-
canavalin A; DBA =Dalichos biflorus agglutinin; DSA =Datura stramonium agglutinin; ECA =Erythrina cristagalli agglutinin; EEA =Eu-
onymus europaeus agglutinin; JAC=Jacalin; LCA =Lensculinarisagglutinin; LEA = Lycopersicon esculentumagglutinin; L FA = Limax flavus
agglutinin; LPA =Limulus polyphemus agglutinin; LTA =Lotus tetragonolobus agglutinin; MAA =Maackia amurensis agglutinin; MPA =
Maclura pomifera agglutinin; PHA =Phaseolus vulgaris agglutinin; PNA =peanut agglutinin; PSA = Pisum sativum agglutinin; PWA =poke-
weed agglutinin; RCA | =Ricinuscommunisagglutinin; SBA =soybean agglutinin; SJA = Sophorajaponica agglutinin; SNA = Sambucusnigra
agglutinin; STA = Solanumtuberosumagglutinin; TPA =Tetragonol obus purpurea agglutinin; UEA | =Ulex europaeusagglutinin; VVA =Vicia
villosa agglutinin; WFA =Wisteria floribunda aggl utinin; WGA =wheat germ agglutinin.

mented in the mink by labeling with the lectins BSA |
and VVA [Salazar et al., 1998]. Moreover, differences in
oligosaccharide cellular content and distribution in basa
cells, supporting cells and olfactory neurons have been
documented with lectins like for example the a-L-fucose-
specific Ulex europaeus agglutinin | (UEA 1) in humans
and rats [Barber, 1989].

Glycobiology of the Olfactory System

Lectin Labeling and Olfactory Development

The selective binding of lectins to cells of the olfactory
system suggests that specific glycoconjugates may have a
role in development and growth. The primitive olfactory
placodes aready express mannosyl and/or glucosyl res-
idues as shown with the lectin concanavalin A (Con A) in
the mouse [Smuts, 1977]. A correlation between lectin
binding and the development of the olfactory system has
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been described by Plendl and Schmahl [1988a, b]. They
found that in the NMRI mouse the Dolichos biflorus agglu-
tinin (DBA), specific for N-acetyl-D-galactosamine, |abeled
single olfactory neurons from gestation day 14 onward, i.e.
the time when synaptic contacts between axon terminals
and mitral cells were established for the first time (fig. 4).
From gestation day 17 onward the number of DBA-positive
neurons increased significantly (fig.5-7). At thelevel of the
rostral olfactory bulb a significant labeling of nerve fibers
was observed (fig. 8). Within the olfactory bulb glomeruli
became lectin-positive for the first time (fig. 9). An unusual
result of this study was that endothelium of capillaries in
close contact with either undifferentiated olfactory epithe-
lium or undifferentiated neural tissue was strongly positive
for DBA. After final differentiation of the neuroepithelium
the DBA affinity of the endothelium disappeared (fig. 4, 5).
The membrane glycoconjugates identified by DBA binding
possibly play arolein the formation of a mosaic olfactory
projection of the olfactory system. Obviously, a distinct
subset of neurons exhibits a topographical projection from
the olfactory epithelium to the olfactory bulb. Moreover,
it appears that the outer nerve fiber layer in the rostra
olfactory bulb may play a crucial role in the guidance and
fasciculation of olfactory sensory axons [Key and Akeson,
1993]. Similar results have been obtained with other lectins
like Lotus tetragonolobus agglutinin, specific for terminal
L-fucose and N-acetylglucosamine, and aso in other spe-
cies [Stewart and Touloukian, 1996].

Another aspect of olfactory development has been
shown by labeling with the lectin VVVA. Thislectin binds to
distinct glycoconjugates which have been suggested to be
involved in the formation and maturation of neuronal con-
nections [Ichikawa et al., 19944, b]. In the olfactory system
of the rat, VVA inhibits the fasciculation of vomeronasal
axons, as shown in vomeronasal organ culture. Timing and
duration of the presence of VVA are related to the inhibi-
tion of fasciculation of the axons. Glycoconjugates that
bind VVA may therefore be responsible for fasciculation of
the developing olfactory nerve [Ichikawa et al., 1994a).
Similarly, the levels of expression of peanut agglutinin
(PNA) binding sites in the developing olfactory system of
the chick correlate with the degree of fasciculation of the
olfactory nerve [Gong and Shipley, 1996].

Lectin Labeling and Olfactory Function

During the transient interaction of odorant molecules
with the olfactory neurons a cascade of signals including
receptor potentials and release of neurotransmitters is
induced leading to the perception of an odor [Breer, 1991,
1996]. The initial event in olfaction consists of the tempo-
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rary binding of the odorant to the olfactory receptor neuron.
It has been proposed that odorant receptor molecules are
glycoproteins [Chen et al., 1986; Breer, 1991].

Binding of specific lectins clearly correlates with the
function of the olfactory neurons. The mucosensory com-
partments of chemosensory epithelia, the sites where recep-
tor-specific events associated with transduction occur, have
been found to be rich in glycoconjugates. Lectin binding
studies of vomeronasal receptor neurons in snakes have
demonstrated that their dendritic terminals have a promi-
nent glycocalyx [Takami and Hirosawa, 1987; Takami et
a., 1995]. The ciliary glycocayx of neurons of the main
olfactory systemin different vertebrates including salaman-
ders, hamsters and mice contain siaic acid residues [ Foster
et a., 1992] and N-acetylglucosamine residues [Getchell et
al., 1993]. By labeling with BSA |, which is specific for
o-galactose residues, it was demonstrated that the mucomi-
crovillar complex in ratsis composed of islet-like structures
with a high-density a-galactose core that can be resolved
into sensory and mucoid components both containing
glycoconjugates with terminal a-galactose [Takami et al.,
1995].

Observations made by lectin binding can be considered
as an indication that glycoconjugates are involved in the
chemoreception of olfactory stimuli. The presence of spe-
cific glycoconjugates might be related to transduction of the
odorous message into a nervous signal and lectins can be
used as ligands for characterization and isolation of odorant
receptors. Treatment of olfactory cilia with certain lectins,
notably Con A, PNA, and wheat germ agglutinin (WGA),

Fig. 4. Olfactory epithelium of an NMRI mouse (embryonic day
14) labeled with DBA: a single neuron is positive for the lectin. En-
dothelium of capillaries adjacent to the olfactory epithelium is also
DBA-positive. x875.

Fig. 5. Olfactory epithelium of an NMRI mouse (postnatal day 1)
labeled with DBA: neurons located in the upper portion of the
neuroepithelium are DBA-positive. Endothelium of capillaries is
no longer labeled. x 950.

Fig. 6. Olfactory epithelium of an NMRI mouse (embryonic day
15) labeled with DBA: DBA-positive neurons are scattered through-
out al layers of the neuroepithelium. x 875.

Fig. 7. Olfactory epithelium of an NMRI mouse (postnatal day 5)
labeled with DBA: numerous receptor neurons exhibit lectin binding.
% 875.

Fig. 8. Olfactory bulb of an NMRI mouse (postnatal day 2)
labeled with DBA: the outer nerve layer of the rostral olfactory bulb
strongly reactswith DBA. x 760.

Fig. 9. Olfactory bulb of an NMRI mouse (postnatal day 5)
labeled with DBA: olfactory glomeruli within the olfactory bulb are
strongly positive. x 1,400.
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significantly reduces the responses induced by certain odor-
ants [Breer, 1991]. The effects are specific because the
appropriate hapten sugars prevent the actions of lectins.
Moreover, the lectins Con A and WGA were found to
specifically interact with olfactory membranes and to affect
the ability of their receptors to bind L-alanine and L-argi-
nine, both effective stimuli that elicit olfactory electrophys-
iological responses [Kalinoski et a., 1987]. For certain
odorants the amplitude of the electroolfactogram in rats
was reduced after the olfactory epithelium was treated with
the lectin Con A. This lectin disables an olfactory receptor
molecule which normally responds to the alkyl moiety of
odorants in a particular size range. Thus, Con A reveals
olfactory receptors which discriminate between alkane
odorants on the basis of size [Polak et al., 1989].

Labeling with SBA demonstrated a functiona distinc-
tion between SBA-positive and SBA-negative neurons in
Xenopus. The SBA-negative ones are utilized to detect
airborne odors, whereas major SBA-positive neurons serve
a role in the perception of water-dissolved molecules.
SBA-negative structures detect small, volatile molecules,
SBA-positive olfactory structures are involved in detecting
large, water dissolved molecules, e.g. pheromones which
are of relevance for intra- or interspecific communication
[Hofmann and Meyer, 1991].

Endogenous Lectins in the Olfactory System

As has been shown in the preceding paragraph, exoge-
nous lectins enjoy large popularity as tools to localize
defined carbohydrate structures in the olfactory system. A
more recent method, termed ‘reverse lectin histochemistry’
using carrier-immobilized glycoligands, like for example
neoglycoproteins, enables the visualization of endoge-
nous lectins [Danguy et al., 1991; Gabius, 1991, 19973, b;
Gabius and Bardosi, 1991; Gabius et al., 1993; Kannan and
Nair, 1997; Kayser and Gabius, 1997; Danguy et al. 1998].
The binding of distinct parts of the carbohydrate chains of
cellular glycoconjugates by endogenous lectins is consid-
ered to be an important means of facilitating molecular
recognition. An important mechanism for guiding cell-cell
interactions is through the recognition of specific cell sur-
face glycoconjugates by endogenous lectins [for a collec-
tion of laboratory protocols and recent reviews, see Gabius
and Gabius, 1993, 1997].

Thefirst to use neoglycoproteins in order to characterize
endogenous lectins in the olfactory system in mice and
bats were Lincoln et a. [1991] and Schwaighofer-Breuer
[1992]. Endogenous lectins were found to be localized in
receptor cells and supporting cells of the main olfactory
epithelium and mitral as well as granule cells in the olfac-
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tory bulb. By chemically glycosylating bovine serum albu-
min (BSA) a panel of probes can be produced which only
differsin their sugar part. Receptor cells in the main olfac-
tory epithelium displayed strong binding for the neogly-
coproteins lactose-BSA, asialofetuin, melibiose-BSA and
xylose-BSA. The neuroepithelial basal membrane specifi-
cally bound the neoglycoproteins lactose-BSA, maltose-
BSA, cellobiose-BSA and xylose-BSA. Mitra cells in the
main olfactory bulb strongly reacted with the neoglyco-
proteins lactose-BSA, cellobiose-BSA, mannose-6-phos-
phate-BSA, xylose-BSA and fucoidan-BSA. Thus, differ-
ent cells of the olfactory system of the mouse were shown
to bind a- and 3-galactosides, a-and (3-glucosides, [3-xylo-
side, N-acetylglucosamine, N-acetylgalactosamine and the
sulfated polysaccharide fucoidan [Lincoln et al., 1991]. In
the bat the existence of [-galactoside-specific proteins in
cells of the olfactory epithelium, olfactory bulb and Bow-
man glands was revealed by the use of the biotinylated gly-
coproteins asialofetuin and asialotransferrin. In contrast to
the mouse, except for a-mannoside and (3-xyloside-specific
proteins, no further endogenous lectins could be tracked
down in the olfactory system of the bat [Schwaighofer-
Breuer, 1992].

There are discrete subpopulations of olfactory neurons,
each of which selectively expresses termina carbohydrate
moieties containing different sequences with galactose as
structural part (as has been shown by labeling with exoge-
nous lectins; see table 1). Such an epitope is considered to
be a potential ligand for members of the rather abundant
family of galectins [Gabius, 19973, b; Kaltner et al., 1997,
Kaltner and Stierstorfer, 1998; Zanetta, 1998]. Interest-
ingly, it is possible that the same B-galactoside sequence
can display more than one energetically favored conforma-
tion and that a galectin has been shown to perform differ-
ential conformer selection relative to a plant agglutinin
[von der Lieth et al., 1998]. Galectin-1, previously known
asRL 14.5 or L 14, can aso be such atarget [Mahanthappa
et a., 1994; Puche and Key, 1995]. Immunchistochemical
and in situ hybridization analyses in rats reveded expres-
sion of galectin-1 by primary sensory olfactory neurons
during the major embryonic period of axogenesis as well
as in maturity. In the olfactory bulb of adults galectin-1 is
expressed by both second order projection neurons and
interneurons. Mitral cells, the main projection neurons of
the olfactory bulb, begin to express this lectin soon after
genesis. Galectin-1 binds and colocalizes with a member of
the laminin family and a 1B2 immunoreactive olfactory
glycolipid. The former is present in the extracellular matrix
of the axonal path leading to synaptic targets in the olfac-
tory bulb, the latter is expressed on the surface of nascent
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olfactory axons originating from neuronal cell bodiesin the
olfactory epithelium. Galectin-1 supports axonal adhesion
to the extracellular matrix and thus represents an adhesion
molecule [Mahanthappaet al., 1994; Puche and Key, 1995].
Cell surface carbohydrates that contain terminal galactose
have previously been implicated in primary sensory axon
growth in the rodent olfactory system. It has been specu-
lated that galectin-1 is responsible for fasciculating the
galactose-expressing axons in the olfactory pathway and
that it promotes fasciculation by cross-linking adjacent
axons. Recently Key and Puche [1997] succeeded in prov-
ing that in galectin-1 null mutant mice a subpopulation of
axons failed to navigate to their target site in the olfactory
bulb. Thisis the first notable phenotypic effect observed in
knockout mice and indicates that galectin-1 guides axons
during development.

Glycoproteins as Surface Adhesion Molecules
in the Olfactory System

The Immunoglobulin Superfamily

Members of the immunoglobulin superfamily expressed
in the olfactory system are the neural cell adhesion mole-
cules (N-CAMs) and the glycoproteins L1, OCAM, Thy-1,
and LIG-1.

The neural cell adhesion molecules N-CAMs are siao-
glycoproteins. They are involved in cell-cell interactions in
the nervous system and have been implicated in multiple
functions during neuronal pattern formation. Posttranda-
tional modifications such as glycosylation can introduce
considerable diversity in N-CAM structure. The olfactory
system expresses several specific glycoforms of N-CAM:
three unique N-CAM forms present on primary sensory
olfactory axons were shown by labeling with the lectin
DBA and two monoclonal antibodies, 90E and 3A6 [Key
and Akeson, 1990, 19914, b]. One of them, the embryonic
form of N-CAM was only observed on the mgority of
basal cells, the precursor cells of olfactory neurons and
probably immature neurons. The presence of N-CAM in
adulthood on neuronal precursor cells may be a reason for
its remarkabl e regenerative capacity [Miragall et al., 1988].
A mutation of N-CAM in mice produces a phenotype dom-
inated by an undersized olfactory bulb and accumulation of
precursors in the subependymal layer [Ono et al., 1994].

The migration of neuronal precursors to their final loca-
tions and the projection of axons to their appropriate targets
are two critical events in neural development that require
cell-cell and cell-matrix interactions. The migration of
luteinizing hormone-releasing hormone (LH-RH) neurons
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via the olfactory system is probably one of the best exam-
ples for the highly specific function of N-CAM in olfactory
neuronal and axonal guidance. Anatomically LH-RH neu-
rons are diffusely distributed in the brain. Interestingly and
also difficult to understand, LH-RH neurons originate in the
olfactory placode and vomeronasal organ and migrate to
the brain during embryogenesis [Pellier and Astic, 1994].
Immunohistochemical studiesindicate that glycoconjugates
in the vomeronasal nerve may serve as guides for migrating
LH-RH neurons [Wray et al., 1994]. The vomeronasal nerve
can be divided into four spatially distinct subpopulations of
fibers. One subset, composed of caudal fibers that terminate
in the lamina terminalis, selectively expresses a highly
polysialated form of N-CAM, termed PSA-N-CAM. LH-
RH neurons migrate in contact with these branches of the
vomeronasal nerve [Yoshida et al., 1995]. In the genetic
arhinencephalic mouse the migration of LH-RH neuronsis
arrested [Naruse et al., 1994].

Another member of the immunoglobulin superfamily
with a similar expression pattern as N-CAM isL1. Itisa
cell surface glycoprotein that promotes neurite outgrowth
on L1* partner cells. L1 is expressed in the olfactory nerve
and on the olfactory receptor neurons commencing with
the earliest olfactory axon outgrowth. The expression pat-
tern suggests that L1, like N-CAM, is associated with ex-
tension and fasciculation of olfactory axons [Whitesides
and LaMantia, 1995; Gong and Shipley, 1996].

OCAM (R4B12 antigen) is an axonal surface glycopro-
tein expressed by a subset of both olfactory and vomero-
nasal axons in a zone-specific manner. OCAM is a novel
adhesion molecule aso belonging to the immunoglobulin
superfamily with structural homology to N-CAM. In both
the main and the accessory olfactory systems of mice
OCAM messenger RNA (mRNA) is expressed by sensory
neurons in restriced zones and OCAM protein-expressing
axons project to the glomeruli of the corresponding zone
in the bulb. This suggests that OCAM may play arole in
selective fasciculation and zone-to-zone projection of the
primary olfactory axons [Yoshihara et a., 1997].

Thy-1 is a maor glycoprotein of the surface of mature
neurons. This member of the immunoglobulin superfamiliy
has been shown to bind tissue plasminogen activator with
high affinity. Expression of this neuronal cell surface glyco-
protein has been found during the development of the
olfactory bulb in mice and rats by in situ hybridization and
immunohistochemistry. Thy-1 mRNA was detected before
birth on mitral cells as they formed a distinct layer and
grew dendrites. Thy-1 protein on the other hand was
detectable only two days later on a group of mitral cells
immediately adjacent to the point of entry of the olfactory
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nerve. Results indicate that Thy-1 is under posttranscrip-
tional control, i.e. expression of Thy-1 does not simply
follow expression of its mMRNA, but requires some further
signal. Analyses of the growth of the mitral cell axons in
the olfactory tract suggest that the signal for the appearance
of Thy-1 probably is the cessation of olfactory axonal
growth. Therefore, the function of Thy-1 may be related
to the guidance of axons [Xue et al., 1990].

LIG-1 is an integrd membrane glycoprotein of the
immunoglobulin superfamily, containing an extracellular
region with several glycosylated sites. In situ hybridization
analyses in the mouse showed LIG-1 gene expression to
be predominantly in the brain, restricted to a small subset
of glia cells such asthose of the cerebellum and nerve fiber
layer of the olfactory bulb. On the basis of its structura
features and expression pattern LIG-1 function is supposed
to be a cell-type-specific cell adhesion molecule or receptor
on the glial surface controlling olfactory neuroglial differ-
entiation [Suzuki et a., 1996].

Cadherins

The cadherins are a family of membrane glycoproteins
including E-, N- and PB-cadherins. Whereas the distribu-
tion of E-cadherin varies in accordance with changes in
olfactory axon development [Whitesides and LaMantia,
1996], N-cadherin is expressed throughout the entire olfac-
tory nerve in human fetuses suggesting that the growth
of olfactory axons to their target may be mediated by these
adhesion molecules [Simonneau et a., 1992; Norgren and
Brackenbury, 1993]. PB-cadherin is responsible for Ca?*-
dependent cell adhesion. Its MRNA has been found in the
inner granular layer of the olfactory bulb in the rat [Sugi-
moto et al., 1996].

Integrins

Theintegrin family of cell adhesion moleculesisaseries
of glycoproteins that recognize a range of cell surface and
extracellular matrix-associated ligands. Further structural
details of integrins are presented in this issue by Kaltner
and Stierstorfer [1998]. As examined by in situ hybridi-
zation in Xenopus the integrin a6 subunit, a member of a
subfamily of laminin receptors, is expressed early in devel-
opment in a variety of neural derivatives including the
olfactory placodes. This indicates that a6 integrin may be
critical for the early development of the olfactory system
[Lallier et al., 1996].

2B8 and 5B4 Antibodies
The first-identified cell surface components of olfactory
receptor neurons were glycoproteins recognized by the
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antibody 2B8. Reactivity was found on cells of the main
olfactory system only, namely on a group of olfactory
receptor neurons as well as in the glomerular and olfactory
nerve layer of the olfactory bulb. Lectin binding of the 2B8
antigens indicated presence of sialic acid and D-galactosyl
components. The subset of neurons expressing the 2B8 gly-
coprotein was suggested to be an odor-processing group
or acertain age class[Allen and Akeson, 1985]. The mono-
clonal antibody 5B4 recognizes a membrane glycoprotein
in the rat. The larger form of this antigen (185255 kDa)
occurs in the developing nervous system and is present in
membranes of growth cones. A smaller form of thisantigen
(140 kDa) is present in olfactory axons. 5B4 intensely
stains a variable proportion of olfactory axons in the
mucosa as well asin the olfactory bulb. Based on immuno-
histochemical data it has been documented that the 5B4
antigen is associated specifically with neuronal and axonal
growth, i.e. neurons that are generating neurites [Wallis et
al., 1985].

Follistatin and Collapsin-1

Follistatin is a secreted glycoprotein that has been
shown to act as a potent neural inducer during early devel-
opment of amphibians and rodents [Connolly et al., 1995].
Abundant follistatin mRNA expression is localized in sev-
eral areas of the olfactory bulb as well as in other parts of
the brain including the cerebral cortex and few thalamic
nuclei [Macconell et al., 1996].

Collapsin-1 is a secreted glycoprotein and a member of
the semaphorin family of signalling molecules that inhibits
the extension of specific growth cones in vitro and acts as
repellent for growing spinal sensory axons. In the early
chick brain collapsin-1 is expressed in specific regions
including the olfactory bulb, the retina and the dien-
cephalon. The distribution of collapsin mRNA is consistent
with it playing arole in preventing premature entry of sen-
sory axons into the olfactory bulb [Shepherd et al., 1996;
Kobayashi et al., 1997].

TAG-1, BIG-1, BIG-2 and Neurotrimin

The transient axonal glycoprotein, TAG-1, is involved
in adhesion and neurite outgrowth. Immunohistochemical
studies indicated that TAG-1 is expressed on a subset
of fibers of the vomeronasal nerve. TAG-1, together with
N-CAM, thus may be involved in directing the migration
of LH-RH neurons[Yoshida et al., 1995].

cDNA encoding a novel truncated form of the gene
BIG-2 has been cloned from the vomeronasal organ of
mice. The related proteins BIG-1 and BIG-2 possess a
C-terminal glycosylphosphatidylinositol anchor, immuno-
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globulin domains and fibronectin repeats. They are related
to the glycoprotein TAG-1 and may play arole in the orga-
nization of the vomeronasal and olfactory neuroepithelia
[Mimmack et al., 1997].

Another glycosylphosphatidylinositol-anchored protein
is neurotrimin. This differentially expressed neura cell
adhesion molecule is found at high levels in the olfactory
bulb, neural retina, spinal cord and hippocampus. Together
with other members of the glycosylphosphatidylinositol
anchored protein family it provides diversity to the surface
of different neuronal populations that could be important
in the specification of neuronal connectivity [Struyk et al.,
1995].

Nerve Growth Factor-Inducible Large External

Molecule

The nerve growth factor-inducible large external (NILE)
molecule is a 230,000-dalton glycoprotein. NILE-related
glycoproteins are present during the early phases of neu-
ronal fiber tract formation. Postnatally they can be found in
parts of the nervous system including the olfactory bulbs
which undergo major histogenesis during the postnatal
period. A role for the NILE glycoprotein in medating nerve
fiber fasciculation has been suggested [Stallcup et a.,
1985].

Neuropilin

Neuropilin is a cell surface glycoprotein that was first
identified in Xenopus tadpole nervous tissue and then in
chicken and mice. The primary structure is highly con-
served among these vertebrates. Neuropilin has been found
to be expressed in the olfactory axons[Satoda et al., 1995].
It was recently identified as a receptor for collapsin-1, a
molecule of the olfactory extracellular matrix [Fujisawa
et a., 1997; Kolodkin et al., 1997].

Rxt1

The Na'/Cl—-dependent glycosylated 97- to 116-kDa
protein Rxtl is expressed selectively in the central nervous
system. Rxtl is a so-called orphan transporter and high
levels of Rxtl are found in various locations including the
olfactory bulb [Masson et al., 1995]. L ocation suggests that
Rxt1-positive neurons might correspond to glutaminergic
neurons and subsets of GABAergic neurons [Masson et al.,
1996; further details on orphan transporters, see Villalobo
and Gabius, 1998].

Ber-EP4 Antibody
The Ber-EP4 antibody detects a 34,000 molecular
weight membrane glycoprotein which is expressed by cells
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of the olfactory plate in humans. Expression of this antigen
continues in neurons arising from these cells, i.e. olfactory
sensory neurons and LH-RH neurons. This antigen disap-
pears from the LH-RH neurons, but is preserved in the
olfactory primary sensory nerve throughout postnatal life.
Except for the neurons arising from the olfactory plate no
other human neurons express this antigen during the course
of development [Okabe et a., 1996].

Telencephalin

Localization of a telencephalon-specific glycoprotein,
telencephalin, was found in the olfactory bulb of the rabbit.
The glycoprotein was expressed in the plasma membrane,
Golgi apparatus and multivesicular bodies of granule cells
which arelocal circuit interneuronsin the bulb. The signifi-
cance of this finding is currently unknown [Oka et a.,
1990; Murakami et a., 1991].

Glycolipids as Surface Adhesion Molecules in the
Olfactory System

CC Antibodies

CC monoclonal antibodies react with specific N-acetyl-
galactosamine-containing glycolipids. In the rat embryo,
CC1 antigens are expressed throughout the vomeronasal
olfactory neurons and on vomeronasal nerves. Beginning
approximately at birth and continuing into adults, CC1
expression is spatially restricted in vomeronasal neurons
to centrally located cell bodies. In the postnatal accessory
olfactory bulb, CC1 is expressed in the nerve layer and
glomeruli but only in the rostral half of thisarea. These data
suggest that CC1 glycolipids may participate in the target-
ing of axons from centrally located vomeronasal neurons to
rostral glomeruli in the accessory olfactory bulb. In contrast
CC2 antibodies which recognize complex a-galactosyl and
a-fucosyl glycolipids react with al vomeronasal cells and
vomeronasal nerves and do not distinguish rostral from
caudal regions of the accessory olfactory bulb, nor are the
CC2 glycoconjugates developmentally regulated [Tobet et
al., 1993].

The presence of another glycolipid, the CC6 glycolipid,
is restricted to a subset of neurons in the accessory olfac-
tory system and their projections in the accessory olfactory
bulb as well as to a subset of neurons in the main olfactory
epithelium. The expression of CC6 implies that there are
at least two distinct regions of the rodent accessory olfac-
tory bulb and that glomeruli in either segment may receive
input from only a restricted subset of neurons in the
vomeronasal organ [Schwarting et a., 1992, 1994]. In
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this issue, importance of glycosphingolipid expression is
further elaborated with respect to malignancy by Hakomori
[19938].

1B2 Antibody

Another monoclonal antibody raised in order to identify
developmentally regulated glycolipids was 1B2 that reacts
with lacto-N-glycosyl ceramides in rats. 1B2 is highest at
the luminal surfaces of olfactory neurons throughout the
vomeronasal organ. 1B2 is aso expressed on the surface
of a subset of receptor cell bodies, their dendrites and the
proximal axons in dorsomedial regions of the main olfac-
tory epithelium [Schwarting and Crandall, 1991].

P-Path Antibody

P-Path monoclona antibodies which recognize 9-O-
acetylated sialic acids react with cell bodies in the cerebel-
lum, the vomeronasal system and nerve fibers. Migrating
LH-RH neurons are associated with P-Path-positive vo-
meronasal axons in developing rats raising the possibility
that these glycoconjugates may provide a chemical guide
for migrating neurons [Schwarting and Crandall, 1991,
Schwarting et a., 1992; Edwards et al., 1987].

Proteoglycans as Surface Adhesion Molecules
in the Olfactory System

6B4

By immunohistochemistry the neural proteoglycan 6B4
was localized in the olfactory epithelium, the olfactory
nerve and the cells originating the epithelium and migrating
aong the olfactory nerve towards the forebrain in chick
embryos. The cellular localization of 6B4 together with the
binding properties of this proteoglycan with cell adhesion
molecules (shown in rat brains) suggests its function in
guiding the migration of cells aong the olfactory nerve
[Nishizuka and Arai, 1996].

H5-PG

Monoclona antibodies recognize a membrane-bound
heparan sulfate proteoglycan with a core glycoprotein of
140 kDa in the rat brain. H5-PG is a glycoconjugate on
axonal surfaces that is involved in axonal outgrowth and
synaptogenesis. Its expression is spatially and temporally
regulated. High levels of expression were recognized in the
olfactory nerves and glomeruli where renewal of both
axons and synapses is occurring constantly [Watanabe et
al., 1996].

246 Acta Anat 1998;161:234-253

Glypican

Cell surface proteoglycans like glypican, a 65-kDa
glycosylphosphatidylinositol-linked protein, have been im-
plicated in cell responses to growth factors, extracellular
matrix and cell adhesion molecules. In situ hybridization
showed that glypican is expressed in a subset of structures
in the adult nervous system including the olfactory tubercle
[Litwack et al., 1994].

Glycoconjugates of the Olfactory Extracellular
Matrix

J1-160/180 Glycoprotein

Extracellular matrix molecules promote the develop-
ment of neuronal connections and guide neurite outgrowth.
Already during early development extracellular matrix
molecules are secreted in the olfactory nerve pathway. The
pattern of expression and the activity of extracellular ma-
trix and cell surface adhesion molecules may contribute to
the initial assembly of the olfactory pathway. In detail, J1-
160/180 is a secreted extracellular matrix glycoprotein and
a member of the J1 family of extracellular matrix glyco-
proteins with homology to tenascin. It is expressed in the
central nervous system exclusively and is derived from
glia cells and a subpopulation of neurons. In situ hy-
bridization and immunohistochemical studies revealed lo-
calization in the cerebellum, hippocampus and olfactory
bulb of rats. J1-160/180 has been shown to be adhesive for
glial cells and repellent towards neurons and growth cones.
In the olfactory bulb it may be involved in the inhibition of
neural interactions [Calof and Lander, 1991; Fuss et al.,
1993].

Laminin and Fibronectin

The multimodular glycoproteins laminin and fibro-
nectin are abundant components of the extracellular ma-
trix, where they provide an adhesive substrate for many
cell types. Expression of laminin has been described in the
central nervous system including the olfactory system. In
the developing olfactory pathway of the rat it displays
a unique punctate staining pattern. The distribution of
laminin varies in accordance with changes in olfactory
axon and growth cone behavior suggesting its role in
olfactory neurite outgrowth and guidance. Laminin-axon
interactions include integrins and a galectin-1/glycoconju-
gate adhesion system [Raabe et a., 1997]. In contrast,
studies in the rat have documented that fibronectin is ab-
sent from the olfactory system in this species [Gong and
Shipley, 1996].
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Proteoglycans

Glycosaminoglycans constitute major components of
the extracellular matrix. The binding properties of gly-
cosaminoglycans to adhesion molecules and other extracel-
lular matrix molecules and to growth factors influence cell
behavior such as differentiation and cell adhesion, neurite
extension and cell migration in neura tissues. Immuno-
reactivity specific to the glycan chains of keratan sulfate,
heparan sulfate, and chondroitin sulfate in the olfactory
region of the chick was found with antibodies and glyco-
sidases. Localized distribution was seen in the olfactory
epithelium, olfactory nerve and cells located along the
bundles of the olfactory nerve. Chondroitin sulfate was
found to be present in proteoglycan form in olfactory struc-
tures. Findings indicate the presence of heparan sulfate and
chondroitin sulfate in migrating cells, whereas involvement
of keratan sulfate in the migration of cells was ruled out
[Nishizuka and Arai, 1996].

Carbohydrate Differentiation Antigens in the

Olfactory System

Several different glycoconjugates are expressed in de-
veloping organs including the developing olfactory system.
One of them is CDA-3C2, a carbohydrate differentiation
antigen [Prouty and Levitt, 1993]. Carbohydrate differ-
entiation antigens are known to display specific patterns of
expression during mammalian development and are thought
to participate in significant morphogenetic events. During
neurulation of rats, antibodies to CDA-3C2 showed differ-
ential staining in the ectoderm, distinguishing lateral from
neural regions. Following closure of the neural tube, there
was a striking specificity of CDA-3C2 found amost exclu-
sively in olfactory (and otic) epithelial structures. It ap-
peared to be primarily associated with the supportive cells
and their secretions and less with the sensory cells. This
staining disappeared and was followed by appearance of
rare receptor staining which itself was gone 2 weeks after
birth. Although the postnatal and adult peripheral olfactory
system were devoid of labeling, the olfactory bulb retained
expression. This suggests that a unique carbohydrate anti-
gen on a large macromolecule may be involved in neurula-
tion and morphogenesis of the placode-derived olfactory
structures, illustrating the complex genus-specific regula-
tion of carbohydrate stuctures [Feizi and Childs, 1987].

The Synaptic Vesicle Glycoprotein in the

Olfactory System

Synaptophysin is a synaptic vesicle glycoprotein that
provides a marker for synaptic distribution in the brain.
Synaptophysin-like immunoreactivity appears early in the
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postnatal period in the olfactory bulb as has been examined
in the rat. Immunoreactivity is especially dense aong the
aspect of the perimeter facing the olfactory nerve layer.
Glomerular distribution of synaptophysin is particularly
sensitive to early olfactory experience. In individuals de-
prived of early olfactory experience expression of this mol-
ecule is significantly reduced [Johnson et a., 1996]. In the
diagnostic procedure of olfactory neuroblastoma, an un-
common tumor of the upper nasal cavity, synaptophysin is
used frequently as marker [Hirose et al., 1995].

Glycoconjugates as Olfactory Receptor
Molecules

Membrane and Transmembrane Glycoconjugates

A group of glycoconjugates is exclusively restricted
to the olfactory system. These olfactory-specific glycocon-
jugates may act as olfactory receptor molecules. Antibodies
to them inhibit binding of odorants effectively [Fesenko et
a., 1988]. Anholt et al. [1990] have used alibrary of mono-
clona antibodies against chemosensory cilia of the olfac-
tory epithelium in the frog. Specific membrane glycopro-
teins with high affinity for camphor and decana were
isolated from rat olfactory epithelium. The molecular mass
of these glycopoteins was approximately 140 kDa. They
consisted ot two subunits (88 and 55 kDa) and were capa-
ble of binding the odorants. Antibodies to these glycopro-
teins inhibited both the electroolfactogram and the binding
of camphor and decanal in rat, mouse, guinea pig and
hamster olfactory mucosa.

In the vertebrate system glycoconjugates have been
found to be responsible for the binding of pheromones. For
example the pheromone 5a-androst-16-en-3-one is bound
by a glycoprotein in the olfactory epithelium of pigs and
rats [Kraevskaya et al., 1992]. In search of olfactory recep-
tor molecules a comprehensive electrophoretic mapping of
membrane proteins in the olfactory cilia of the frog olfac-
tory epithelium showed that most major and minor specific
polypeptides of the sensory ciliawere glycosylated whereas
nonsensory cilia were practically devoid of glycoproteins
[Chen and Lancet, 1984]. The antibody 18.1 produced
against isolated frog olfactory cilia was found to react
against a specific transmembrane glycoprotein, gp95, of the
sensory organelles. This unique glycoprotein has been sug-
gested as candidate olfactory receptor protein [Chen et al.,
1986]. Another 59-kDa glycoprotein possibly involved
in odorant recognition and transduction was visualized
by Anholt et a. [1990] with the monoclonal antibody 8 in
the frog. This glycoconjugate was found to exist as mem-
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brane-associated oligomer connected via intermolecular
disulfide bridges and tagged with distinct N-linked high-
mannose-type glycan chains.

A transmembrane glycoprotein specific for the bovine
olfactory system has been characterized by Lazard et d.
[1990]. This 56-kDa glycoprotein is highly homologous
to uridine 5'-diphosphate-glucuronosyl transferase and
is enriched in the microsomal fraction of the epithelium.
It is supposed that gp56 isinvolved in odorant modification
or clearance from the olfactory tissue.

Glycoconjugates seem to be involved in the transduction
of the olfactory message. The mammalian olfactory sys-
tem may transduce odorant information via a G-protein-
mediated adenosine-3', 5'-monophosphatase cascade whose
functionality is further explained by Villalobo and Gabius
[1998] in this issue. The gene for an adenylyl cyclase,
which is expressed as glycosylated protein, has been cloned
and its expression was localized in the sensory cilia of
olfactory neurons [Bakalyar and Reed, 1990; Menco et
a., 1992].

Secreted Glycoproteins

The olfactory neuroepithelium is lined with a layer of
mucus which odorants must partition into and traverse in
order to reach the chemosensory membrane of the receptor
neurons. The composition of the mucus may influence
access of odorants to the chemosensory membrane and
affect the threshold for odorant recognition. Glycoproteins
have been identified in several species as prominent com-
ponents of the mucus. These proteins are members of
a family of carrier proteins and they are secreted by the
Bowman’s glands or the nasal glands [Gladysheva et a.,
1986].

In the frog olfactory neuroepithelium the 57-kDa glyco-
protein olfactomedin has been found to be the mgjor gly-
coprotein of the mucus. Olfactomedin is recognized by
several monoclona antibodies and its carbohydrate part
dominates its immunogenicity. Mature forms as well as
nonglycosylated and partially glycosylated precursors of
olfactomedin were identified [Bal and Anholt, 1993].
Olfactomedin undergoes posttranslational modificationsin-
cluding dimerization via intermolecular disulfide bridges
and attachment of complex carbohydrate chains that con-
tain N-acetylglucosamine and terminal [3-D-galactoside
sugars [Snyder et a., 1991]. Olfactomedin may be involved
in the facilitation or interaction between odorants and
olfactory receptors at the olfactory membranes. Moreover,
its abundance and location suggest a structural role in
mucus organization. It may be responsible for the primary
architecture of this extracellular matrix by forming poly-
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mers via intermolecular disulfide bonds, which are covered
with evenly spaced carbohydrate groups [Menco and Farb-
man, 1992; Yokoe and Anholt, 1993]. In the rat brain four
structurally related, distinct neuron-specific glycoproteins
similar to olfactomedin, have been isolated. The similarity
between olfactomedin and these glycoproteins suggests that
they share functional properties [Danielson et al., 1994].

A glycoprotein possibly acting as pheromone and odor-
ant carrier is vomeromodulin, a 70-kDa glycoprotein that
was identified in and cloned from the nasal mucosa of adult
rats [Khew-Goodall et al., 1991]. It is synthesized selec-
tively in the acinal cells of the maxillary sinus component
of the lateral nasal glands and in the acinar cells of the
vomeronasal glands and posterior glands of the nasal
septum. By in situ hybridization and immunocytochemistry
expression of this glycoprotein was also characterized in
the developing rat nasal mucosa and it was shown that
expression of vomeromodulin is developmentally and dif-
ferentially regulated. Although the specific function of
vomeromodulin is not known its localization and occur-
rence in nasal mucus supports a function as carrier for
delivery of pheromones and odorants. In addition the em-
bryonic expression suggests its involvement in olfactory
perireceptor processes in utero [Krishna et al., 1994; Rama
Krishnaet al., 1995].

Conclusion

This article offers an insight into the multiple roles of
glycoconjugates in the olfactory system. They are involved
in olfaction and thus are central to the function of this organ
system. Moreover they play a role during development of
the olfactory system by mediating cellular recognition,
adhesion and migration, and this already during the earliest
stages of placode morphogenesis. Finaly, they seem to
be important in olfactory regeneration, predominantly in
axonal guidance and fasciculation. Thislatter role of glyco-
conjugates in the olfactory system is particularly interesting
and needs to be elucidated further, as similarly discussed
for the changes in glycoprotein glycosylation in disease by
Brockhausen et al. [1998] in this issue. Learning more
about this aspect may hold an answer to the unsolved
problem of neuronal regeneration and even may allow to
develop replacement strategies after neuronal loss. In sum-
mary, research in this field underscores that after a colorful
past, reviewed by Sharon [1998] in this issue, research on
glycans promises to be an exciting endeavor.
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