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Summary. It has been shown in previous studies that the 
marsupial central nervous system is born at a relatively 
immature state. Although olfaction is thought to play a 
role in guiding the locomotion of the newborn, the 
cellular substrates on which this notion is based have not 
been systematically investigated. This review article 
summarises the anatomical development of the primary 
olfactory pathway in the postnatal Monodelphis. The 
olfactory epithelium and bulb appear morphologically 
immature at birth although some of the olfactory neurons 
are shown to express olfactory marker protein. The 
olfactory tissues subsequently undergo a rapid sequence 
of developmental events during the first two postnatal 
weeks. The evidence shows that the marsupial and 
eutherian olfactory system share a similar temporal 
sequence of developmental processes although the 
former proceeds at a lag time of about 10-14 days 
compared to that of mice (using the date of birth as a 
common reference point). Much physiological and 
behavioral studies remain to be done before we can be 
certain about the time at which full functional maturity is 
attained in this system. 
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Introduction 

The olfactory system plays an important role in the 
social biology of marsupials; it conveys information 
regarding individual identity, sex, reproductive state and 
dominance status (Biggins, 1984). These physiological 
states are the ones that will dictate in the long term 
whether a certain group of animals can be successful in 
their adaptation to the environment. 

Studies of neocortical development suggest that 
marsupials are born at an immature stage showing a 
gradient of differentiation along its long axis, with the 
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more developed regions located in the cervical, thoracic 
regions of the spinal cord and a few specific brain stem 
nuclei (Reynolds et al., 1985; Saunders et al. , 1989). The 
CNS located rostral and caudal to these regions is less 
mature . Hence one would expect that the olfactory 
system, the most rostral part of the CNS, should be 
poorly developed at birth. However, it is widely observed 
that newborn marsupials are able to climb from the birth 
canal to attach themselves to the teats on the mother's 
abdomen (Renfree et al., 1989). It is unknown whether 
this locomotor behavior is mediated by both the tactile or 
olfactory sense or contribution from both. 

Although much has been written about the 
development and anatomy of the primary olfactory 
pathway in eutherian mammals (e.g. Graziadei, 1971; 
Cuschieri and Bannister, 1975; Farbman, 1991; Chuah 
and Farbman, 1995), detailed description of the 
marsupial system is comparatively scarce. Furthermore, 
data from published reports have given rise to some 
uncertainties regarding the development of the marsupial 
primary olfactory system. Based on the identification of 
sensory neurons in the olfactory epithelium, Hughes and 
Hall (1984) and Gemmell and Nelson (1988) concluded 
that the olfactory system in newborn marsupials may be 
sufficiently differentiated so as to playa role in guiding 
the newborn to the pouch and nipples. However, these 
studies did not include the olfactory bulb which bears the 
terminals of the olfactory axons. On the other hand , 
several investigators have demonstrated that the 
marsupial olfactory bulb remains immature at birth 
(Kratzing, 1986; Brunjes et al., 1992; Malun and 
Brunjes, 1996) because the mitral cells of the olfactory 
bulb which are postsynaptic to the olfactory neurons are 
not morphologically differentiated until about 2 weeks 
after birth . Hence, conflicting conclusions have been 
drawn from current data. 

We have undertaken a morphological examination of 
the developing olfactory system in the Monodelphis as a 
groundwork for future studies into the functional 
maturation of this sensory system. In this review, we 
highlight some of the features of the Monodelphis 
olfactory epithelium and discuss them in the light of 
results from previous investigations on the olfactory 
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system in eutherian mammals such as mice and rats. 

Differentiation of the olfactory mucosa 

The offsprings of the Monodelphis are born after a 
14-day gestation period and the s tage of neural 
development at birth is thought to correspond to that of 
the 13 to 15-day gestation rat (Iqbal et al., 1995; Tarozzo 
et al., 1995). Corona1 sections through the nasal cavity 
show that the olfactory epithelium is preferentially 
located in the dorsal region, while most parts are lined 
with respiratory epithelium. The structure of the cavity 
appears relatively simple initially but elaborate scrolling 
of turbinates develops soon after. Because olfactory 
epithelium is pseudostratified as opposed to the simple 
columnar feature of the respiratory epithelium, the 
former can be distinguished easily by its greater 
thickness. The characteristic pattern of organization and 
distribution of the different cell types is not readily 
apparent in neonatal pups, unlike that in the mature 

opossum (Tennent and Chuah, 1996). Only in electron 
microscopy do we detect cell differentiation as indicated 
by the emergence of variation in electron density of 
different cell types, similar to what has been observed in 
the rat on the 14th embryonic day (Farbman, 1992) and 
the mouse on the 10th day of gestation (Cuschieri and 
Bannister, 1975). 

Supporting cells are characterized by the presence of 
elongated nuclei aligned closest to the surface and 
bearing microvilli on the apical membrane. Aithough a 
mucus layer has been laid down on the surface of the 
epithelium, the supranuclear region of the supporting 
cell perikaryon still lacks secretory vesicles. During the 
second postnatal week, secretory vesicles are observed 
clearly in the supranuclear region of some supporting 
cells. 

In the early neonatal period, the regular arrangement 
of supporting cells is punctuated by the more electron 
light olfactory dendrites coursing towards the surface of 
the olfactory epithelium (Fig. 1). Most of the olfactory 

Flg. 1. OLctoty epitheliurn of three dayoid MonodeIphSs. Differentiating oifactoty dendrites (d) grow towards the surfaca; the one on the right is most 
rnahrre havlng just reached the surface. Basa1 bodies (arrows) will subsequently give rise to cilla. Bar: 3.5 pm. 

Flg. 2. Tangential sedlon through the olfactory epitheliurn oi a nine day-old Monodelphis. At this stage, it is easy to ldenafy the suppoiting calls (S) and 
oktory Wrans (N). Suppurting oells are characterised by a more oval n u W s  and less electron dense cytoplasrn. The rwgh endoplasrnic reticulum 
oi the olfadoty nwrons sm- appear as dilated citernae (arrow). Bar: 2.5 prn. 
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neurons appear morphologically immature because few 
dendritic knobs are present on the epithelial surface, and 
most of them are devoid of cilia. The scarcity of 
olfactory cilia in the newborn Monodelphis bears 
remarkable resemblance to  that of rat olfactory 
epithelium on the 14th day of gestation (Menco and 
Farbman, 1985). It should be noted that G-proteins and 
adenylate cyclase, which are involved in transduction of 
the olfactory stimulus, are expressed in rat olfatory cilia 
shortly after they are formed (Mania-Farnell and 
Farbman, 1990;  Dau e t  al., 1991). A s  such, it  is  
debatable whether the Monodelphis olfactory function is 
fully operational at birth. 

With differentiation, olfactory neurons increase in 
electron density while the perikaryal difference 
compared to supporting cells become more marked. The 
rough endoplasmic reticulum in olfactory neurons is 
more extensive, some of which are composed of dilated 
cisternae (Fig. 2). Clumping of dense heterochromatin 

around the nuclear periphery is also more prominent in 
the olfactory neurons. 

Tarozzo and co-workers (1995) showed in a recent 
study that the olfactory marker protein (OMP) was 
expressed in olfactory neurons situated in the dorso- 
caudal region of the nasal cavity of the newborn 
Monodelphis. Olfactory marker protein is a 1 9 D a  acidic 
protein of undetermined function which is present in 
olfactory neurons (Margolis,  1972). I t  i s  highly 
conserved phylogenetically and is accepted as a marker 
for mature olfactory neurons in several vertebrates 
(Farbman and Margolis, 1980; Chuah and Zheng, 1987; 
Rama Krishna et al., 1992). Studies from our laboratory 
indicate that although OMP is present in the newborn 
Monodelphis, its distribution is patchy and mirrors the 
initial expression of this protein in the E14 rat (Aiien and 
Akeson, 1985). It has been shown that the majority of 
the OMP-positive cells in the Monodelphis also express 
carnosine (Tarozzo et al., 1995) a major constituent of 
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mature olfactory neurons which is demonstrated 
immunohistochemically in rat at E17 (Biffo et al., 1992). 

The uneven distribution of OMP-positive cells 
remains apparent as late as one week after birth, 
suggesting that their rate of differentiation is relatively 
slow (Fig. 3). The pattern of axonal OMP immuno- 
reactivity in the olfactory bulb confirms the ongoing 
state of differentiation of the olfactory neurons. Some of 
these OMP-positive fibers are observed to extend deep 
into the olfactory bulb, beyond the mitral cell layer (Fig. 
4). These exuberant projections of olfactory axons have 
also been observed in the perinatal rat and mouse; with 
subsequent postnatal development they usually undergo 
a gradual regression (Monti Graziadei et al., 1980; 
Santacana et al., 1992). The elimination of axons is a 
general phenomenon present in several developing 
systems and is thought to contribute to the final pattern 
of connectivity in adult animals (Crepel, 1982; Finlay 
and Slattery, 1983). 

The sparse presence of OMP in the neonatal 
Monodelphis raises questions regarding the functional 

state of the olfactory system. Although the evidence 
indicates clearly that there are mature olfactory neurons, 
it also reveals that much of the sensory cells are still 
developmentally immature. One can speculate whether 
this cluster of mature olfactory neurons are sufficient to 
impart olfactory function that is crucial for survival in 
the early days after birth. It is worth noting that Harding 
and co-workers (1978) showed in an earlier study that 
mice can maintain sufficient olfactory function, at least 
for locating food, with significantly less than 10% of its 
population of olfactory cells functioning. 

In addition to the presence of OMP in the 
Monodelphis olfactory mucosa, Cummings and Brunjes 
(1995) have shown that S-100 protein, which is often 
used as a marker for glial cells, is present in olfactory 
nerve fascicles at birth. Although observations from our 
laboratory indicate that GFAP, another glial cell marker, 
is absent in the olfactory nerves of the newborn 
Monodelphis, this protein can be demonstrated on the 
5th postnatal day (Cummings and Brunjes, 1995). The 
presence of both these antigens indicate that the 

Flg. 5. Oifactory mucosa of nine day-old Monodelphis. Cells (b) which will eventually fom Bowman's glands protrude into the underlying connective 
tissue (CT). The stars indicate the boundary between the oifactory epithelium and the connective tissue. Bar: 5.0 pm. 

Flg. 6. Olfactory bulb of 1 week-old Monodelphis. Toluidine blue staining of parafñn section shows that the olfactory nerve (O), externa1 plexiform (E) 
and mitral cell layers (M) have formed in the bulb. Bar: 40 pm. 
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ensheathing cells are quite well differentiated in the 
early postnatal period and that they may be instrumental 
in guiding the nerves to their appropriate target. 

Given that no distinct basal cell population can be 
discerned in the newborn Monodelphis, it is  not 
surprising that mitotic figures are restricted to the apical 
region of the olfactory epithelium. A basal cell  
population emerges at about the 9th postnatal day as 
evidenced by clusters of flat, electron dense cells near 
the basal lamina. This is accompanied by the appearance 
of mitotic figures in the basal part of the olfactory 
epithelium. The apical location of dividing cells is 
typically observed in fetal mice up to about the 11th day 
of gestation, after which the mitotic figures undergo a 
similar progressive shift to the basal region where 
postnataily they become most numerous (Smart, 1971). 

It should be noted that no Bowman's glands are 
present in the lamina propria up to the 9th postnatal day 
although glands associated with the respiratory 

epithelium may be present earlier in development. On 
the 9th postnatal day, formation of Bowman's glands is 
initiated by the outgrowth of presumptive cells from the 
epithelium (Fig. 5). It  appears then that onset of 
differentiation of supporting and basal cells and 
Bowman's glands al1 happens within a relatively brief 
period of time at  around the 9th day after birth. 
Interestingly, ontogeny of the non-neural elements of the 
mouse olfactory mucosa also occur abruptly, albeit at an 
earlier time, on the 17th day of gestation (Cuschieri and 
Bannister, 1975). 

Secretions from Bowman's glands normally 
contribute to most of the mucus covering the olfactory 
epithelial surface. The mucus is known to contain a 
soluble odorant binding protein which modifies stimulus 
molecules, particularly hydrophobic molecules, so that 
they become accesible to the receptors on the cilia of 
the olfactory neurons (Pelosi et al., 1982; Pevsner et al., 
1986). The absence of Bowman's glands in the 

Flg. 7. Olfactory bulb of 9 day-old Monodelphis. Toluidine blue of piastic 
nerve layer (0). This region marks the incursion of olfactory axons into 
Bar: 40 pm. 

Fig. 8. Olfactory bulb of 9 day-okl Monodelphis. Ultrastructural observatic 
synapses. one of which is shown here (arrow). A small number of sy 
presumably frorn a mitrai cell appears electron light. Bar: 0.8 pm. 

section shows the presence of a fringed border (stars) deep to the olfactory 
I the bulb neuropil and R also contains dendrites from the mitral cells (M). 

)ns of the fringed border (labelled with stars in Flg. 7) show the presence of 
naptic vesicles are present in the presynaptic axon (a). The dendrite (d) 
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Monodelphis during the first postnatal week throws 
doubt on the functional capability of the olfactory 
epithelium. 

Differentiation of the olfactory bulb 

Although the first strands of olfactory nerves have 
established contact with the olfactory bulb in the 
newborn Monodelphis, the latter remains morpho- 
logically immature as  evidenced by the lack of 
lamination. Generally there is a higher density of cells 
towards the centre of the bulb with mitotic figures 
around the ventricular region. Abundant free ribosomes 
taking up much of the cytoplasm confirms the 
immaturity of these cells in this region. Larger cells with 
pale stained nuclei, presumably representing very 
immature mitral cells, are found towards the outer 
regions of the bulb. Ultrastructural examination shows 
that with the exception of the site at which olfactory 
nerves have penetrated the bulb, much of the peripheral 
region is interspersed with numerous spaces. No 
synapses have been observed in the bulb at the 3rd 
postnatal day although apposing membrane densities are 
present. 

By the application of fluorescent tracers onto the 
lateral olfactory tract, Malun and Brunjes (1996) showed 
that labelled cells representing differentiating mitral cells 
are present in the bulb by the third postnatal day. These 
cells generally display a tangential orientation with 
numerous widespread dendrites. By the end of the first 
postnatal week, some degree of lamination is apparentas 
indicated by the presence of the olfactory nerve, external 
plexiform and mitral cell layer (Fig. 6). The next 2 days 
mark the incursion of the olfactory axons into the bulb 
neuropil, giving rise to a fringed border between the 
olfactory nerve and external plexiform layer (Fig. 7). 
Ultrastructural observations reveal synaptogenesis taking 
place between olfactory axons and mitral cell dendrites 
(Fig. 8). Generally, no more than 10 vesicles are found at 
each synaptic site. The sparsity of vesicles in the 
terminals suggests that the synapses are newly formed 
and that increasing numbers can be expected in view of 
the numerous processes containing vesicles. The overall 
pattern of synaptogenesis in the olfactory bulb is 
generally from the outside in, i.e development of 
synapses in the presumptive glomerular layer precedes 
that in the granular layer (Farbman, 1992). Hence it is 
not surprising that in the second postnatal week, 
synapses are rarely found in the more central regions of 
the Monodelphis bulb. In comparison, synaptogenesis in 
the mouse olfactory bulb takes place much earlier, at the 
14th gestational day and essentially al1 synaptic types 
seen in the adult can be found on the day of birth (Hinds 
and Hinds, 1976a,b). However, for both the eutherian 
mammal and marsupial,  synaptogenesis between 
olfactory axons and mitral dendrites takes place prior to 
the formation of a definitive glomerular layer (Hinds and 
Hinds, 1976a,b). 

At the same time that synapses are forming between 

incoming olfactory axons and mitral cells, the latter are 
undergoing transformation into their typical mature 
morphology. During the second week after birth, the 
number of dendrites projecting from the mitral cell body 
decreases until a primary dendrite which ends in a 
terminal tuft remains (Malun and Brunjes, 1996); well 
developed glomeruli are only apparent in the third 
postnatal week (Shnayder and Halpern, 1992; Malun and 
Brunjes, 1996). 

In summary, the sequence of events in the 
differentiating olfactory bulb of the Monodelphis is 
generally in agreement with that reported in the mouse 
and rat (Hinds, 1972; Mair et al., 1982). The major 
differences are that the initiation of the developmental 
processes are delayed and that they progress more 
slowly. 

Migration of OMP-containing cells from the olfactory 
epithelium 

Recent studies show the existence of OMP- 
containing cells migrating from the olfactory epithelium 
of the mouse and rat, beginning from E14 and E16 
respectively (Valverde et al., 1993; Tarozzo et al., 1994). 
These cells were present along the course of the 
olfactory fibers and upon entering the cranium, they 
remained as  a cluster above the cribriform plate. 
Interestingly, in the rat they seemed to disappear soon 
after birth. A similar migrating group of OMP- 
containing cells were first found in the Monodelphis at 
birth (Tarozzo et al., 1994). Throughout the postnatal 
eleven days, these cells were present in the rostral aspect 
of the primordial olfactory bulb and in the lamina 
propria along the length of the nasal septum. Although 
some OMP-positive cells could still be found in 
restricted areas of the forebrain in the adult Mono- 
delphis, they appeared glial-like in morphology and did 
not correlate with those found in the neonatal 
Monodelphis. 

The functional significance of the migrating OMP- 
positive cells has yet to be elucidated. What is known is 
that they are a separate population from the cells 
expressing luteinizing hormone-releasing hormone 
(LHRH, also known as GnRH) which are found in 
association with the nervus terminalis (Schwanzel- 
Fukuda et al., 1988). 

Concluding remarks 

In describing the morphological development of the 
primary olfactory pathway in the Monodelphis, and 
comparing it with that of the rodent, it appears that 
eutherian mammals and marsupials share similarities in 
the temporal sequence of developmental processes. The 
major difference lies in the exact time in ontogeny that 
each developmental process commences. Although 
severa1 lines of evidence from behavioral (e.g. Rudy and 
Cheatle, 1977; Pedersen and Blass, 1981), electro- 
physiological (Gesteland et al., 1982) and morphological 
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(Cuschieri and Bannister, 1975; Hinds and Hinds, 
1976a,b) studies support the notion that the eutherian 
olfactory system is functional at birth, the existing data 
does not provide conclusive evidence to confirm that this 
is also the case in marsupials. 

The bulk of the data on the Monodelphis olfactory 
system is derived from morphological and immunohisto- 
chemical studies. These findings point to the imrnaturity 
of the olfactory system at birth and the slower 
progression of development. An issue worth pursuing is 
to determine the exact time of expression of molecules 
that are thought to be directly related to the olfactory 
tranducing apparatus, i.e. G proteins and adenylate 
cyclase. A knowledge of when odorant binding proteins 
are present will  also be helpful in gauging more 
accurately the functional status of the olfactory system. 
Nevertheless, it is a well known fact that sightless 
newborn Monodelphis are able to manouvre their way 
from the birth canal to the mother's nipples. Whether 
that capability is largely dependent upon the few mature 
olfactory neurons present at birth (as determined by 
OMP immunoreactivity) or whether tactile input comes 
into play remains to be elucidated. Furthermore, if 
olfactory input is crucial to the survival of the marsupial 
neonate, we need to determine to what extent its 
locomotor behavior is regulated by a general sensitivity 
to odours versus a selective response to specific odours. 
Information from well controlled behavioral and 
physiological studies are essential before any firm 
conclusions can be drawn. 
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