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Abstract

In the adult, neural stem cells reside within the walls of the lateral ventricles, in a
region known as the subventricular zone, where they produce neuronal precursors that
migrate through the forebrain to become periglomerular and granule cell interneurons in
the olfactory bulb. The roles of these neurons in behaviour are poorly understood. In the
present study, procedures were developed to assess olfactory discrimination and formation of olfactory memories, which are two putative roles for these neurons in the bulb.
Olfactory bulb histology revealed that the number of olfactory interneurons increases
with age in C57BL/6 mice, and decreases in leukemia inhibitory factor receptor and neural cell-adhesion molecule mutant mouse strains. New periglomerular cells appeared to
improve the animals' olfactory discrimination capacities. On the other hand, granule cells
in toto impaired their ability to form olfactory memories. Therefore, neurons produced by
forebrain neural stem cells may mediate separate functions in olfactory behaviour.
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1.

INTRODUCTION

1.1

Neural stem cells

1.1.1

What is aneural stem cell?
There is still no universally accepted definition of what constitutes astem cell.

However, the use of terms such as "pluripotency" and "self-renewal" in association with
stem cells indicates that these cells are best defined by what they do, rather than by what
they are. This mode of definition stems partly from the (albeit changing) fact that in various instances, such as in the haematopoietic and central nervous systems, precise identification of the stem cells is problematic (Dzierzak et al., 1998; Price, 2001). Nevertheless,
it may be argued that the functions of astem cell remain more important than its identity
(van der Kooy and Weiss, 2000). On that basis, we could tender an operational definition
(one that is oversimplified and incomplete, but suitable for our purposes) that stem cells
are "cells resident in an organism that retain the capacity for self-renewal, and which directly or indirectly produce progeny that reconstitute the various cell types of the host
tissue" (Hall and Watt, 1989; Morrison et al., 1997; Marshak et al., 2001). To this definition, one may ascribe such other features to stem cells as the potential for asymmetric division (to produce another stem cell and acell of more restricted fate); maintenance of a
relatively undifferentiated phenotype (as compared to the progeny); and mitotic quiescence when proliferation is not required (Lajtha, 1979; Potten and Loeffler, 1990; Morrison et al., 1997). We can say that stem cells function in creation and regeneration: in
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creation of tissue and organs de novo, as with embryonic stem cells and the totipotent
stem cell of the blastocyst (Weissman, 2000; Hadjantonakis and Papaioannou, 2001); and
in regeneration of extant tissue, as with tissue- or organ-specific stem cells of the gut,
skin, blood and olfactory epithelium (Monti-Graziadei and Graziadei, 1979; Pollen and
Loeffler, 1990).
The dogma that the mammalian central nervous system (CNS), lacking the ability
to regenerate, thus, by implication, lacks stem cells, held until recently when Reynolds
and Weiss (1992) discovered apopulation of neural stem cells in the adult CNS. These
cells reside in aremnant of the embryonic germinal zone generally known as the subventricular zone (SVZ). They self-renew indefinitely in defined media containing epidermal
growth factor (BGF) and/or basic fibroblast growth factor (bFGF, or FGF2), producing
cellular aggregates known as neurospheres. These neurospheres express the intermediate
filament protein nestin, but do not express antigenic markers of differentiated cellular
phenotypes. However, on removal of mitogens from the growth medium, the cells differentiate into neurons and glia, thus meeting the rough characteristic criteria of stem cells
set earlier in this writ. When transplanted into the cerebrum, neural stem cells also differentiate into neurons and glia, though the glial fate appears to be preferred (Hammang et
al., 1997; Winkler et al., 1998). While neural stem cells proliferate extensively in culture
media, they are quiescent in vivo, dividing very rarely

-

unless stimulated. They exist in

the SVZ with their progeny, which are apopulation of rapidly proliferating, but lineagerestricted, progenitor cells. When these progenitors are destroyed with tritiated thymidine
or cytosine arabinofuranoside, the stem cells remain unaffected, but become actively pro-
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liferative to regenerate the germinal zone within 8 to 10 days (Morshead et al., 1994;
Doetsch et al., 1999). Neural stem cell proliferation in the SVZ can also be stimulated
with intracerebroventricular infusions of EGF (Craig et al., 1996).

1.1.2

Neural stem cells in development
As one would expect during development, neural stem cells of various sorts

abound in the embryonic CNS. Cattaneo and McKay (1990) isolated neuronal stem cells
that proliferated in response to FGF2 and, on FGF withdrawal, differentiated into neurons. Other groups have isolated multipotent stem cells from E12 and E14 rat cerebral
cortices (Davis and Temple, 1994), from the developing spinal cord (Repressa et al.,
2001) and from E14 mouse striatal primordia (Reynolds et al., 1992; Reynolds and
Weiss, 1996).
Neural stem cells emerge remarkably early in CNS development, as early as E8.5
in the mouse anterior neural plate (Tropepe et al., 1999), astage at which expression of
the FOP receptor-1 (FGFR1) largely localizes to the ventricular region of the forming
neural tube (Wanaka et al., 1991). This stem cell could only be isolated in FGF2, but passaged into EGF, suggesting that EGF-responsive stem cells arose from amore primitive
population of FGF-responsive cells. This may also be the case in the embryonic spinal
cord, in which FGF-only-responsive stem cells are present at El 1, while EGF-responsive
cells are present by E12 (Represa et al., 2001). Thus, EGF- and FGF-responsive stem
cells are present in CNS germinal zones by E14, making up part of a heterogeneous
population of proliferating cells (Reynolds et al., 1992; Vescovi et al., 1993; Ciccolini
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and Svendsen, 1998). However, the eventual responsiveness to EGF has led some to suggest that there are two stem cell populations at this stage: one that proliferates in response
to FGF, through the mediation of the FGFR1, and another that responds to EGF through
the EGF receptor (EGFR). Some evidence in support of this hypothesis includes work
that shows that at low cell densities, FGF and EGF have an additive effect on stem cell
proliferation, in that more stem cells proliferate in the presence of both growth factors
than with either alone (Tropepe et al., 1999). Further, Kilpatrick and Bartlett (1995) isolated aprecursor that was multipotent in response to FGF but glial-restricted with EGF.
Others suggest that FGF merely accelerates development of EGF-responsive stem cells
(Lillien and Raphael, 2000). The exact circumstances surrounding EGF and FGF responsiveness, as with many such in the neural stem cell field, remain shrouded in controversy.
While the precise identity of the embryonic neural stem cell remains elusive, its
function is presumably more straightforward

-

formation of the CNS. All CNS cells arise

from the neuroepithelium, and largely from neuroepithelial cells, which are the primary
cell types in the developing neural tube (Huttner and Brand, 1997). These cells characteristically retain portions of their plasma membranes at the inner (ventricular) and outer
(pial) surfaces of the neural tube. Within the ventricular zone, they divide symmetrically
early in CNS development, by cleavage in the vertical plane, to generate sufficient cell
numbers (McConnell, 1995; Rakic, 1995). This process is mediated by the intracellular
signalling protein Notch-1. The primary localization of Notch to the basal aspect of the
dividing cell ensures that vertical division divides the protein equally between the two
mitotic, progenitor cells; horizontal division, which occurs later in development, results
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in asymmetric allocation of Notch-1 to the basal cell, which becomes neuronal, while the
apical cell remains mitotic in the ventricular zone (Chenn and McConnell, 1995). After
closure of the neural tube, neuroepithelial cells produce radial glia, neurons, and various
progenitor cells resident in the embryonic striatal ventricular zone. While, as reported
earlier, neural stem cells exist in the neural tube as early as E8.5 (Tropepe et al., 1999),
the extent of their contribution to the proliferation seen in the neural tube, and to the
eventually forming CNS, is unknown. However, stem cells are abundant in E8.5 spinal
neural tube (Kalyani et al., 1998) and E10 telencephalon (Temple, 2001), which suggests
that neural stem cells contribute to both the spinal cord and basal forebrain. Indeed, Temple's group recently reported that cells in the lateral ganglionic eminence, which contributes GABAergie neurons to the cortex, are multipotent stem cells (He et al., 2001). The
conclusions of this study were somewhat speculative, however, as they could not directly
show that the GABAergic neurons in question arose from stem cells. As we still lack
adequate methods of identifying neural stem cells in vivo, studies of this kind are bound
to involve certain leaps of faith in approaches taken and in conclusions eventually drawn.

1.1.3

Neural stem cells in the adult
Postnatally, the functions of neural stem cells change radically, and become more

spatially restricted and functionally specific. Neural stem cells in the adult CNS are
largely confined to two regions: the SVZ, as previously described, and the subgranular
zone in the dentate gyrus of the hippocampus (Palmer et al., 1997). We focus here on the
neural stem cells of the adult forebrain SVZ. In the first few weeks of life, there are two
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functional regions in the SVZ based on the phenotype of progenitors produced by resident stem cells. (This heterogeneity is lost later in life [Doetsch and Alvarez-Buylla,
1996].) The caudal region of the SVZ is primarily gliogenic, producing glial progenitors
that migrate dorsally and laterally into the corpus callosum. In contrast, the SVZ towards
the anterior horn of the lateral ventricle, aregion designated as the SVZa, produces exclusively neuronal progenitors (Luskin, 1993). These progenitors are phenotypically neurons, expressing neuronal markers such as TuJi, but retain the ability to divide (Luskin et
al., 1997). They also migrate great distances along ahighly restricted pathway through
the forebrain known as the rostral migratory stream (RMS), utilizing aunique mode of
migration known as chain migration (Garcia-Verdugo et al., 1998). Here, the cells "slide"
along each other without axonal or radial guides, at speeds of up to 120 p.m per hour,
traversing a5mm distance in amatter of days. The mechanism behind this mode of migration is unknown; however, mice lacking the polysialic acid-conjugated neural celladhesion molecule (PSA-NCAM) experience greatly impaired migration of progenitors,
and accumulation of the same in the forebrain (Tomasiewicz et al., 1993; Hu et al.,
1996).
The destination of cells in the RMS is ultimately the olfactory bulb, which is the
first CNS component of the olfactory system (Lois et al., 1996). They enter through the
ependymal zone of the bulb, migrate radially outwards, and differentiate into granule and
periglomerular interneurons, which are the two primary interneuronal cell types of the
olfactory bulb. Most of these neurons are produced shortly after birth: between 3and 6
weeks of age, the size of the olfactory bulb almost doubles with the influx of new neu-
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rons. As these neurons undergo constitutive cell death (Kaplan et al., 1985; Kato et al.,
2000), olfactory neurogenesis progresses throughout life to maintain their numbers in the
bulb. Thus, at adulthood, the size of the murine olfactory bulb increases only slightly
with time, as the influx of new neurons from the SVZ largely matches the turnover rate of
old neurons.
A relatively recent entry to the knowledge base of this field is the existence of
stem cells in the olfactory bulb. Pagano and colleagues (2000) cultured dissociated human olfactory bulbs for two weeks in EGF and FGF-2, and obtained neurospheres that
differentiated into 3-tubulin-, GalC- and GFAP-positive cells on growth factor removal.
These spheres also passaged at least four times, demonstrating self-renewal capabilities.
These findings were and still are somewhat controversial, but have been replicated in
other studies in the mouse (Gritti et al., 2002; Fukushima et al., 2002; Liu and Martin,
2003). One study goes on to characterize these stem cells, finding that their proliferation
and differentiation capabilities are dependent on the presence of insulin-like growth factor-1 (IGF- 1) (Vicarion-Abejon et al., 2003), afeature also exhibited by embryonic forebrain neural stem cells (Arsenijevic et al., 2001). Other than this, it is unclear whether
these olfactory stem cells are related by identity, lineage or function to the better-known
stem cells of the periventricular region.
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1.2

Neural stem cells and olfaction

1.2.1

The sense of smell: systems and processes
Few individuals (gourmet chefs possibly excluded) would consider the sense of

smell to be of critical importance to humans, but in animals, the ability to detect chemicals in the surrounding environment
interaction

-

-

for purposes of feeding, reproduction and social

is necessary for survival itself. Included in the repertoire of substances per-

ceivable in this fashion are innumerable, largely organic molecules of variable molecular
mass including aldehydes, ketones, acids, amines and halides (Firestein, 2001). This
range of chemicals represents identifiers of sources of food, potential mates, danger,
safety and other such rudiments of survival, as well as the learning of and memory for the
same. Not surprisingly, therefore, there is aremarkable degree of sophistication and detail nested in the olfactory system of even the most basic eukaryotes.
Given the evolutionary importance of the sense of smell, it should be no surprise
that there is asignificant measure of evolutionary convergence in olfaction among eukaryotes. In most cases, the process of olfaction is avariant on this: odour molecules dissolve in the aqueous medium of the olfactory epithelium (OE) and bind to an assortment
of G-protein-coupled receptors that activate acyclic AMP second-messenger pathway.
The olfactory receptor proteins themselves were identified 12 years ago (Buck and Axel,
1991) and were found to constitute amassive family of about 1,000 genes in the mammalian genome, though in humans about two-thirds of these are pseudogenes (Firestein,
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2001). The process of signal transduction in the olfactory epithelium is poorly understood; nevertheless, what we know so far is that odour information is carried from the
olfactory epithelium by the olfactory receptor neuron (ORN), which is abipolar neuron in
the peripheral nervous system that extends an axon to the CNS (Steinbrecht, 1969). The
basic ORN structure in vertebrates is almost identical to that in arthropods, nematodes
and even insects (Hildebrand and Shepherd, 1997), again in which the processes of olfaction bear strong similarities to those of vertebrates.
A key to an understanding of how the olfactory system works lies in the possibility that atopographic map of odour molecules exists, that is established and maintained
throughout the olfactory pathway. Recent studies have established the presence of such
maps in both the olfactory epithelium and olfactory bulb, and some evidence suggests
that this topographic organization continues even to the cortex (Zou et al., 2001). The
olfactory epithelium is divided into four zones, based on expression of the olfactory receptors; members of any particular receptor gene family are expressed only in one zone
(Ressler et al., 1993; Vassar et al., 1993). ORNs send their axons to the olfactory bulb or,
specifically, to circular collections of neuropil known as glomeruli. Each ORN expresses
only one of the olfactory receptors and, remarkably, ORNs expressing the same receptor
converge on one or two specific glomeruli (Ressler et al., 1994; Mombaerts et al., 1996),
occasionally taking unusually long and circuitous routes to the target (Treloar et al.,
2002) even after the neurons are genetically ablated and restored (Gogos et al., 2000).
Moreover, the map demonstrated by such specific targeting of ORNs forms amirror image within the same bulb, with tufted cells forming connections between them (Lodovichi
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et al., 2003). These details imply that each odour molecule activates arestricted set of
glomeruli as part of an olfactory code established within the olfactory bulb itself. This
restriction may provide the initial basis of olfactory discrimination, or various other
olfactory processes mediated by the bulb.

1.2.2

The olfactory bulb
ORNs form excitatory synapses on mitral and tufted cells, which are the second-

order excitatory projection neurons of the olfactory bulb (Shipley and Ennis, 1996).
These neurons in turn interact with two populations of inhibitory interneurons, the granule and periglomerular neurons. The dendrites of mitral cells make reciprocal synaptic
connections with the dendrites of granule cells within the external plexiform layer (Jackowski et al., 1978; Price and Powell, 1970). The granule-to-mitral part of the dendrodendritic synapse is inhibitory on the secondary dendrites of the mitral cells, while the mitral-to-granule cell synapses are excitatory (Jahr and Nicoll, 1982). The periglomerular
cells dwell within the glomeruli in the periphery of the olfactory bulb, while the granule
cells lie medially in alayer known as the granule cell layer (GCL). Both cell types express a broad assortment of neurotransmitters, notably GABA (in periglomerular and
granule neurons) and dopamine (in periglomerular neurons) (Shepherd and Greer, 1990).
Granule cells occur in tight clusters of four or more neurons, and are coupled by gap
junctions (Reyher et al., 1991). These clusters are absent in neonates, but form by six
weeks of age. Golgi studies show that granule cells lack axons (Cajal, 1911; Price and
Powell, 1970; Schneider and Macrides, 1978) but have basal dendrites that project into

11
the external plexiform layer of the olfactory bulb. The spike activity in granule cells is
notably similar to that of retinal amacrine cells (Mori, 1987), as are other features of olfactory bulb physiology to be discussed later. Though periglomerular cells exist in far
fewer numbers than their granule cell counterparts, they may have similar functions, in
that both exhibit GABAergic reciprocal synapses back on mitral/tufted cell dendrites
(Schoppa et aL, 1998).
Mitral cells themselves exhibit complex responses to odour stimulation, consisting of both excitation and inhibition in the course of an odour presentation. Intracellular
recordings from mitral cells show acharacteristic hyperpolarization that counteracts the
spontaneously occurring spikes produced by the cell (Scott, 1991). Responses also vary
with odour concentration (Wellis et al., 1989) and certain cells seem to respond better to
particular concentrations of any odour (Kauer, 1974). The concept of lateral inhibition
between mitral cells is supported by evidence that cells separated by large distances
within the bulb showed generally opposite responses to odour stimulation (Meredith,
1986). Conversely, those in mutual proximity exhibited similar responses (Buonoviso and
Chaput, 1990). This may result from the inhibition exacted on the mitral cells by the interneurons. The mitral and tufted cells project directly to the primary olfactory cortex,
bypassing the thalamus, which then spawns extensive reciprocal connections to the mediodorsal nucleus of the thalamus, posterolateral orbitofrontal region, and back to the olfactory bulb itself (Doty, 2001).
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1.2.3

Development of the olfactory bulb
Development of the olfactory bulb begins surprisingly early in gestation: tritiated

thymidine studies reveal that some mitral and tufted cells are born by E10 in the mouse
(Hinds, 1968) and Ell in the hamster (Grafe, 1983). They are observed initially in the
periphery of the presumptive bulb, and migrate laterally before differentiating and integrating into their proper layers. The bulb itself emerges as an evagination of the telencephalon around E14 (Brunjes and Frazier, 1986), and features only two layers: the matrix layer and the mantle layer (Hinds, 1968b). By this time, however, the olfactory
epithelium is well into development from the rostroventral surface of the cranial ectoderm (Gong et al., 1994), and is already sending projections towards the presumptive
bulb. This has led to extensive interest in determination of whether the evolving olfactory
nerve is responsible for development of the olfactory bulb. Several papers have demonstrated deficiencies in telencephalic and/or bulbar development in the absence of the olfactory epithelium or placode (Stout and Graziadei, 1980; Byrd and Burd, 1991; Burd
and Sein, 1998). Furthermore, Gong and Shipley (1995) examined cell proliferation rates
in the presumptive bulb and the adjacent cortex. They found that proliferation decreased
in the bulb, and rates of neuronal differentiation doubled, as compared to the cortical regions, within 24 hours of arrival of the first neurons from the olfactory epithelium, suggesting that the early arriving axons initiate aprocess of morphogenesis in the target. On
the other hand, Lopez-Mascaraque and others (1996), using Dii injections to trace the
evolution of the lateral olfactory tract, showed that axonal outgrowth from the bulb began
as early as El 3in the rat, which is well before the onset of ORN-bulbar synaptogenesis at
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E18 (Hinds and Hinds, 1976). Still further, mice lacking the homeobox transcription factor Dlx5 fail to form projections from the epithelium to the bulb. Nevertheless, the bulb
still forms (Long et al., 2003). Thus while the olfactory epithelium may influence formation of the olfactory bulb, it would be excessive to deem it anecessity.
As is customary elsewhere in the developing cerebrum, projection neurons develop before local circuit neurons in the olfactory bulb. Hinds (1968a) established the
timeline of mitral neurogenesis as between mouse E1 and E15; that of the tufted neurons
as between E10 and E18; and the bulk of prenatal granule cells appear as of E14. E15
sees the development of the mitral layer from what was the mantle layer (Hinds, 1968b).
At this time, the mitral cells manifest astereotyped reorientation such that their originally
tangentially-oriented dendrites atrophy and are replaced by radially-oriented dendrites
(Hinds and Ruffett, 1973). The shape of the bulb becomes more like its adult form by
E16. Extra layers also appear: adensely cellular subependymal zone, lateral to the matrix
layer (which has become the ventricular zone), and the intermediate zone, which contains
cells migrating into position (Hinds, 1968b). Further evidence of the progressing development of the bulb is in the initiation of afferent contact. Expression of olfactory marker
protein, characteristic of ORNs, appears in the developing bulb's periphery (Bailey et al.,
1999). The intermediate zone becomes the granule cell layer at E18, and the ventricular
zone vanishes. Lamination of the bulb emerges in its final form, including glomerular and
external plexiform layers, by E18.
Formation of the glomerulus is aunique process that is still poorly understood.
Returning briefly to the debate on olfactory epithelial induction of central olfactory struc-
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tures, at least one study demonstrates that ORNs are sufficient to induce formation of
glomerular structures (Rossler et al., 1999). Accordingly, glomerular structures emerge in
the olfactory bulb at E18 in the rat, at about the same time as the first axodendritic synapses form (Valverde et al., 1992). The E18 rat olfactory bulb is also densely populated
with radial glia, which intermingle with the incoming axons from the olfactory epithel
i
um (Bailey et al., 1999; Puche and Shipley, 2001). There are two types of radial glia in
the olfactory bulb. Type Iradial glia extend processes along the entire span of the developing bulb, from the ventricle to the glomerular layer. Processes in Type II radial glia do
not enter the glomerular layer, but ramify into the external plexiform layer between the
glomerular and mitral cell layers. Postnatally, the radial glial cells outline the borders of
the developing glomeruli, eventually transforming into astrocytes around the mitral cell
dendrites. Juxtaglomerular cells, another population of olfactory interneurons, migrate
out and surround the forming glomeruli, which gradually expand in diameter to mature
form across the first few weeks of life.
While the olfactory bulb is morphologically intact at birth, its development is
hardly complete

-

nor is it ever, assuming the evidence from the present study and others

in asimilar vein are accurately descriptive of events that occur in the bulb throughout
life. Only about 10% of the adult complement of granule cells are present at birth
(Rosselli-Austin and Altman, 1979). Granule and periglomerular neurogenesis proceed
postnatally by virtue of neural stem cell proliferation in the SVZ as discussed earlier. The
influx of new neurons to the GCL and periglomerular layers appears to be most extensive
in the first few postnatal weeks, though the role of the redefinition of the subventricular
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neurogenic zone

-

again addressed previously

-

in this process is unknown. Nevertheless,

this very plasticity is what makes the olfactory bulb such an interesting target for studies
of both basic neurobiology and clinical neuroscience alike.

1.2.4

Differential roles for new and existing neurons
If, as the evidence would indicate, neural stem cells produce interneurons that

mediate aseries of olfactory functions resident in the bulb, it seems reasonable to suggest
that afeedback mechanism from the bulb may regulate neurogenesis at the level of the
SVZ. A common hypothesis along these lines is that an increase in amount of olfactory
stimuli received would result in asubsequent increase in stem cell-derived neurogenesis.
There are many reported instances of extrinsic factors affecting neurogenesis (for example: Shingo et al., 2001; Jin et al., 2002; Parent et al., 2002a, 2002b). However, from a
behavioural standpoint, fewer such examples exist in the mammalian literature. Prairie
voles are induced into oestrus by olfactory cues on exposure to an unfamiliar male, and
exhibit acorresponding increase in proliferation of neuronal precursors in the RMS and
anterior SVZ (Smith et al., 2001). In contrast, most of the rodent studies involving olfactory-relevant factors have been less than definitive. Corotto and others (1994) examined
the effect of odour deprivation on neurogenesis in mice. They eliminated olfactory input
by sealing anaris, which is the external opening of the nasal cavity. Eight weeks later,
they examined the extent of proliferation in the RMS and SVZ using BrdU immunohistochemistry. They found that the RMS within and caudal to the olfactory bulb ipsilateral to
the closed naris had significantly fewer BrdU+ cells than in the contralateral, control side.
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They also noted an increase in number of dying cells in the same regions. However, there
were no differences in numbers of proliferating cells in the SVZ proper. More recently,
Rochefort and colleagues (2002) performed the reverse experiment: they housed mice for
40 days in an "odour-enriched" environment, and gave them injections of BrdU half-way
through. Histological analysis revealed that these animals had more BrdU+ cells in their
olfactory bulbs than mice in normal environments, whereas there was no significant difference in number of proliferating cells in the SVZs of either group. Presumably, therefore, an odour-rich environment increases survival of new neurons in the olfactory bulb,
but fails to actually increase progenitor numbers. The group went on to suggest that this
increased survival of new neurons results in improved memory for odours; however, as
the study was purely correlative, these findings are inconclusive.
The findings of increased or decreased cell death in response to modulation of olfactory input, in light of other recent studies, may actually serve to reinforce the notion
that the olfactory bulb demonstrates alevel of self-regulation in response to olfactory
stimuli. The findings also suggest differential roles for old and new interneurons in the
olfactory bulb. As mentioned previously, most olfactory neurogenesis takes place postnatally (Luskin, 1993); functional input from olfactory receptor neurons is necessary for
their survival of these new neurons, as neonatal granule cells rapidly degenerate upon
naris closure (Frazier and Brunjes, 1988; Frazier-Cierpial and Brunjes, 1989; Brunjes,
1994). This increase in cell death is not as pronounced when animals are naris-occluded
as adults (Fiske and Brunjes, 2001). Thus, the new neurons are particularly susceptible to
early death. However, even without naris closure, long-term survival analyses of adult-
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born interneurons show that about 50% of new neurons in the olfactory bulb die within
two months of birth, while the rest survive for as long as 19 months (Kato et al., 2000;
Winner et al., 2002; Petreneau and Alvarez-Buylla, 2002). Does the olfactory bulb recruit
new neurons for an acute function, and eliminate them when no longer needed?
Studies conducted in our lab relate this possibility to the olfactory-relevant factors
discussed earlier. Recently, we found that pregnancy induces robust production of progenitors from the SVZ, with the number of BrdU-labelled cells increasing by 65% within
7 days of gestation (GD7) (Shingo et al., 2003). To further determine the fate of these
progenitors, we injected mice with BrdU at GD7 and counted the number of
BrdU+/NeuN+ neurons in the olfactory bulb 4weeks later, atime by which most of the
progenitors have migrated. There were 50% more double-labelled granule cells and 100%
more periglomerular cells in mice labelled at GD7 than in virgin controls, indicating the
significant recruitment of new neurons to the bulb. We also went on to show that prolactin, a maternal hormone whose expression peaks during the first half of pregnancy
(Freeman et al., 2000) is responsible for this surge in neurogenesis. While we performed
no behavioural tests in these studies, the results suggest that the recruitment of neurons to
the bulb has aparticular purpose with respect to olfactory behaviour, possibly in enhanced discrimination of the young. We also noted no increases in cell death in the pregnant or control bulbs across the time points examined in this study; given the bulb's ability to regulate its cell numbers, however, we would suspect that acourse of apoptosis
would eventually return the bulb to its 'normal' state after weaning, pending arepeat of
the cycle and future neurogenesis requirements.
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A number of animal models exist to help dissect out the factors that reconcile
physiology with function in the olfactory bulb. The first and probably most evident is that
of the aging animal. While it is known that olfactory neurogenesis progresses throughout
life (Pencea et al., 2001), the extent to which this neurogenesis persists through life only
became clear of late. Further work from our lab confirmed the presence of proliferating
cells in the SVZ of mice as old as 24 months of age (Shingo et al., unpublished observations). However, there are 75% fewer proliferating cells in these animals as compared to
two month-olds of the same strain. From an experimental standpoint, this opens anumber
of possibilities: first, that the reduced SVZ proliferation and corresponding reduction in
olfactory neurogenesis may lead to impairment of olfactory behaviour in some aspect.
The second possibility arises on consideration of the further finding that the aged animals
have significantly larger GCLs, and presumably more granule cells, than their younger
counterparts. The suggestion implied here is quite the opposite of the last: that the older
mice will perform better on arelevant olfactory task than the youhger animals. The other
models are ostensibly similar to each other in phenotype, though for different reasons: the
NCAM mutant strain of mice, discussed earlier, has reduced olfactory neurogenesis due
to impaired migration of progenitors along the RMS (Chazal et al., 2000). The mouse
strain lacking the leukemia inhibitory factor receptor (LIFR) also has reduced olfactory
neurogenesis, though this results from adearth of neural stem cells in the SVZ in these
animals (Shimazaki et al., 2001). These cases present considerable potential from abehavioural standpoint, to address questions that, to date, have been left wanting for focused answers.
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This completes the overview of neural stem cells and the olfactory system. The
following specific questions and hypotheses will support my general hypothesis that neural stem cells have arole in olfactory behaviour of adult mice.
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2.

STATEMENTS OF HYPOTHESIS

2.1

Neurogenesis and olfactory discrimination
To demonstrate afunction for neural stem cells in olfactory behaviour, one must

specifically investigate the functions of the interneurons produced by said stem cells. We
can hypothesize several possible functions for these neurons. One possibility is that olfactory interneurons enhance the animal's ability to discriminate between similar odours, by
refining input from the olfactory epithelium. The convergence ratio from the olfactory
epithelium to the glomeruli is significant

-

as much as 25,000:1 in rabbits (Hildebrand

and Shepherd, 1997), suggesting that refinement of the incoming signal is necessary.
Early electrophysiological work by Leveteau and MacLeod (1966) demonstrated the
presence of strong activation signals in some glomeruli in response to aparticular stimulus and none whatsoever in others, leading them to suggest an element of olfactory discrimination in the bulb. Further studies demonstrate that mitral cells excited by aparticular odour in one glomerulus may use olfactory interneurons to inhibit firing of adjacent
mitral cells, aprocess tantamount to lateral inhibition (Meredith, 1986; Wilson and Leon,
1987). Studies in non-mammalian organisms also suggest such an action: in honeybees,
blockade of GABAergic signalling impairs olfactory discrimination between similar
odours (Hosler et al., 2000) suggesting that GABA-producing interneurons are important
in odour discrimination.
Research examining the potential of olfactory interneurons in olfactory discrimination often draws the sheer number of neurons as directly proportional to their capabili-
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ties in behaviour. Gheusi and others (2000) postulated that the NCAM mutant mouse
which, as aresult of migratory deficits in the neuronal precursors, has fewer interneurons
in the olfactory bulb than wildtype littermates, are unable to perform asimple olfactory
discrimination task. It is possible, however, that the synaptic density, rather than the
number of neurons present, mediates such abehavioural outcome. This possibility receives backing from studies carried out on the Drosophila mutant gigas (gig), which, as a
result of extra rounds of DNA replication that occur after mitosis, has larger glomeruli
and more associated synapses than wildtypes (Acebes and FerrCis, 2001). Mutant flies are
more sensitive to low concentrations of odorant than wildtypes, suggesting that the synapse density-olfactory behaviour correlation holds true. This concept, however, holds the
assumption that all neurons in the relevant olfactory structures are equal

-

an assumption,

as will be addressed in alater section, may not necessarily hold true.
Given this evidence, Ipropose ahypothesis as to the function of neural stem cells
per the interneurons that are their progeny.
Hypothesis 1: Reduction of the normal complement of olfactory interneurons or the
extent of neurogenesis will impair an animal's ability to discriminate between similar but distinct odours.

2.2

Neurogenesis and olfactory learning
Another prospect for the function of olfactory interneurons resides in the fact that

in mice, olfactory neurogenesis is most pronounced in the first two months of life
(Luskin, 1993). The size of the mouse olfactory bulb doubles between 3and 6weeks of
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age, whereupon the RMS and SVZa undergo asignificant reduction in thickness (Pencea
et al., 2001). After the initial surge of olfactory bulb growth, the size increases only
slightly with time, and essentially attains a"steady state" in which the influx of new neurons from the SVZ matches the turnover rate of old neurons. This suggests that any behavioural function related to these neurons should change between birth and adulthood,
and thereinafter would remain relatively constant. One potential candidate for such a
function is olfactory memory. The early stages of life of the neonates are most important
for acquisition and learning of important odours, such as that of the mother, the home
cage, and food (Porter and Btscorn, 1975; Leon, 1992). This critical olfactory imprinting
becomes less necessary with time, possibly resulting in adiminishment of the acuity of
olfactory memory formation, over atime course that may correlate with the progress of
the most prolific stages of olfactory neurogenesis.
Research has long supported aconnection between olfaction and cognitive function in rodents. One of the earlier links was the discovery that cells in the olfactory cortex
project to the segment of the thalamic mediodorsal nucleus that connects to the orbital
prefrontal cortex (Powell et al., 1965). Other studies demonstrated bulbar projections to
the amygdala, entorhinal cortex and hypothalamus (Price and Slotnick, 1983) suggesting
olfactory involvement in emotion, complex learning and basic biological functions, respectively. Psychologists were also able to demonstrate such remarkably complex learning in rodents: animals trained over time on aseries of 2-odour discrimination tasks improved their performance accuracy from problem set to problem set (Jennings and
Keefer, 1969). Their memory for aseries of odours is also remarkable: in one study, rats
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were trained on discrimination tasks with 72 odours, and demonstrated almost perfect
retention when tested on arandom 8-odour subset two weeks later (Slotnick et al., 1991).
Conversely, in similar studies of visual discrimination, success in learning and memory
remain rather poor, even after extensive training (Hodos, 1970). These findings lead to an
interesting question: do rodents have aseparate system dedicated to formation and recall
of olfactory information?
If such asystem exists, it would not be remiss to suggest that its activities start
with the olfactory bulb. Evidence exists in the literature for apossible role of the olfactory bulb in olfactory memory. Infusions of aglutamate receptor agonist into the olfactory bulb have been shown to improve formation, but not recall, of olfactory memories
(Rumsey et al., 2001). In contrast, infusions of aGABA receptor agonist reduce the ability of animals to recognize apreviously presented odour (Okutani et al., 1999). Olfactory
learning is typically apheromonal phenomenon, but olfactory bulb involvement has been
demonstrated in learning, such as in an ewe's ability to learn the odour of anewborn
lamb shortly after birth (Kendrick, 1994). Here, there is asignificant increase in the number of mitral cells that respond to the odour of the ewe's own lamb. Disruption of
noradrenaline from the centrifugal projection from the locus coeruleus in the bulb impairs
olfactory learning during the "sensitive period" of olfactory imprinting (the first few
hours post-partum) (Levy et al., 1990). In terms of the most important neurotransmitters
of the bulb, glutamate and GABA, in mice there is abulbar increase of GABA relative to
glutamate during presentation of a learned odour (Brennan et al., 1998). In addition,
granule cells show habituation in electrophysiological experiments in which an odour is
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presented repeatedly (Scott, 1991), suggesting that GABAergic neurons may inhibit delivery of information by the mitral cells to the olfactory cortex. Finally, anumber of studies demonstrate that the intracellular messenger nitric oxide can induce formation of specific olfactory memories (Okere et al., 1996; Kendrick et al., 1997; Samama and Boehm,
1999). This effect, however, is not restricted to the olfactory system, as inhibition of nitric oxide synthesis reveals learning deficits in other modalities (Estall et al., 1993;
Telegdy and Kokaysky, 1997).
Another body of work on the roles of olfactory neurons involves the use of in vivo
imaging, metabolic tracers and electrophysiology to determine their levels of activity during performance of various behaviours. Buonviso and colleagues (1998) gave rats brief
exposures to various odours, and recorded the number of neurons that responded to the
same odours when presented again one or six days later. The number of neurons responding to the now-familiar odours decreased dramatically in either case. Similar results were
seen with expression of the immediate-early gene c-fos, (Montag-Sallaz and Buonviso,
2002) which is normally upregulated in the olfactory bulb within 30 minutes of odour
exposure (Baba et al., 1997). An important point of note in these studies is that most of
the activity was seen in the granule cell layer. A recent paper by Guthrie and Gall (2003)
examined c-fos expression in the rat olfactory bulb between P0 and P21. They observed
that the centers of activity were initially in mitral and tufted cells; however, as the animals aged and neurogenesis progressed, activity shifted to the granule cells, giving further evidence of the importance of these cells in the olfactory circuitry.
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In summation, based on the evidence presented here, it seems likely that performance on tasks involving formation of olfactory memories is inversely proportional to the
number of interneurons present in the olfactory bulb. On this basis, Ipropose ahypothesis indirectly relating neural stem cell function to olfactory memory.
Hypothesis 2: Reduction of the normal complement of olfactory interneurons will
improve an animal's ability to form new olfactory memories.
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3.

MATERIALS AND METHODS

3.1

Animals and genotyping
C57BL/6 mice for ageing experiments were acquired from Charles River (Laval,

Quebec, Canada) and the National Institute of Aging. CD-1 mice were acquired from
Charles River. LIFR +1— mice, generated on the 1295 background, were obtained from
the Jackson Laboratory (Bar Harbor, ME). They were bred in our facilities to expand the
colony and allow generation of heterozygotes and wildtype littermates. NCAM +1— mice
were generated on the C57BL/6 background, and were agenerous gift from Dr. R. Dyck,
University of Calgary. Male mice were solely used in this study, as females of all ages
and strains proved intractable to the behaviour training. Stocks were maintained in the
University of Calgary Bioscience and Health Sciences Animal Resource Centers. Heterozygosity was determined in the LIFR and NCAM mutant strains by PCR amplification
of the neo insert. Primers for neo detection were: 5'-CTTGGGTGGAGAGGCTATTC3' (sense strand) and 5'-AGGTGAGATGACAGGAGATC-3' (antisense strand). These
amplified

a 280

bp

product.

CAGCGGCTTCACCAGAGCATC-3'

Primers

for

NCAM

(sense)

detection
and

were:

5'5'-

CGAATGTGTTTGTGTGTGCGT-3' (antisense), producing a 250 bp product. As the
LIFR —I— do not survive past birth (Ware et al., 1995), PCR detection of LIFR was unnecessary. Amplification was carried out using Taq DNA polymerase (Invitrogen) for 35
cycles of denaturing (94°C, 60 seconds), annealing (51°C, 60 seconds) and extension
(72°C, 75 seconds).
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3.2

Olfactory discrimination
Mice were separated into individual cages and water-deprived for twenty-four

hours. All testing was conducted in the home cage, and trial sessions consisted of two
stages: atraining stage and atesting stage. For the training stage, 12pJ of double-distilled
water were placed in asterile 35x 10mm tissue culture dish, and 8.5 jl of coconut extract
(COC) were applied to the water's surface. This initial combination of double-distilled
water and COC served as areward for response, and was designated [+]. The dish was
placed at one end of the cage, and the mouse was allowed 2minutes to find and drink the

[+J.

Once the mouse finished drinking, the dish was removed and replaced with afresh

[+J

solution after a30-second inter-trial interval. This was continued for atotal of 5trials.

For the sixth trial, Ipresented the mice with culture dishes containing 8.5j.tl of almond
extract (ALM), applied to the surface of 12pi of a 1% solution of denatonium benzoate
(DB) (Sigma). This combination of ALM and DB was designated

H.

As DB is ex-

tremely bitter, however, the mice found it extremely aversive, and learned to associate the
bitter taste with the smell of ALM. Thus, the animals subsequently avoid drinking the
Iconducted four more trials with
the

[-],

[-]

H.

to ensure that the mice had indeed learned to avoid

and with this concluded each training stage. In the testing stage, Ipresented the

animals with two dishes, one of which contained [+] while the other contained

[-].

The

mice thus had the option of selecting which dish to drink from, again within the twominute time limit. A successful discrimination was one in which the mouse tasted or
drank the [+]. There were three criteria for failure: a) If the mouse chose the
than the

[+];

{-]

rather

b) If the mouse chose the [+], but within 30 seconds after that selection,
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went on to select the

[-],

indicating that it could not effectively discriminate between the

two; c) If the mouse made no selections in the two minutes allocated to each trial. In a
failed discrimination, both dishes were immediately removed from the cage, concluding
the trial. This continued for atotal of ten trials per testing stage. Ialternated the positions
of [+] and

[-]

at random from trial to trial to prevent the mice from making selection de-

cisions on the basis of location. Furthermore, two extra trials, in which both dishes contained only [+], were inserted at random within the body of the testing stage. The mouse
was thus trained to believe that there may be two possible solutions to any discrimination
trial, and ensured that it would sniff at the

[-]

even after correctly selecting the [+] in a

trial. Thus, the theoretical minimum performance per session (percent of successful discrimination trials out of the total number of trials) becomes 0%, instead of the 50% success rate expected at chance levels, and the power of the task is subsequently increased.
In further sessions (specifically, in the generalization gradient) the COC and ALM in the
[+] and

[-]

respectively were replaced with various mixtures of both COC and ALM. In

each case an appropriate training stage, using the new

[+]

and

[-J,

preceded the testing

phase.

3.3

Olfactory memory consolidation
Each mouse was trained on abasic olfactory discrimination task as described

above, in the home cage and after 24 hours of water-deprivation. Instead of continuing on
with more difficult discriminations, however, the mouse was then presented with aPetri
dish containing anovel odorant (see Table 1) in either water or DB. The only way for the
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animal to determine whether the solution was a [+] or a[-], therefore, was to drink it,
whereupon it could form amemory trace for the odour/quality association. Once this had
occurred, the dish was removed, and replaced 30 seconds later with one containing another novel odour of unknown quality. This continued for atotal of 8trials, involving a
total of 8novel odorants divided into 4[+] and 4H. Mice that did not sample all 8solutions presented were removed from the study. Twenty-four hours after these presentations, the odorants were paired into four simultaneous discriminations, using the same
procedures and criteria described previously. Only animals that had formed memories for
the odour qualities could thus succeed at the discriminations.

3.4

Histological and immunohistochemical analyses
Mice were deeply anaesthetized with pentobarbital and intracardially perfused

with 30m1 of 4% paraformaldehyde (PFA), followed by 30m1 of phosphate-buffered saline (PBS), pH 7.2. Brains were extracted and postfixed in PFA at 4°C overnight, followed by cryoprotection in 20% sucrose in PBS, again overnight at 4°C. The brains were
embedded in Tissue Tek O.C.T. (Sakura Finetek, Torrance, CA) and maintained at —80°C
until use. Fourteen-micron coronal sections were cut through the olfactory bulb with a
cryostat, placed on coated glass slides, and subjected to various analyses as described below.
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3.4.1

Immunohistochemistry
The following primary antibodies were used: mouse monoclonal anti-NeuN

(1:200; Chemicon) and rabbit polyclonal anti-calretinin (1:500, SWant). Sections were
post-fixed with acetone prior to immunohistochemistry for 30 seconds at room temperature, followed by washing with PBS. Primary antibodies were diluted in PBS with 0.3%
Triton-X and 10% normal goat serum. Sections were incubated in the primary antibody
solution overnight at room temperature, washed, and incubated with biotinylated secondary antibodies for one hour at room temperature, followed by another hour in streptavidin-conjugated Cy3 and Hoechst 33258. After rinsing with water, sections were
mounted in Fluorosave and viewed or photographed as appropriate.

3.4.2

Determination of GCL area
Coronal l4jim sections were selected that occurred just rostral to the accessory ol-

factory bulb. These were stained with Hoechst 33258 (Sigma) to label nuclei, and to reveal the detailed lamination of the olfactory bulb. Digital micrographs were acquired at a
Zeiss Axiophot fluorescence microscope; using tools available in the V for Windows
software package, the GCL was traced and the area calculated in square millimetres.

3.4.3

Determination of GCL density
Coronal 14ILm sections from the same olfactory bulb region as described above

were stained for NeuN. Three random fields within the main body of the GCL (excluding
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the subependymal zone) were selected per section; immunofluorescent micrographs were
acquired, and the total number of NeuN+ cells in each field was counted.

3.4.4

Quanti
fication ofperiglomerular cells
Coronal sections through the olfactory bulb were stained for calretinin as de-

scribed. Every eighth 14gm section, in the region starting from the anterior extent of the
accessory olfactory bulb and extending rostrally for 110 Oim, was selected for quantification; Icounted all calretinin+ cells in the glomerular layer of the right olfactory bulb.

3.5

Statistics
The Students' t-test was used to determine statistical significance where appropri-

ate; in other cases, Iperformed aone-way analysis of variance (ANOVA). Where present, "n" refers to the number of samples per indicated experimental group. Standard errors of the mean are represented in all error bars.
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4.

RESULTS

4.1

Development and characterization of arapid olfactory discrimination task•
To evaluate the functions of olfactory interneurons in the olfactory bulb, Ifirst set

out to develop aprocedure to evaluate olfactory discrimination. Many studies over the
years have utilized olfactory discrimination tasks to address various physiological and
behavioural questions. However, many of these tasks are hampered by disadvantages that
make them impractical for the current study. Such disadvantages include:
-

-

The requirements for cumbersome and expensive apparatus.
The requirement that test animals perform in an unfamiliar and artificial environment.

-

Training procedures that involve extensive chaining. These are successful
with rats (Williams, 1999; Slotnick et al., 2000), but prove too elaborate for
the somewhat diminished attention span and cognitive capacities of the
mouse.

-

Excessively lengthy training and assessment procedures, partly as aresult of
equally lengthy time spans between response and stimulus in some operant
conditioning tasks (such as lithium chloride associations).

-

-

Insufficient power to identify subtle differences in performance.
Inflexibility of extant procedures to modification of task to address different
questions.
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Figure 1. Schematic of the basic olfactory discrimination task.

Two month-old CD-1 or C57BL/6 mice were water-deprived and held in the test area for
24 hours prior to testing. They were provided freely with water for 15 minutes daily when
testing extended for more than one day. The circles represent the Petri dishes that were
presented to the animals. Solutions in the dishes consisted of either the
droplet of water, or the

[-J

[+] pipetted onto a

on adrop of 1% DB. Training on this basic discrimination

task preceded both the olfactory discrimination generalization gradient and the consolidation of olfactory memory task.

COC:ALM
100:0
in
distilled
water

5trials
Training
Stage

COC:ALM
0:100
in 1%
denatonium
benzoate

COC:ALM
100:0

5trials

COC:ALM
0:100

10 trials

Trial Stage
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As aresult, the first step in this project involved the development and characterization of
an olfactory discrimination procedure that would meet the requirements of this study. It
was developed with exclusively male 2 to 4 month-old CD-1 and C57BL16 mice. The
animals were water-deprived for at least 24 hours before all training procedures, such that
water became areinforcer. The training that followed is as outlined in Figure 1. Briefly,
double-distilled water was presented in asmall Petri dish in the animal's home cage until
the animal no longer reacted negatively to such anovel stimulus. A small amount of COC
as odorant was added to the water, forming asolution designated [+], for 5trials. For the
next five trials, the water was replaced with a1% solution of bitter denatonium benzoate,
and the COC with ALM; this solution was designated
found the

[—]

[—].

The animals, on sampling,

extremely aversive, and soon learned to associate the odour of ALM with

the bitter taste. These successive presentations of [+] or

[—]

were followed by 10 simulta-

neous presentations of both; the animals were now required to choose between solutions
based on their odours. The responses to this simple training procedure were extremely
favourable. While no actual quantification was performed, essentially 100% of 70

-

100

animal used over the course of this project acquired this basic discrimination, learning to
select [+] over

[—], often within asingle 45-minute training session.

It is possible that the mice may demonstrate innate preferences for one odorant
over the other (in this case, COC over ALM) even before the first exposure to either
odour. If this were the case, Icould not conclude from the performance of the animals
that they had learnt anything from the task. To clearly demonstrate learning, therefore, a
number of further experiments were conducted. Two to three month-old mice were pre-
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sented simultaneously with both COC and ALM in water for atotal of 10 trials prior to
the actual training procedure. The number of times the mice selected COC over ALM per
session were noted, and compared with the same after training (that is, after ALM was
associated with DB). Prior to training, the animals were as likely to select ALM as COC
(Figure 2a). After training, however, they demonstrated preference for COC on 85% of
the trials, indicating that they had learned astrong preference for COC after training. I
also examined the dynamics of response time, which is also astrong indicator of learning
or familiarity with atask (Bloom and Mudd, 1991; Hahn et al., 2002). A decrease in average response times over the course of astudy suggests that an element of learning has
indeed occurred. Accordingly, animals trained on the COC:ALM discrimination were
tested on the same discrimination the following day; their response times (time between
presentation and sampling of asolution) were also recorded. The animals responded 4
times faster on the second trial day than on the first (Figure 2b; P < 0.05; n= 10), thus
again verifying the occurrence of learning.
Various odour pairs were used over the course of this project. It was thus necessary to ensure that the nature of the odours had no significant effect on performance. To
demonstrate this, mice were trained on the odour discrimination task with different odour
pairings, or using ALM rather than COC in [+] and vice versa (Figure 3). In every case,
on average, the animals successfully selected [+] over

[-J

in 70% of presentations or bet-

ter; furthermore, there were no significant differences in performance with any of the
odour pairs (F> 0.05; n= 3). Thus, the choice of odours used in the experiments had no
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Figure 2. Performance on olfactory discrimination before and after training.

To confirm the efficacy of the training paradigm, preference for COC over AtM was determined before and after olfactory discrimination training in male 2 to 3 month-old
CS7BL/6 mice (n

=

2). In each Petri dish, 8.5,il of odorant were added to 12ILl of water or

1% DB solution. The number of times that the animals selected COC was expressed as a
percentage of total trials per session (a). Learning was also demonstrated in reduced response time with animals tested (n
1, Students' t-test.

=

10) on consecutive days (b). *P

<

0.05 versus Day
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Figure 3. Base olfactory discrimination using different pairs of odorants.

To verify that the efficacy of the olfactory discrimination task was independent of the
odours used, animals were tested using different odour pairs. In each case, odorant listed
on the left constituted part of the [+] solution; the odorant on the right was part of the

[-]

solution. In each Petri dish, 8.5/0 of odorant were added to 12d of water or 1% DB solution. Successful discriminations per trial session were expressed as percentages. COC:
Coconut extract; ALM: Almond extract; PEP: Peppermint extract.
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significant differences on performance. However, in terms of response time and general
appeal to the mice, the COC:ALM pair demonstrated the best results during training (data
not shown). Consequently, this pair was used in all subsequent discrimination experiments reported here (with one exception, which will be addressed later).

4.2

The olfactory discrimination generalization gradient
As most animals perform fairly well on olfactory discrimination between two dis-

tinct odours, assessment of differences in olfactory discrimination capabilities is only
possible when the task becomes more refined and difficult. The performance differences
that result are evident on agraph of performance against task difficulty, which Ihave
termed a generalization gradient. The original term 'generalization gradient' refers to
evaluation of performance on discrimination tasks in which stimuli are increasingly dissimilar to the stimulus to which the animal was initially trained (Guttman and Kalish,
1956). The graph that results takes the form of acurve in which performance is greatest
at the training stimulus, and least with the most dissimilar stimulus. Here, at any rate, the
concepts behind the generalization gradient were applied to evaluate fine differences in
discrimination between various animal groups.
The schematic for the generalization gradient is as shown in Figure 4. In this procedure, atrial session consists of several rounds of retraining and testing with increasingly similar odour pairs, such that the discrimination task becomes steadily more difficult. Thus, after the 'base' trial session using discrete odours, [+] and

[-1

then consisted

of both COC and ALM, at varying ratios. In every case, however, there was always more
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Figure 4. Schematic of the olfactory discrimination generalization gradient.

Each initial trial session began with around of training and assessment of discrimination
between discrete odorants. In following rounds, animals were retrained with and assessed
on each new pair of odorants. A complete trial session consisted of aminimum of 4
rounds of training and assessment; rounds were repeated as necessary to confirm results.
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Figure 5. Performance rebound on the olfactory discrimination generalization gradient with repeated testing.

Initial trial sessions revealed a generalization gradient curve that declined sharply towards the 60:40 concentration ratio (circles). When the testing was repeated three days
later, however, performance dramatically improved (squares) (n

=

2).
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COC than ALM in [+], and vice versa. Animals were then retrained on the new odour
pairs and tested on asimultaneous discrimination as before. The lower curve in Figure 5
(circles) shows adecrease in performance compared to the base discrimination when
contains COC and ALM at a70:30 ratio, and
and

[-]

{-J

contains the same at a30:70 ratio.

[+J

([+J

ratios were always complementary; thus for simplicity hereinafter, only the [+]

ratios will be shown.) The performance decline is even more dramatic when [+] is
COC:ALM 60:40. These results further reinforce the hypothesis that the animals are
demonstrating learning: the presence of both odorants in both [+] and

[-]

eliminates the

possibility that performance on the discrimination task is merely aresult of preference for
one odorant over the other.
A critical quality for any olfactory discrimination task is reproducibility. To determine the reproducibility of the olfactory discrimination generalization gradient, Icompared performance on the day of training to performance of the same animals three days
later. Surprisingly, the animals showed asignificant performance rebound in the second
trial session (Figure 5), which was maintained in subsequent trial sessions (data not
shown). The reasons for this rebound are unknown. Further testing indicated that performance did not demonstrate such significant rebound when the [+] contained odours at
ratios 58:42 and 56:44 (for example, see Figure 14). Vicarious trial-and-error (VTB) behaviours, in which the animals move their heads back and forth between stimuli as if in
conflict (Tolman, 1938), also became increasingly prevalent in all groups from the 58:42
discriminations, offering further evidence of the difficulty of the task. Thus, subsequent
testing using the olfactory discrimination generalization gradient evaluated performance
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at the following

[+]

odorant ratios: 100:0, 60:40, 58:42 and 56:44. Furthermore, trial ses-

sions became aminimum of two days long; this was to ensure that the data collected were
from after the rebound had taken effect.

4.3

Models of increased and decreased numbers of olfactory interneurons in the
olfactory bulb
Iproposed that an increase in olfactory neurons would lead to improvement in ol-

factory discrimination and impairment of olfactory memory consolidation. Isimilarly
proposed that adecrease in numbers of these neurons would lead to the opposite behavioural effects. To test these hypotheses required animal models representing both gainand loss-of-function.

4.3.1

Ageing
As mentioned extensively here and elsewhere, neural stem cells produce neural

progenitors that become granule and periglomerular interneurons in the olfactory bulb.
As olfactory neurogenesis continues throughout life (Luskin, 1993), Ithus asked whether
there is also an increase in the number of olfactory interneurons present in the bulb with
age. The GCL is the largest and most distinct layer of the olfactory bulb; it is also comprised largely of interneurons. An increase in the size of this layer over time should reflect an increase in the number of interneurons present (Figure 6). Coronal sections were
taken through the olfactory bulbs of 3 week, 2 month, 4 month and 24 month-old
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Figure 6. Coronal olfactory bulb sections of 3week and 24 month-old mice.

Inimunof[uorescence micrographs of 14.tm coronal sections through the olfactory bulbs
of male three week-old (a) and twenty-four month-old (b) C57BL/6 mice, labeled with
Hoechst (blue) to reveal stratification. Glomeruli are clearly visible as circular structures
at the periphery; the main cell layer in the middle is the granule cell layer. Scale bar,
100m. GL, glomerular layer; GCL, granule cell layer.

3weeks
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C57BL/6 mice. Sections just rostral to the accessory olfactory bulb were selected (for
purposes of stereological consistency), and the area of the GCL was measured using V
for Windows software. It was significantly greater in the 4and 24 month-old mice than in
the 3week-olds (P

<

0.05 and 0.01 respectively, Figure 7). GCL area was also signifi-

cantly greater in the 4and 24 month-olds than in the 2month-old mice (P < 0.05 in either
case). These results suggest that the number of intemeurons increase in the GCL with
age.
Such an increase in area may actually reflect acorresponding change in neuronal
density within the GCL. This is evident in the equation:
n=Ad
where n= total number of neurons; A = area of the GCL; and d= density of neurons in
the GCL (with bulb volume taken as directly proportional to area of the GCL in the selected region). Thus, an increase in neuron numbers may be reflected in an increase in
either GCL area or density. Furthermore, an increase in A may be balanced out by adecrease in d, and vice versa. Thus, to determine whether the increases in area resulted from
decreases in neuron density, Istained coronal sections with the neuronal marker NeuN.
Three fields in the GCL were selected per section, and the total number of neurons in
each was counted. There was a32% increase in neurons per unit area from 3weeks to 2
months (P < 0.01); 75% from 3weeks to 4months (P < 0.001); and 54% from 3weeks to
24 months (P
4months (P

<

<

0.05) (Figure 8). Neuronal density also increased 13% from 2months to

0.05), but did not change between 2months and 24 months, or between 4

months and 24 months. These results indicate that the increase in GCL area is not due to
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Figure 7. Increase in size of the GCL with age.

Fourteen-micron coronal sections through the olfactory bulb were stained with Hoechst.
Digital micrographs were captured at 5X; the perimeter of the GCL was outlined manually, and the area calculated using V for Windows software. The subependymal zone was
included in these calculations. *p

<

0.05 and

** P

Students' t-test (n =2 [3 weeks]; n=4 [2 months];

ii

<

0.01 versus the 3 week-old mice,

=6 [4 months]; n=3 [24 months]).
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Figure 8. Increase in density of neurons in the GCL with age.

(a—d) Immunofluorescence micrographs of NeuN+ granule cells in the GCL of mice at
ages 3weeks, 2months, 4months and 24 months, respectively. 14pm coronal olfactory
bulb sections of male C57BL/6 mice were stained for NeuN, which labels mature neurons. Three separate fields similar to those shown were selected at random from the GCL
in individual sections just rostral to the accessory olfactory bulb, and the number of
NeuN+ neurons was counted in immunofluorescence micrographs of each (e). *P
and

P < 0.01 with respect to the 3week-old mice, Students' t-test (n

6[2 months]; n= 12 [4 months]; n=4 [24 months]).

=

<

0.05

9[3 weeks]; n=
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progressive acellularity; in fact, the data reveal that an increase in neurons with age is reflected in increases in both GCL size and neuron density.
Iwent on to ask if there was also an increase in the numbers of periglomerular
neurons with time. These cells surround the glomeruli, which are distinct bundles of neuropil that are considered the primary signal processing centers in the olfactory bulb. Tmmunohistochemistry for the calcium-binding protein calretinin identifies most periglomerular neurons in the glomerular layer (Crespo et al., 1997), as well as granule cells in the
external GCL. To determine if there was achange in number of periglomerular neurons
with time, Ilabelled coronal sections with an antibody against cairetinin, and counted the
total number of calretinin+ cells in 10 representative sections through the bulb. There was
an steady increase in number of calretinin+ periglomerular cells between 3weeks and 24
months (Figure 9; F(3,7)

=

14.099, P < 0.01). These data are further verified by other

work from our lab showing asimilar increase in cells labelled for tyrosine hydroxylase
(TH), which is also expressed by periglomerular neurons (Shingo et al., unpublished observations). However, the number of neurons in the 4month-old mice (4933 ± 1034 cells)
was not significantly greater than in the 2month-old mice (4635 ± 498 cells). Nevertheless, in the 4month-old mice the periglomerular neurons were organized in aclearly defined pattern around and between the glomeruli, whereas in the younger animals the neuronal distribution seemed almost random (Figures 9a,b,c). This suggests that the
interneurons present before 4 months may be in afunctionally or structurally immature
state.
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Figure 9. Increase in number of periglomerular neurons with age.

(a-d) Inimunofluorescence micrographs of coronal sections through the olfactory bulb
glomeruli in 3 week, 2 month, 4 month and 24 month-old mice, respectively. The
periglomerular neurons were labelled with cairetinin and visualized with CY3-conjugated
streptavidin (red). Scale bar, 50j.xm. (e) Quantification of the number of periglomerular
neurons in the glomeruli of the ageing mice. Every eighth 14.tm coronal section in the
region 1100 pm rostral to the anteriormost aspect of the accessory olfactory bulb was
stained for calretinin, and all calretinin+ neurons in the glomerular layer of the right olfactory bulb were counted.
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Summarily, it would appear that, while progressive neurogenesis leads to an overall increase in the number of interneurons in the olfactory bulb with age, various unknown factors may contribute to restrain this increase between 2and 4months of age, specifically
in the glomerular layer. Iwill propose various explanations for this at alater point.

4.3.2

NCAM mutant mice
Factors other than the extent of neurogenesis may influence the behaviour and

performance on olfactory tasks in animals of different age. Ithus also examined mutant
animals whose phenotypes would result in astable decrease in number of olfactory bulb
interneurons as compared to age-matched wildtype littermates. An example of such an
animal is the mouse mutant lacking the neural cell-adhesion molecule (NCAM). Homozygous mutants have severely impaired migration of progenitors along the R.MS, and
consequently have reduced neurogenesis in the olfactory bulb (Hu et al., 1996; Chazal et
al., 2000). While homozygotes are viable, only heterozygote mice were available for this
study; Iwent on to inquire as to the olfactory bulb phenotype in these mice.
In similar fashion to the ageing model, Iasked whether there was adecrease in
GCL area in the mutant strains of mice. Coronal sections were collected through the OBs
of 6

-

12 month-old male NCAM +1— and NCAM +1+ mice. Analysis of sections as be-

fore with V for Windows revealed that the GCL was 22% smaller in the NCAM +1— than
in the NCAM +1+ mice (Figure lOa; P < 0.05). Ialso stained sections with NeuN and
examined the density of neurons in the GCL. There were 18% fewer neurons per unit
area
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Figure 10. Decreased number of granule cells in NCAM +1— mice.

Fourteen-micron coronal sections through the OBs of 6— 12 month-old male NCAM +1+
and NCAM +1— mice were used to calculate area and neuron density of the GCL as described in figure legends 7 & 8. (a) Graph represents GCL area in NCAM +1+ and
NCAM +1— mice. (b) Graph represents the total number of NeuN+ cells per field in
NCAM +1+ and NCAM +1— mice.
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Figure 11. Decreased number of periglomerular neurons in NCAM +1— mice.

(a, b) Immunofluorescence micrographs of calretinin+ neurons in the glomeruli of
NCAM +1— and NCAM +1+ mice, respectively. Scale bar, 5Opm. (c) Quantification of the
number of periglomerular neurons in the glomeruli of the NCAM +1— and NCAM +1+
mice (see Figure 9for technical details). *P < 0.05 versus NCAM +1+, Students' t-test (n
=3 [+1+]; n=2 [+1—]).
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in the NCAM +1— than in the NCAM +7+ mice (Figure lOb; P < 0.01). These data indicate that the mutant strains of mice have fewer granule cells than the wildtypes. Ialso
examined the numbers of calretinin+ periglomerular neurons in both groups. The NCAM
+7— mice had 37% fewer periglomerular neurons than the NCAM +7+ (Figure 11; P <
0.05), showing that the reduction in number of interneurons was pervasive in both granule and periglomerular populations. Thus, for the purposes of this study, the NCAM +1—
mice seemed suitable to analyze the effect of reduced numbers of olfactory interneurons.

4.3.3

LIFR mutant mice
A second genetic model analyzed was that of mice lacking LIFR. Previous work

in our lab showed that heterozygous mutant mice have fewer TH-expressing periglomerular neurons in the glomerular layer of the olfactory bulb (Shimazaki et al., 2001). I
asked whether such adeficiency in olfactory interneurons was evident using the same
techniques applied with the NCAM model. Olfactory bulbs of 6—7 month-old LIFR +1—
mice and their LIFR +7+ littermates were sectioned coronally, and the areas of the GCLs
were determined with V for Windows. The areas of the GCLs were not significantly
smaller in the LIFR +7— than in the LIFR +1+ (Figure 12a; F(2,5)

=

0.229; P> 0.05).

There was also no difference in density of granule cells in the GCL (Figure 12b). These
data indicate that, surprisingly, there was no difference in number of granule cells between the LIFR +1— and LIFR +7+ mice. Iwent on to label further coronal sections for
cairetinin and, as before, count the number of calretinin+ cells in the glomerular layer. In
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Figure 12. Number of granule cells is unchanged in LIFR +1— mice.

Fourteen-micron coronal sections through the OBs of 6

-

7 month-old male LIFR +1+

and LIFR +1— mice were used to determine area and neuron density of the GCL as described in Figures 7& 8. (a) Graph represents GCL area in LIFR +1+ (n
+1— (n

=

=

1) and LIFR

4) mice. (b) Graph represents the total number of NeuN+ cells per field in LIFR

+1+ (n =9) and LIFR +1— (n

=

12) mice.
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Figure 13. Decreased number of periglomerular neurons in LIFR +1— mice.

(a, b) Immunofluorescence micrographs of coronal sections through the olfactory bulb
glomeruli, labelled for cairetinin, in LIFR +1— and LIFR +1+ mice, respectively. Scale
bar, 5Opm. (c) Quantification of the number of calretinin+ periglomerular neurons in the
glomeruli of the LIFR +1—
details).
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2) mice. (See Figure 9for technical
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this case, there were 52% fewer periglomerular neurons in the LIFR +1— than in the LIFR
+1+ (Figure 13; P < 0.001). The glomeruli did not appear to be smaller in the +1— mice;
however, the sheer density of neurons surrounding some of the glomeruli was reduced, as
is evident in the figure. Given that both neuronal populations arise from the same pool of
progenitors that migrate from the SVZ, the tacit assumption is that differences in the
numbers of granule cells would be reflected in similar differences in the number of
periglomerular neurons. As such, the reasons for the asymmetry seen here are unknown,
but may result from regional differences in programmed cell death.

4.4

Influence of neural stem cell-generated interneurons on olfactory discrimination
Ihave shown in the previous section that there is arobust increase in the number

of interneurons present in the GCL of the bulb as the mouse ages. There is asimilar trend
in the absolute numbers of periglomerular cells in the glomerular layer; however, the 2
and 4 month-old mice were not significantly different in this respect. NCAM +1— mice
demonstrate reduced complements of periglomerular and granule cells, compared to the
NCAM +1+; however, the LIFR mutant mice only demonstrated such reductions in numbers of periglomerular cells. Ihave also characterized atask to evaluate the animals' capacities for olfactory discrimination. Icould now ask whether either or both populations
of interneurons play arole in olfactory discrimination. Given that increases or decreases
in the number of neurons in one cell layer are not necessarily reflected in the other layer,
Iproposed that this unevenness should be reflected in similar asymmetries in the behav-
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ioural differences between the animals in the various models. This should also offer a
chance to isolate the individual functions of granule and periglomerular neurons.

4.4.1

Ageing and discrimination: proposed gain-of-function across time
Male 2, 4 and 24 month-old C57BL/6 mice were trained on the olfactory dis-

crimination task as described, and evaluated on their performance with an olfactory discrimination generalization gradient. (Three week-old mice were not included in this
analysis. This is because the intention was to specifically examine the role of the olfactory bulb in olfactory discrimination, without the possible confounding effects of an immature olfactory epithelium in the weanlings. In the memory consolidation experiments,
however, the three week-old mice were included, as the influence of the olfactory epithel
i
um on formation of new memories is presumably negligible.) The results are shown in
Figure 14. Animals in all groups were equally adept at olfactory discrimination when the
odours were discrete (that is, when COC:ALM ratios in [+] were 100:0), averaging 80

-

90% success rates. At 60:40, however, differences manifested: performance of the 24
month-olds declined sharply, such that they succeeded at only 20% of the discriminations
compared to an after-rebound performance of 88% with the 2 month-olds. The differences persisted through 58:42, where the 24- and 2-month-olds succeeded at 5% and 65%
of the discriminations, respectively. At 56:44, the performance of the 2month-olds declines (21%) such that it is no longer significantly different from that of the 24 montholds (7%; F> 0.05). Analysis of the 4month-old mice, on the other hand, revealed that
they performed essentially identically to the 2 month-olds at 100:0 and 60:40.
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Figure 14. Performance on the olfactory discrimination generalization gradient in 2,
4and 24 month-old mice.

Male C57BL/6 mice were trained and assessed on an olfactory discrimination generalization gradient using COC and ALM as odorants. Ratios along the abscissa represent
COC:ALM concentration ratios used in [+] (top line) and in

{-]

(bottom line). The num-

ber of successful discriminations per trial session was expressed as apercentage of total
trials per session. *P

<

0.05, **P
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Differences emerged in the more stringent discriminations, in which the 4 month-olds
performed significantly better than the 2month-olds. The 4month-old mice succeeded at
83% of the discriminations at 58:42, versus 65% for the younger mice; furthermore, 4
month-old performance was 43% at 56:44 compared to 21% in the 2 month-olds. Performance in general on the discrimination could be summarized like so: 4 months
months

>>

>

2

24 months.

Considering that the 2 and 4 month-old mice were surprisingly different only in
terms of number of granule cells present, this difference in behaviour performance suggests that the granule cells, and not the periglomerular cells, are responsible for discrimination. This, however, cannot account for the diminished performance of the 24 montholds, which had the most granule cells of any group. Alternately, the actual deciding factor may be the extent of neurogenesis in the olfactory bulb, as discussed previously.
Other work in our lab has clearly shown areduction in proliferation in the SVZ and RMS
in the aged (24 month-old) mice, compared to the 2month-olds, that ultimately leads to
fewer new neurons being produced in the aged olfactory bulb (Shingo et al., unpublished
observations). On the surface, this would indicate that reduced neurogenesis in the GCL
impairs olfactory discrimination. While we cannot draw such aconclusion based solely
on the data presented so far, it is certainly apossibility examined further in the next series
of experiments.
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4.4.2

NCAM and LIFR models. proposed loss-of-function
The results from the ageing animals in terms of olfactory discrimination suggest

that there is indeed adifference in ability to discriminate between similar odours, which
may result in part from the differences in neurogenesis present at different ages. However, as discussed before, the very nature of the experimental groups is such that various
other age-related factors may enter the foray and lead to unusual and unexpected results.
Thus, to eliminate the possible confound of age, and to add strength to the collected body
of evidence, Ievaluated the NCAM and LIFR mutant strains of mice on the olfactory discrimination generalization gradient, and asked whether such reduced neurogenesis as
evinced by these strains would lead to impairment in the animals' olfactory discriminatory capacities.
Six to twelve month-old male NCAM +1— (n

=

6) and NCAM +1+ (n

=

7) mice

were trained on olfactory discrimination, and a generalization gradient was obtained.
Animals under this genetic background (which was C57BL/6, but the extent of backcrossing is unknown) demonstrated amarked aversion to COC and ALM; consequently,
adifferent odour pair, rose water (ROS) and orange blossom water (ORB) were used in
[+] and

{-]

respectively. Results are as seen in Figure 15. Both NCAM +1— and NCAM

+1+ mice performed rather poorly on base discrimination tasks as compared to the twoand four month-old animals assessed previously (even after meeting criterion on the successive discriminations), demonstrating the importance of controls derived from the same
genetic background. Otherwise, the shape of the generalization current was similar in
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Figure 15. Performance on the olfactory discrimination generalization gradient in
NCAM +1— and NCAM +1+ mice.

Male 6to 12 month-old NCAM +1— (n

=

6) and NCAM +1+ (n

=

7) mice were trained

and assessed on an olfactory discrimination generalization gradient using ROS (rose water) and ORB (orange blossom water) as odorants. Ratios along the abscissa represent
ROS:ORB concentration ratios used in [+] (top line) and in

{-]

(bottom line). The number

of successful discriminations per trial session was expressed as apercentage of total trials
per session. *P < 0.05 with respect to the NCAM +1+ mice, Students' t-test.
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wildtypes from both backgrounds, with the exception of aslight peak shift in the NCAM
+1+ mice. Both NCAM +1— and NCAM +1+ animals succeeded at about 40% of the 100:0
discrimination tasks; however, the +7— mice performed significantly more poorly at 60:40
(16% versus 53%) and 58:42 (8% versus 34%; P < 0.05 in either case). There was no difference in performance at 56:44 (18% in the NCAM +1— and 27% in the NCAM +7+; F>
0.05). This further indicates that areduction in neuron numbers negatively affects olfactory discrimination. Overall, the performance of the +1— was notably similar to that of the
aged animals in the previous experiment, suggesting that similar factors may contribute
to their performance.
Finally, Iobtained ageneralization gradient from 6 7month-old LIFR +1— and
-

LIFR +1— mice (n =4 for each group). Here, Iwas again able to use the COC:ALM odour
pair in training and assessment. There were no significant differences in performance between groups at 100:0 (Figure 16; LIFR +1+: 87.5%; LIFR +7—: 80%) or at 60:40 (LIFR
+1+: 55%; LIFR -i-I—, 22.5%; F> 0.05). However, the LIFR +1— mice performed significantly worse than their LIFR +1+ counterparts at 58:42 (7.5% versus 35%) and 56:44 (0%
versus 20%). This suggests, yet again, that the total number of neurons present may affect
the animals' ability to carry out olfactory discriminations.
The collected data on ageing, NCAM and LIFR mice allow for auseful concluding synthesis. The only significant commonality between the olfactory bulb phenotypes
in the NCAM and LIFR mutant mouse strains is in the reduction in the number of
periglomerular neurons in the glomerular layers of both. It is particularly noteworthy that
the LIFR mice did not show aneuron number phenotype in the GCL. This, coupled with
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Figure 16. Performance on the olfactory discrimination generalization gradient in
LIFR +1— and LIFR +1+ mice.

Male 6 7month-old LIFR +1—
-

(ii

=4) and LIFR +1+ (n

=

4) mice were trained and as-

sessed on an olfactory discrimination generalization gradient using COC and ALM as
odorants. Ratios along the abscissa represent COC:ALM concentration ratios used in [+]
(top line) and in
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sion was expressed as apercentage of total trials per session. *P
the LIFR +1+ mice, Students' t-test.
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the data presented in this section, strongly indicates that the periglomerular neurons may
be the critical elements in olfactory discrimination. Then again, the evidence from the
previous section, specifically as it relates to the 2and 4month-old mice, would suggest
otherwise. This leaves neurogenesis as the only feasible explanation; to be exact: ability
to perform olfactory discriminations may improve with the number of new periglomerular neurons in the olfactory bulb, and deteriorate with reduction in numbers of the same
neurons. This revised hypothesis, applied retroactively, would account for the performance difference between the 2and 24 month-old animals, the latter of which have significantly reduced neurogenesis. Data on the extent of neurogenesis in 2 month-old mice
compared to 4month-olds are not available; nevertheless, the NCAM and LIFR performance differences are also explainable with the hypothesis revision. This does not completely eliminate the role of the granule cells in discrimination, as they may still be responsible for the differences between the 2 and 4 month-old mice, but it establishes a
possible priority of involvement of the periglomerular neurons in this role.

4.5

Modification of the olfactory discrimination task to assess ability to form new
olfactory memories
As discussed in the Introduction, work in other labs suggests that the olfactory

bulb may play arole in olfactory memory formation. To study animals' ability to form
new olfactory memories, the olfactory discrimination task was modified to take advantage of the rapid, essentially one-trial learning that mice demonstrate with that task, as
well as the tenacity of the acquired memory. The schematic for the test of olfactory
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Figure 17. Schematic of the olfactory memory consolidation task.

Mice were initially trained on the basic olfactory discrimination (see Figure 1) prior to
training on this task. Odorant solutions were initially presented successively; in the second part of the procedure, however, they were presented simultaneously.

Bitter

Tasteless

Odor I

Odor 2

4 bitter
solutions/odors

4tasteless
solutions/odors
24 hours

Assess memory for trained odors

82

Table 1: Odorants used in olfactory memory tasks

All odorants were used at their original concentrations, and in volumes of 8.51i1 per sample. For details of application, see the Materials and Methods section.
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Table 1: Odorants used in olfactory memory tasks
Rosewater
Cinnamon
Orange Blossom
Orange
Imitation Brandy
Artificial Maple
Lemon
Vanilla
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memory consolidation is shown in Figure 17. Animals were trained on the basic olfactory
discrimination task as usual. They were then presented with eight Petri dishes, successively, that contained either water or DB in eight novel odours (see Table 1). These
odours thus acquired either [+] or

[-]

associations. After the mice had sampled all the so-

lutions (and the necessary associations were presumably learned), they were left for 24
hours, whereupon the various [+] and

[-J

solutions were paired and re-presented in asi-

multaneous discrimination. Thus, Iused this to ask whether the animals had formed
memories for which solutions represented

[+]

and which were

H.

Results were ex-

pressed as the percentage of simultaneous olfactory discrimination tasks that were executed successfully.

4.6

Influence of neural stem cell-generated interneurons on formation of olfactory memories
The evidence suggested by previous studies on the olfactory bulb and memory

(Kendrick, 1994; Brennan et al., 1998; Okutani et al., 1999; Rumsey et al., 2001) indicates that GABA may impair formation of olfactory memories. As granule and
periglomerular cells are the primary producers of GABA in the olfactory bulb, Iasked
whether these neurons have arole in forming new olfactory memories, using the different
animal models characterized previously.
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Figure 18. Ability to form new olfactory memories declines with age.

Male C57BL16 mice of ages 3weeks (n
months (n

=

=

6), 2months (n

=

6), 4months (n

=

7) and 24

8) were trained on basic olfactory discrimination and presented successively

with 4novel [+] and 4novel
later, the [+] and
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4.6.1

Ageing and memory consolidation
Itrained male C57BL/6 mice of ages 3weeks, 2months, 4months and 24 months

on the basic olfactory discrimination task, and evaluated their abilities to form memories
for the novel odours using the procedure described. The 3 week-olds (n

=

6) demon-

strated the greatest performance at memory consolidation, succeeding at 92% of the recall-based discriminations (Figure 18). The two month-old mice (n

=

6) had a71% suc-

cess rate, though this was not significantly different from the results from the 3week-old
mice. These weanlings, however, did perform three times better than the 4 month-old
mice (n

=

7), which succeeded at 32% of the tasks (P

the 24 month-old mice

(ii

=

<

8), which averaged 44% (P

0.00 1), and over twice as well as
<

0.001). It is worth noting that

the 4month-old mice did not perform better than the 24 month-olds, in spite of the presumed general memory deficits of the aged animals. This reinforces the notion, discussed
earlier in the Introduction, of an olfactory bulb-based memory system that deals solely
with olfactory information and is largely independent of the other cerebral regions more
traditionally associated with memory. It is also worth mentioning that the 2 month-old
mice performed significantly better than the 4 month-old mice (P

<

0.01), which have

more granule cells but the same number of peiglomemlar cells. In light of the previous
discussion about roles for the different neuron populations, this suggests that the granule
cells may be those principally responsible for olfactory memory

-

or rather, as my initial

hypothesis held, granule cells may impair olfactory memory formation.
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Figure 19. NCAM +1— mice demonstrate improved ability to form new olfactory
memories.

Male 6to 12 month-old NCAM +1— (n

=

5) and NCAM +1+ (n

=

5) mice were trained on

basic olfactory discrimination and presented successively with 4novel [+] and 4novel
]in random order in the home cage. Twenty-four hours later, the

[+]

and

[-]

[-

were paired

in an olfactory discrimination to determine whether the animals had acquired memories
for the odorant associations. Results were expressed as the percentage of successful discriminations per trial session.
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Figure 20. LIFR +1— mice are unchanged in their ability to form new olfactory
memories.

Male 6to 7month-old LIFR +1— (n

=

8) and LIFR +1+ (n =7) mice were trained on basic

olfactory discrimination and presented successively with 4novel [+] and 4novel
random order in the home cage. Twenty-four hours later, the [+] and

[-] in

[-1 were paired in an

olfactory discrimination to determine whether the animals had acquired memories for the
odorant associations. Results were expressed as the percentage of successful discriminations per trial session.
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4.6.2

Olfactory memory formation in NCAM and LIFR mutant mouse strains
Iwent on to ask whether differences in ability to form olfactory memories were

evident as phenotypes in the mutant mouse strains. On evaluation of 6

-

NCAM +1— (n

=

5) and NCAM +1+ (n

=

12 month-old

5) mice, Ifound that the +1— mice succeeded at

the task twice as often as their NCAM +1+ counterparts, (50% success versus 25%; Figure 19; P < 0.05). When Iasked the same question with 6 7month-old LIFR +1— (n
-

8) and LIFR +1+ (n

=

=

7) mice, however, there was no difference in performance, though

the trend, if anything, favoured the LIFR +1+ mice (Figure 20; P = 0.063). Inoticed while
running these behavioural analyses that the mice under the LIFR background in general
had significantly reduced attention span compared to outbred C57BL16 mice. Since the
test of olfactory memory formation is more susceptible to distractors than the olfactory
discrimination generalization gradient, attention deficits are likely more detrimental to
the data acquired. Nonetheless, taking the data from the ageing groups and the NCAM
mice together, it appears that an increase in the number of granule cells correlates with,
or leads to, an impairment in ability to form new olfactory memories.
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5.

DISCUSSION

The principal results of this study are as follows: first, Ihave established and
demonstrated the utility of arapid task to evaluate olfactory discrimination in male mice.
This procedure reveals that mice have an unexpected ability to improve their performance
on olfactory discrimination upon retest. Second, the ability of the mice to discriminate
between discrete odours is invariant regardless of the number of interneurons present in
the olfactory bulb. However, there appears to be adecrease in ability to discriminate between similar odours, that correlates with adecrease in olfactory interneurons in two mutant mouse strains. The opposite trend is the case in the ageing animals, where 24 monthold animals, which have the most interneurons, demonstrate amarked impairment in olfactory discrimination. Third, animals with fewer interneurons in the GCL are more capable of forming new olfactory memories. This holds with both mutant and ageing animals; however, the 24 month-old animals do not exhibit the impaired olfactory memory
formation the hypothesis would suggest based on their olfactory interneuron complements.

5.1

Cognitive and classical theoretical perspectives on olfactory discrimination
Olfactory discrimination studies have become increasingly common over the

years, particularly in the more behaviourally tractable rat. However, there are various
shortcomings in the approaches taken with most recent ventures into olfactory discrimination, largely due to neglect of the hard-earned insights into learning and cognition ac-
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quired over the past century. To justify the current effort, Iwill briefly summarize the key
concepts that apply to paradigms such as are used in this project, and establish the context
as it exists with respect to other recently published studies.
The original impetus behind animal behaviourism lay in the belief that the elements that underlie animal behaviour are universal, and as such could provide information about the underpinnings of our own cognitive processes (Mandler, 2002). Pavlov
was among the first to dedicate controlled experimental analyses to the study of animal
behaviour and learning. His work on what is now known as classical conditioning (Pavlov, 1927) set aprecedent for isolation of basic parameters of learning. However, more
important than the behaviours themselves are the mental processes involved in drawing
the necessary associations between stimuli and responses (Thorndike, 1898; 1911). Following adescription of the basic learning paradigms, it is thus possible to provide explanations for the various critical components of the olfactory discrimination generalization
gradient, with examination from the points of view of the two primary schools of thought
on animal learning and behaviour.

5.1.1

Classical conditioning
A valid example of the transference of learning paradigms from the animal model

to the human condition, as it were, lies in the concept of classical conditioning. As mentioned previously, this arose from Pavlov's seminal work along these lines, the essence of
which hardly requires detailed exposition in this thesis; his words in Lecture XXIII of his
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treatise "Conditioned Reflexes: An Investigation of the Physiological Activity of the
Cerebral Cortex" (1927) aptly describe the analogy:
We all know how associations, once established and acquired between definite stimuli
and our responses, are persistently and, so to speak, automatically reproduced, sometimes
even although we fight against them.. .Again, we know how weak and monotonous stimuli render us languid and drowsy, and very often lead to sleep. We are also well acquainted with different cases of partial alertness in the case of normal sleep, for example
asleeping mother next to her sick child. All these phenomena are analogous to those constantly met with in our animals as described in the preceding lectures.
Pavlov showed that presenting hungry dogs with food, an unconditioned stimulus (UCS),
elicited salivation, the unconditioned response (UCR). When the same dogs were exposed to the sound of ametronome, the conditioned stimulus (CS), right before the UCS,
over time the CS was sufficient to elicit the UCR. Evidently, the experimental paradigm
evoked an association between the CS and the UCR that normally exists between the
UCS and the UCR. Pavlov was unable to explain the nature of or reason for this association, dismissing it as resulting from linked regions of activity in the brain. Given that the
nature of the association is critical to an understanding of the processes involved, it has
been the focus of extensive study over the intervening years since.

5.1.2

Operant conditioning
The nature and order of response to contingencies separates classical conditioning

from the other major learning paradigm, operant conditioning or instrumental learning.
Whereas classical conditioning places the stimulus before the desired response, in operant
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conditioning the animal's response determines the nature of the stimulus provided
(Mackintosh, 1974). In operant conditioning, the experimenter creates the stimulus as a
desirable or undesirable outcome of aresponse, to either increase or decrease the frequency of aparticular response. A common example is bar-press training, in which pressing abar in a Skinner box (response) produces apellet of food (stimulus). When the
stimulus is desirable, and increases the frequency of aresponse, the stimulus is areinforcer, and the paradigm becomes one of positive reinforcement. By and large reinforcers
increase the probability of aresponse; thus, when the experimenter increases this probability by providing the opportunity to escape an undesirable stimulus, anegative reinforcement is in place. The process of behaviour modification to favour aparticular response

-

aprocess known as "shaping"

-

may also involve requiring the animal to inhibit

aparticular response. For instance, pressing the bar while alight is on in the test chamber
may induce afoot shock. Such would constitute apunishment paradigm. In either case,
the parameters recorded depend on the questions asked, and may include response time,
response accuracy, or response frequency. The choice of parameters measured, however,
is significant: errors in conclusions drawn from experiments often result from incorrect
assumptions made about the relationship between the measured parameter and the assessed behaviour. Other factors critical in establishment of astimulus-response (S-R) relationship in operant conditioning include: time between response and reward (in general,
the less time, the better) (Kirkpatrick and Church, 2003), nature of the reward (Terrell
and Kennedy, 1957), and drive/motivation to achieve the reward (Kalivas and Nakamura,
1999).
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5.1.3

Theories of associative learning
As mentioned previously, rationalization of the fundamental processes behind the

various forms of learning has taken precedence over mere examination of the processes
themselves. Traditional learning theory, or behaviourism, was based largely on the early
work by Pavlov and Thorndike (Mackintosh, 1974). Various aspects of behaviourism determined that, appropriate to the name, learning only occurred when it was evident in a
manifested behaviour. Examples of theories that fall under the behaviourist banner include Guthrie's Contiguity Theory (Guthrie, 1935, 1938; Guthrie and Horton, 1946),
which held that proximity in space and time between stimulus and response is sufficient
for formation of an association between the two. Another example is Hull's Drive Reduction Theory (Hull, 1943), which stressed the importance of drive on behaviour. Hull held
that formation of a S-R association was only possible when it satisfied the animal's
needs. In either case, aparticular concept
-

-

time, in Guthrie's theory, and drive in Hull's

formed the operating tenet around which the various theorists based their views of

learning in general.
Classical learning theory suffered from two primary drawbacks that limited its
utility to solving behavioural problems. First was the fact that behaviourist theories disavowed the use of memory and such cognitive processes by animals. Take for instance
the behaviourist assumption that if no response was seen in either instrumental or classical conditioning, then learning had not occurred. Animal studies have since found this
assumption to be incorrect. In cases of what is known as conditioned inhibition (Rescorla,
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1969; Dickinson, 1980), an animal can learn that a CS predicts the absence of an unpleasant UCS, such as ashock. In such an instance, the animal will demonstrate no overt
behaviour that signals such learning (whereas if the CS were to predict the UCS, an UCR,
such as flinching, may occur). A behaviourist would say that learning had not taken
place. Rescorla, however, took advantage of the fact that an animal that has learned aparticular association would take longer to acquire areversal (such that the CS now predicts
the presence of shock) than anaïve animal to clearly demonstrate that learning had occurred in the conditioned inhibition paradigm.
The second drawback of behaviourist theories was that they were often oversimplistic, vague, and not particularly descriptive of underlying processes in both overt and
silent behaviours, particularly in view of the current extreme trend of reduction of behaviour to neuroscience (Bickle, 1995). The theories of Pavlov, Guthrie and Hull cited earlier
exemplify these shortcomings. As a result, contemporary frameworks for analysis of
learning, which rely heavily on precepts of cognition, have almost entirely superseded
behaviourism and associated theories of learning.

5.1.4

Contemporary applications of learning theory
To return to the issues Iraised in the past section, the revolutions in thought that

accompanied the entry of cognitive behaviourism into the scene of animal psychology
stressed aprocess-based approach to experimental queries, or, to coin aphrase, the "howdoes-the-mouse-see-it" philosophy. The danger is that these are being abandoned for a
system of reductionism that has more to do with basic science than cognitive psychology.
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Case in point: several olfactory studies (such as Gheusi et al., 2000; Matsumoto and Mizunami, 2000; Ruan et al., 2001; Rochefort et al., 2002) make use of time spent by the
animal performing acertain action, or drinking from particular solutions, as measures of
discrimination or learning. While these approaches may produce volumes of data, it is
uncertain whether the questions answered are the questions asked, since these methodologies appear to record features of behaviour rather than behaviour itself. While the
process of asking explicit questions of animals is understandably difficult, it is certainly
possible, and, where properly applied, reinforces the validity of data so obtained.
Another advantage of the currently applied paradigm is in its ability to examine
behaviour with an ease normally only possible with the rat. It is possible to automate olfactory discrimination tasks very similar to this one with rats in an olfactometer (Lu and
Slotnick, 1999), which offers high, reliable productive throughput, but with fairly high
cost. The olfactometer-based olfactory discrimination tasks also use the go-no go task,
which is very similar to the procedure used in this study. The olfactory discrimination
task here, in comparison, requires fewer resources and less time (training and evaluation).
It furthermore allows testing in the home cage, which is anotable boon considering that
the mice used in this study do not take well to foreign environments such as aSkinner
box (my own observations). These features, which were mentioned in the Results section,
combine to hopefully present as accurate apicture of the animals' responses in situ as
possible.
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5.1.5

The olfactory discrimination generalization gradient
The critical finding from this aspect of the current study is that, after learning a

basic olfactory discrimination task, mice exhibit aperformance rebound as they are presented with increasingly difficult discriminations. We can now examine possible reasons
for this under the light of the learning paradigms employed in the discrimination task.
The olfactory discrimination is effectively an operant conditioning task effected in two
components: positive reinforcement and punishment. Thirsty mice that drink the tasteless

[+]

solution receive areward of water, which reinforces their responses that involve ap-

proaching the presented Petri dishes. The problem with positive reinforcement alone appears when the discrimination task becomes more difficult: in atwo-stimulus simultaneous discrimination, the probability of selecting one stimulus over the other is
mathematically 0.5, or 50%. When the discrimination task becomes so difficult that the
mouse responds at random, it will theoretically still select
Thus there will only be an effective range of 50

-

[+]

over

[-]

50% of the time.

100% for the discrimination task. In-

creasing the effective range of the task required introduction of aconditional that restricts
the animal's freedom of response. The bitter DB, therefore, constitutes apunishment, and
serves to reduce the frequency of selection of H. When the discrimination becomes excessively difficult in a positive reinforcement/punishment paradigm, the animal's response theoretically becomes an all-or-none situation: given that the 50% chance of reward also constitutes a50% chance of punishment, the mice will only make aselection
when certain of the correct choice. (In reality, it is more likely that response also depends
on the delicate balance between thirst and desire to avoid the bitter solution.)
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The rebound in performance when the mice are tested over concentration ranges
from 100:0 to 60:40 is more difficult to explain, and introduces the question of precisely
what the animals learn during the training. In a2-choice simultaneous discrimination task
of this sort, there are two possibilities for how the animal learns to negotiate the discrimination: a) it learns what to approach,
learns what to avoid

([—])

[+]

in this case, and ignores everything else, or b) it

and approaches everything else. The question is thus whether

one, and only one, of the stimuli controls performance. Many have attempted to solve this
problem over the years (Spense, 1936; Zeaman and House, 1963; Mullins and Winefield,
1979; Stevens et al., 1981), but in this case the precise answer is irrelevant. The issue is
that after the basic discrimination training at 100:0 with COC and ALM, both COC
(which is initially only in [+]) and ALM are present in both stimuli. A mouse that, say,
initially learns to choose the [+] and ignore everything else may become confused by the
presence of COC in both stimuli. It is thus possible that the initially poor performance in
the 100:0

-

70:30 range results from this confusion, and that the rebound results from

adoption of aseparate learning strategy that resolves the perceived conflict.

5.2

Control of neuron number in the olfactory bulb
One of the significant and unexpected findings from this study was the fact that

the two primary groups of interneurons in the olfactory bulb apparently have entirely
separate population dynamics. While there was an increase in the number of neurons in
the GCL between 3weeks and 24 months of age, there was no such increase in the numbér of cairetinin-positive interneurons between the two-month and four-month-old mice.
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Similarly, adecrease in the number of calretinin-positive periglomerular neurons in the
LIFR +1— mice was not reflected in the population of granule neurons. While it is certainly possible that this effect results from the mutation, it seems unlikely in the face of
similar evidence in the wildtype, ageing model. It would thus appear that, while the influx of progenitors from the RMS is obviously the primary determinant of olfactory bulb
neurogenesis, it does not necessarily contribute neurons to both layers in equal proportions. The GCL contains significantly more interneurons than the glomerular layer, and
also receives most of the new neurons that differentiate from the RMS progenitors (Betarbet et al., 1996). This raises another question in itself: are the progenitors specified to
become granule or periglomerular neurons in the olfactory bulb, or in the SVZ, prior to
migration in the RMS? There are no conclusive answers to this question to date.

5.2.1

Differential neurogenesis
The questions of where and how neuronal progenitors are specified to aparticular

olfactory interneuronal fate are difficult ones, and have received little in the way of focused investigation. The tritiated thymidine studies by Hinds (1968a; 1968b) suggest that
both granule and periglomerular cells arise at the same time during development. However, Bayer (1983) showed that agreater proportion of periglomerular cells are produced
prenatally than granule cells. This could be interpreted as resulting either from the actions
of separate progenitor populations (a greater proportion of presumptive periglomerular
cell progenitors than granule cell progenitors before birth), or from an alteration of conditions for neuronal differentiation between the prenatal and postnatal bulb. The little evi-
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dence there is suggests that the latter possibility may be more likely. Studies on prenatal
neurogenesis show that both granule and periglomerular cells arise from the same population of progenitors present in the LGB (Wichterle et al., 1999, 2001; Stenman et al.,
2003). This would argue against the existence of separate progenitors for both neuronal
types, at least as the situation applies to prenatal olfactory neurogenesis.
An examination of the literature intimates that determination of the fate of new olfactory interneurons may differ slightly from the embryonic situation. When mice are
given intracerebroventricular infusions of prolactin, which increases neural stem cell proliferation in the forebrain SVZ, the number of new granule cells produced in the bulb increases by 50%, whereas the number of new periglomerular cells doubles (Shingo et al.,
2003). In spite of the discrepancy in the influence on neurogenesis, there are still significantly more granule than periglomerular cells produced. An explanation for these results
could be that progenitor fate decisions are made within the SVZ by the resident neural
stem cells, and that such fate choices are skewed by the prolactin infusion. This is indirectly supported by evidence in the olfactory bulb that periglomerular neuron progenitors
begin to express TH nIRNA, which is characteristic of amature fate, before they integrate
into the glomerular layer proper (Baker et al., 2001). This should not be possible if these
progenitors require signals from the glomerulus to differentiate. Though asolid stand on
this matter would require significantly more evidence, it appears that neural stem cells
may play avery active role in the precise nature of neurogenesis in the olfactory bulb.
Given ahypothesis that olfactory interneuron fate decisions are made with neural
stem cells, or at least very early SVZ progenitors, it is possible to suggest reasons for the
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particular phenotypes exhibited by the animal models in this study with respect to their
granule and periglomerular cell numbers. Deficiency of LIFR may alter the forebrain
stem cells in such away that the bulb manifests adeficiency in periglomerular cells while
maintaining regular numbers of granule cells. The fact that the NCAM mutation does not
affect neural stem cells, when examined under the auspices of this hypothesis, would
suggest that both interneuronal populations be deficient in neurons in these animals

-

which, by evidence of this study and others (Gheusi et al., 2000), appears to be the case.
Nevertheless, it is interesting that in the infusion experiments, prolactin, areproductive
hormone of significant biological impact, would specifically favour the periglomerular
fate. This may be part of alink that extends from the olfactory epithelium in the periphery to intimately intertwine reproduction and environmental factors with the CNS, neural
stem cells and their progeny, and olfaction, and extends to ascope far beyond that of this
thesis.

5.2.2

Differential

apoptosis

Programmed cell death is aprominent regulatory feature in neurogenic regions of
the brain (Thomaidou et al., 1997), and the olfactory bulb is no exception. The GCL has
significantly more neurons than the glomerular layer (Gheusi et al., 2000). This is at least
in part because the majority of incoming progenitors become granule cells as amatter of
course. However, the extent of apoptosis may vary between the neurogenic cell layers in
the olfactory bulb, and there is some evidence to this effect. Winner and colleagues
(2002) gave rats intraperitoneal injections of BrdU, and examined the number of BrdU-
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and NeuN-positive cells in the olfactory bulb at various time points after injection. They
found that about 50% of the new neurons in the GCL died within two months of integration, as determined by TdT-dUTP nick end-labeling (TUNEL), whereas the loss of
periglomerular neurons was only about 33% over the same time period. Similar trends in
cell death have also been reported in other studies (e.g. Kato et al., 2000). Furthermore,
the cell death appears to be largely restricted to the newborn neurons, as those that survived the initial two-month period in either bulbar layer in the Winner et al. study remained in the bulb for much longer.
We can only speculate as to the reason for disproportionate pro-apoptotic effects
between the glomerular and granule cell layers of the olfactory bulb. One prospect lies in
the degree of synaptogenesis exhibited by periglomerular and granule neurons. Formation
of functional synapses plays asignificant role in promoting survival of young neurons in
the developing CNS. Neurotrophic factors produced by the target are necessary for survival of the young neurons, which die when, as is often the case, there are more neurons
present than the target can support (Henderson, 1996; Lossi et al., 2002). It is possible
that periglomerular neurons have apreponderance of potential targets, or are exposed to
survival-mediating neurotrophic factors. Electron microscopic studies reveal that the
periglomerular cells make synaptic connections with mitral and tufted cells, as well as
ORNs, while the granule cells synapse only on mitral and tufted cells (Mori, 1987). This
signifies that the olfactory epithelium may be critical for survival of periglomerular cells,
and consequently may be important in CNS-based olfactory behaviour. (The importance
of the olfactory epithelium in olfactory bulb-mediated behaviours will be discussed in
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further detail later.) Furthermore, neurotrophic factors such as nerve growth factor (NGF)
are present in both the olfactory epithelium and olfactory bulb (Yasuno et al., 2000;
Miwa et al., 2002); the NGF receptor (NGFR), however, is expressed postnatally only in
the olfactory nerve layer and the glomeruli (Vickland et al., 1991, 1992). Taken together,
these data strongly support ahypothesis for the differential maintenance of periglomerular cells in the olfactory bulb. When applied to the equivalence in number of periglomerular neurons in the 2and 4month-old animals, adifferent picture emerges: instead of the
four month-old mice having too few neurons, it seems more likely that the two month-old
mice have too many, such that the seemingly quite plastic mechanisms that control cell
numbers in the bulb take effect and slow down the rate of periglomerular neurogenesis
after the active period of synaptogenesis is complete.

5.3

The olfactory bulb and olfactory discrimination

5.3.1

Olfactory discrimination and ageing
In this study Iasked whether there was asignificant influence of the number of

adult-born interneurons in the olfactory bulb on olfactory behaviour. In the ageing model,
there was an increase in the number of granule cells between 3weeks and 24 months of
age. While the mice were only tested at ages 2months, 4months and 24 months, my initial hypothesis predicted that there would be an improvement in these animals' ability to
discriminate as they aged. However, this was not precisely the case. The 4 month-old
mice were better at the more rigorous 58:42 and 56:44 aspects of an olfactory discrimina-
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tion than the 2month-olds, in line with the stated hypothesis; however, the 24 month-old
mice performed significantly more poorly than either group in both aspects, as well as at
60:40.
There are anumber of possible explanations for the poor performance of the 24
month-old animals. The first and most obvious is the systemic degeneration probably experienced by such ancient mice. The negative effects of aging on physiology and
biochemistry are well known (Uylings and de Brabander, 2002; Wu et al., 2002;
Richardson, 2003). They include, among other things, extensive neuronal degeneration in
cerebral regions such as the nucleus basalis of Meynert (Riekkinen et aL, 1992; Smith
and Booze, 1995), as well as demyelination and axonal atrophy in the peripheral nervous
system (Verdu et al., 2000). The olfactory epithelium also exhibits profound degeneration
with age in rodents and humans, with decreases in neuronal proliferation (Loo et al.,
1996) and atrophy of the mature ORNs (Hirai et al., 1996). While the olfactory
epithelium is normally able to regenerate itself even in cases of chemical damage, this
capacity is lost with age (Weiler and Farbman, 1997). Such age-related deterioration of
the olfactory epithelium may produce deficits in olfactory sensitivity, which may
manifest as impaired olfactory discrimination and mask any possible influence of
interneuosimthØBirble explanation for the performance of the 24 month-old animals
considers the fact that these mice remain unimpaired at basic olfactory discriminations.
This suggests that the olfactory epithelium is not as critical to olfactory discrimination as
its deterioration at this age would imply. The aged mice also have significant reductions
in olfactory neurogenesis which, as mentioned earlier, could explain their poor perform-
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ance at rigorous discriminations. Iwill discuss this possibility further in the next section
with the mutant strains of mice.

5.3.2

Olfactory discrimination: new neurons or all neurons?
The mutant mouse strains run in parallel with the ageing model seem to offer a

clearer picture of the influence of olfactory interneurons on discrimination. Both NCAM
and LIFR heterozygotes show amarked reduction of periglomerular neurons when compared to their wildtype counterparts, whereas only the NCAM mice showed areduction
in granule cells. Both sets of heterozygotes also performed more poorly than the wildtypes on the discrimination tasks. Thus in asituation that nullifies the confounding influence of age-related degeneration, the data seem to support the initial hypothesis that a
loss of neurons impairs discrimination. Particularly, it indicates that the periglomerular
neurons are responsible, if not exclusively, then at least to asignificant extent. But considering, as discussed previously, that amere correlation between the total periglomerular
population and olfactory discrimination fails to account for the results in the ageing studies, an alternate prospect is likely in order. There lies the possibility that discrimination
depends not on the total number of interneurons, but on the number of new neurons in the
olfactory bulb at any particular point in time. Idiscussed the evidence in favour of this
position in the introduction, and the discrimination data, when examined from this perspective, gives the hypothesis further credence. If new neurons play adisproportionately
significant role in olfactory discrimination, then any situation that reduces neurogenesis
will result in just such an impairment of this behaviour. The LIFR and NCAM mutants
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have reduced olfactory neurogenesis due to reduced SVZ proliferation and rostral migration, respectively. We have similarly observed significantly reduced proliferation, migration, and neurogenesis in the 24 month-old mice compared to 2 month-old mice of the
same strain (Shingo et aL, unpublished observations). Furthermore, we have started examinatiOn of mice deficient in transforming growth factor-ce (TGFa) (the waved-I mutation), which, while healthy and fertile, have reduced proliferation of neuroblasts in the
SVZ (Tropepe et al., 1997). Preliminary behavioural analysis suggests that these mice
may also have impairments in olfactory discrimination (Enwere et al., unpublished observations). Collectively, these data point towards aspecific function of new neurons in
olfactory discrimination.
The fact that olfactory interneurons may play such asignificant role in behaviour
prior to full maturity in the bulb is something of asurprise. We have noted that NeuN is
expressed in olfactory interneurons soon after differentiation in the bulb. However, calretinin appears to indicate amore mature fate for these neurons, as its expression emerges
somewhat later. Even then, the protein appears largely in the soma, as well as in ashort,
immature-looking apical dendrite. The granule cell as revealed by calretinin immunohistochemistry may take as long as two months to project avisible dendrite into the external
plexiform layer, where most of the granule cell synaptic interactions occur. (Compare
Figures 9a and b.) Thus, based on the pattern of cairetinin expression, it appears to take 2
to 3months for the granule cell to fully mature. However, the concept of young neurons
in behaviour seems to require that they take effect much sooner than that. So how exactly
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are the neurons taking this proposed effect, particularly within anetwork of established
circuits?
The solution may lie in misrepresentations of extent of maturity based on calretinin. In work published very recently, Carleton and others (2003) labelled neural precursors with a replication-incompetent retrovirus encoding eGFP, and were able to
visualize neurons at various stages of maturity in the olfactory bulb. They divided the
neurons so revealed into five classes, based on the different maturation stages of the neurons. The significance here is that at the most mature stages, several dendritic arborizations and spiny outgrowths are evident in the neurons, as compared to the single or bifurcating dendrite visible with cairetinin. Furthermore, the final maturation stage was
attained within 30 days of integration of the neurons into the bulb. Obviously cairetinin,
while one of the more-specific interneuronal markers in the bulb (Crespo et al., 1997), is
present in only a limited aspect of the developed neuron, and can underestimate the
extent of development of the labelled neuron.
Another notable finding of the Carleton et al. study offers further evidence of the
possibility of early functionality of new olfactory bulb neurons. They found that the
granule cell precursors start expressing functional GABAA,NMDA and AMPA receptors
very early in development, while still migrating within the RMS. The GABAA receptors
are essential for the process of self-inhibition exhibited by periglomerular neurons (Smith
and Jahr, 2002), while the NMDA and AMPA receptors are involved in dendrodendritic
synapses on mitral and tufted cells (Sassoe-Pognetto and Ottersen, 2000). While the
Carleton paper did not examine the developing periglomerular neurons, it stands to rea-
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son that the emergence of neurotransmitter receptors will follow the same time course.
However, the majority of tangentially migrating (earliest stage) neurons express the
GABAA receptor, with relatively few expressing the NMDA and AMPA receptors; by
maturity, the neurons all express GABAA,NMDA and AMPA receptors. As discussed
previously, nevertheless, all these synaptic interactions are possibly involved in lateral
inhibition, and as such the early emergence of these receptors offers evidence that the
neurons partake in this process rather early in their functional lives.

5.3.3

The olfactory epithelium in olfactory discrimination
The notable influence of the olfactory epithelium on olfactory discrimination

makes that structure worthy of consideration in any examination of factors contributing to
the results of this study. Ihave already mentioned the degeneration of the olfactory epithelium with age that may explain the performance deficits of the 24 month-old mice.
However, an olfactory epithelium phenotype may arise in the mutant mouse strains as
well. NCAM is expressed in mature and immature ORNs (Au et al., 2002). LIF signaling
inhibits precocious differentiation of olfactory stem cells (Moon et al., 2002), thus allowing production of asignificant body of progenitors for neurogenesis. Appropriately, other
studies show that LIF signaling promotes proliferation of neuronal progenitors (Satoh and
Yoshida, 1997; Bauer et al., 2003), and thus assists in the controlled repopulation of the
olfactory epithelium that occurs throughout life. Nevertheless, the evidence from this
study argues against asignificant role for the olfactory epithelium in the behaviours observed. Olfactory epithelium-specific deficits would present as loss of olfactory sensitiv-
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ity, since chemical ablation of the olfactory epithelium eliminates the sense of smell
(Steel and Keverne, 1985; Hansen et al., 1994; Andine et al., 1997; personal observations). That is not the case in this study. Odorants were present in excess specifically to
prevent confound due to olfactory sensitivity issues; further, animals in each experiment
always performed equally well at the base discrimination, which would not be the case if
sensitivity were impaired. This does not completely rule out the influence of the olfactory
epithelium; histological examination of this structure would still offer useful insights as
to the interplay between peripheral and central nervous systems in behaviour.
In conclusion, the literature review and the data from this study, and after accounting for the possible alternate explanations, the consensus lies in favour of new
periglomerular neurons as the principal effectors of olfactory discrimination in the olfactory bulb. It seems rather unusual that acell population would lose prominence of function as it matures. Iwill therefore deal with the possible whys and wherefores of this neuronal population in alater section.

5.4

The olfactory bulb and olfactory memory

5.4.1

Perspectives on animal memory
The study of memory as acritical component of animal learning is part of the

revolution in thought that followed the replacement of strict behaviourism with cognitivism, as discussed earlier. Its study reinforces the somewhat controversial notion that rodents, in particular

-

may possess cognitive capacities beyond expectation, when exam-
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med within the appropriate sensory modality (Reid and Morris, 1993; but see Lynch and
Staubli, 1993 and Slotnick, 1993). The significance here is that outside of the modality in
question

-

olfaction, obviously

-

these capacities are not nearly as apparent and pervasive

in rodents and other lower vertebrates as they are in primates. As it so happens, the study
of olfactory memory in recent years has transcended cognitive behaviourism per se and
instead operates largely within the realm of behavioural neuroscience. Accordingly, my
discussion of these matters here will draw heavily from that latter, as Iattempt to further
the case for an independent olfactory-based cognitive system.
The claims to higher cognitive capacities in mice or rats have relied on the concept of the "learning set", which Idiscussed previously, and relate indirectly to the topic
at hand. The ability of an animal to improve its performance on atask, based on problemsolving data (i.e. the learning set) acquired from prior tasks, is considered to be evidence
of higher cognitive function (Harlow, 1949). The most common case of alearning set is
in simultaneous odour discrimination, as used in this study. If the animals are trained on
discrimination with various odour pairs, they should rapidly form memories for the identity and quality of the various odours presented, and eventually form a"win-stay, loseshift" strategy to solve subsequent problems (Levine, 1959), such that these later problems are solved with almost no errors. Rats meet all these criteria in remarkably few trials
(Jennifer and Keefer, 1969; Slotnick and Katz, 1984) and much more rapidly than even
monkeys (Warren, 1965). While some suggest that this level of olfactory preference is
mediated by the hippocampus (Eichenbaum et al., 1992), ethological and evolutionary
factors (the greater reliance of rats on their sense of smell, and consequent greater devel-
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opment of the olfactory bulb compared to the rest of the rodent brain) lend preference to
the olfactory bulb as center of this form of memory and learning.
While the focus of the work presented here lies further within the neurobiological
realm, Iwish to raise in passing two points of note that may lend some weight to the issues of olfaction and cognition. First, the mice used in this study demonstrated acquisition of an olfactory learning set, as did the rats in other studies. This is the most parsimonious explanation for the rapid relearning evinced by the animals on discrimination
training from odour pair to odour pair, and is furthermore akeystone to the olfactory
memory consolidation task. Second, referring to my explanation for the rebound effect:
the initial poor performance of the mice on moderately rigorous discriminations speaks to
the failure of an established learning set; the rebound indicates that the mice then rapidly
establish another, which serves them for the remainder of the generalization gradient sessions.

5.4.2

The ageing bulb andformation of olfactory memories
Iasked whether the differences in number of olfactory interneurons would result

in differential capacities to form new olfactory memories. Mice were tested on olfactory
memory consolidation at ages 3weeks, 2months, 4months and 24 months, and demonstrated aclear decline in performance with age. The 3week-old mice performed significantly better than the 4month- and 24 month-old mice, as did the 2month-old mice. Curiously, in spite of asignificant increase in numbers of both granule and periglomerular
neurons, the 24 month-old mice did not perform worse than the 4month-old group. Thus,
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while my hypothesis, which called for impairment in performance with increase in neuron numbers, held up to 4months, there seemed to be alimit to just how poorly the 24
month-old mice could perform, even in the face of various other age-related cognitive
problems. Moreover, the 2 month-old mice performed significantly better than the 4
month-olds, even though there was no difference in the number of periglomerular neurons between these two groups.
There are two significant aspects to these findings. First is the fact that the 24
month-old mice do not display the impairment that either their neuronal complement or
their age would suggest. Both memory loss and impaired memory consolidation are wellknown aspects of normal aging, particularly in response to hippocampal degeneration
(Foster, 1999; Ward et al., 1999; Gold, 2001; Veng et al., 2003). The fact that this is not
seen here strongly suggests that the hippocampus is not directly involved. (So also does
the difference in performance between 2 and 4month-olds, where there is no reason to
expect hippocampal pathology.) Nevertheless, even from an olfactory-specific point of
view, this result is still difficult to explain. It may be possible that, as discussed in the Introduction, GABAergic synapses by the granule cells on the mitral and tufted projection
neurons reduced throughput to the higher processing centers. It may also be that the possible magnitude of such an effect is limited, such that an increase in the number of effector neurons no longer has asignificant effect.
The second major aspect is the apparent lack of involvement of periglomerular
neurons in the olfactory memory consolidation phenomenon. Even though there was no
difference in numbers of calretinin-positive neurons in the 2 month- and 4 month-old
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mice, the 2month-old mice still demonstrated superior memory consolidation, suggesting
further that both olfactory interneuronal populations have separate roles. Iwill discuss the
implications of this further in the next section.

5.4.3

The mutant olfactory bulb and olfactory memory
NCAM and LIFR +1— mice were also examined on their performance at olfactory

memory consolidation. Here, again, any effects due to age were more-or-less accounted
for. NCAM +1— mice had significantly fewer granule and periglomerular cells than the
NCAM +1+ mice, but exhibited an improvement on their memory performance as compared to the NCAM +1+ animals. However, the LIFR +1— mice did not have significantly
fewer granule cells than the LIFR +1+ controls; they also did not exhibit improved performance and, if anything, did slightly poorer than their counterparts. It would appear the
granule cells are responsible for the impairment in olfactory memory.
As with the discrimination, we can again raise the question of whether the effect
is due to the extent of neurogenesis or the total number of neurons in the respective olfactory bulbs. Based on the new-neuron hypothesis, the animals with the least ongoing neurogenesis, and fewest new neurons at any particular point in time, should experience less
interneuronal inhibition of signal throughput to the cortex, and thus should exhibit the
greatest performance gains in olfactory memory consolidation. Thus the 3 week-old
mice, in which neurogenesis is greatest (Bayer, 1983), should perform significantly more
poorly than any of the older mice. This, however, is not the case. This suggests that the
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body of granule cells in toto may be responsible for impairment of olfactory memory
consolidation.

5.5

Olfactory interneurons and olfactory behaviour

5.5.1

Synthesis
Regardless of the several decades of work to date, the olfactory bulb remains a

complex, poorly understood structure, and it stands to reason to expect no slack in the
untangling of its functions. The evidence here supports amodel of division of labour between the two interneuronal populations. The new periglomerular cells, which initiate
primary synaptic contact with the periphery, appear to bear responsibility for lateral inhibition-mediated refinement of input received from the ORNs. Conversely, the body of
granule cells in the GCL appear to impair formation of new olfactory memories. In the
following section, Iwill speculate on the mechanisms that support such diversity of function in neurons of such similar lineage, and offer possible reasons for the evolution of
these functions in animals.

5.5.2

Mechanisms
Several papers over the past few years have detailed the electrophysiological

properties of granule and periglomerular cells. These studies have stressed the nature of
their interactions with mitral and tufted cells. For instance, Ca2 influx through NMDA
receptors and voltage-gated Ca2 channels on granule cells initiate the release of GABA
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in the reciprocal dendrodendritic interface on mitral cells (Isaacson, 2001). Simple depolarization of the mitral cell is also sufficient to initiate GABA release (Halabisky and
Strowbridge, 2003). These effects are largely mediated through NMDA receptors, as
AMPA receptors appear to play a minimal role in granule cells (Isaacson and
Strowbridge, 1998; Chen et aL, 2000) and periglomerular cells (Christie et al., 2001).
The rest of the literature only supports these data, and, by and large, refers to few functional differences between granule and periglomerular cells. Nevertheless, there are two
areas in which the periglomerular cells may differ from granule cells. The first involves
the privileged position occupied by the periglomerular cells: unlike granule cells,
periglomerular cells are able, by virtue of their presence in the glomeruli, to form synaptic interactions with the ORNs (Bekkers, 2002). The second possible difference relates to
the phenomenon of self-inhibition, mentioned in the Introduction, in which periglomerular cells activate their own GABAA receptors (Smith and Jahr, 2002). This occurs when
GABA meant for inhibition of GABAA receptors on the projection neurons "spills over"
and affects the interneurons themselves. While this may reduce the synaptic strength of
the periglomerular cells, extrasynaptic GABA may also activate GABAB receptors on
ORNs and reduce the release of glutamate from the terminals (Aroniadou-Anderjaska et
A, 2000). Smith and Jahr noted in their study that only an unidentified subpopulation of
periglomerular neurons exhibited the self-inhibition phenomenon. It is possible that this
subpopulation consists of immature periglomerular neurons, which would make selfinhibition the defining feature of strongly lateral inhibitory neurons. These two factors
may participate to strengthen the lateral inhibition capacities of periglomerular neurons
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beyond those of granule cells, and thus reinforcing the role of these neurons in discrimination.
Potential mechanisms by which granule cells rather than periglomerular cells impair olfactory memory consolidation, as previously discussed, may largely involve inhibition of signal throughput to the cortex. Recent work in this vein places emphasis on the
role of norepinephrine (NE) in this process. The olfactory bulb receives extensive
noradrenergic afferents from the locus coeruleus (Okutani et al., 1998). NB is known to
block the GABAergic inhibition of mitral and tufted cells by granule cells (Trombley,
1994). This may partly result from reduction of the calcium currents that trigger release
of GABA from the granule cells (Isaacson, 2001; Szesnik et al., 2001). NE can also excite mitral cells directly (Hayar et al., 2001). It should not come as asurprise, therefore,
that infusion of NE beta-receptor agonists alone is sufficient to induce formation of olfactory memories in aconditioning paradigm (Sullivan et al., 2000). Further, there is no evidence of involvement of periglomerular cells in these same interactions. The details of
the complex interplay between granule cells, mitral/tufted cells and NB in the olfactory
bulb are unknown, but the evidence strongly supports their involvement in promoting or
blocking olfactory memory formation in the bulb.

5.5.3

Roles for olfactory interneurons in adult olfactory behaviour
Studies on the olfactory bulb and behaviour are often concerned more with the

hows than the whys, so this section is almost entirely speculative. For animals that rely
principally on their sense of smell to carry out their various life functions of feeding, mat-
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ing, survival and so on, it may be critical to both clearly establish the identity of novel
odours (by enhanced odour discrimination) and to form memories for their significance.
The acute importance of both capabilities will, of circumstance, lapse with time. However, the ability to rapidly form olfactory memories remains throughout life, particularly
in animals such as rats and mice that are omnivorous and rely on their senses of smell to
keep them from consuming poisons from their environments. Certain situations call for
plasticity in the neural hardware mediating these behaviours; one such is pregnancy,
which triggers asudden increase in neurogenesis (Shingo et al., 2003). The influx of new
neurons to the glomerular layer during parturition may improve olfactory discrimination
and enable the mother to identify her young. Such atransient spike in neurogenesis during pregnancy is not restricted to the periglomerular neurons, however, as granule cells
increase in numbers as well, which, though present transiently, may still have potentially
negative effects on memory formation. It is then likely that acute factors active within the
bulb nullify the negative effects of an increase in granule cells. Experiments with sheep
show that parturition induces the release of oxytocin (Levy et al., 1995) and glutamate
(Keverne et al. 1993) in the bulb. Oxytocin alone was sufficient to increase levels of NE
and GABA. Glutamate and NE, whose effects on the bulb Idiscussed in the previous section, may thus prevent the granule neurons from inhibiting memory formation during the
critical period after birth. These neurotransmitters as such may be particularly important
in the first few hours post-partum when the ewe forms an imprint of her lamb (Levy,
2002).
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It would thus appear that the plasticity of the olfactory bulb is not without its purpose. It forms part of asystem that is adaptable to the needs of the animal, responsive to
the conditions to the environment, and receptive to highly variant stimuli. While even
these may not completely explain adult neurogenesis specific to this region, it offers insight into one of the brain's strangely curious developmental features.

5.5.4

Neural stem cells revisited: factors that may direct the stem cell

-

olfactory in-

terneuron lineage
The question of how forebrain neural stem cells that initially contribute to CNS
development become functionally restricted to produce olfactory interneurons still remains unanswered. The most likely possibility suggests that the actions of various secreted factors evolve niches that impart positional identity on neural stem cells in various
regions. Such aniche has recently been proposed for motoneuron progenitors in the spinal cord (Zhou and Anderson, 2002). An effort was made in one study to determine
whether the characteristics of forebrain, midbrain and hindbrain neural stem cells were
regionally specified (Hitoshi et al., 2002). While confirming certain ubiquitous characteristics of stem cells from various germinal zones, the study could not clearly establish the
influence of these regions on the progeny of these cells. Nevertheless, other studies in a
tangential vein appear to make a case for positionally-induced lineage specification.
Granule and periglomerular neurons produced during development were only recently
established as originating in the lateral ganglionic eminence (LGE) (Wichterle et al.,
1999, 2001; Nery et al., 2002). Three particular genes or gene families come to mind
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with respect to this region: Gsh2, the Dlx family genes and Pax6. The Dlx genes and
Gsh2 are expressed in the LGE (Eisenstat et al., 1999; Nery et al., 2002); Pax6 in turn is
expressed in the developing cortex in acomplimentary pattern to Gsh2 (Toresson et al.,
2000; Yun et al., 2001). Knockouts of any of these genes lead to, among other things,
misspecification of LGE progenitors, leading to severe impairment of neurogenesis in the
olfactory bulb (Dellovade et al., 1998; Corbin et al., 2000; Levi et al., 2003; Yun et al.,
2003). Still further, two populations of progenitors were recently identified in the LGE
based on expression of Dlx, Er8 1and Isli: Dlx+/Is11+ progenitors populate the striatum,
while Dlx+/Br81+ cells migrate to and become interneurons in the olfactory bulb (Stenman et al., 2003). These data collectively suggest that these genes establish the niche in
question for LGE stem cells, and induce production of the GABAergic and dopaminergic
neurons of the olfactory bulb that persists past down-regulation of the patterning genes
into the adult.
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6.

CONCLUSIONS

The various trappings of the sense of smell comprise one of the most primitive yet
complex systems in the CNS. It represents anotable example of remarkable functional
plasticity, both in the wealth of behaviours it governs and in its physiological adaptation
to environmental situations. In the current study, Ihave presented evidence which suggests that two interneuronal populations, which both arise presumably from the same
population of forebrain neural stem cells, carry out two separate and intricate roles that
belie ageneric impression of interneurons as mere signal modulators. The bulb, in turn,
controls the number of each neuronal type that are produced at any given time, and, in
conjunction with various hormonal systems, exerts direct control on proliferation of neural stem cells and associated progenitors in the distant subventricular zone. The mechanisms behind such control are in very early stages of elucidation; current work in our lab
suggests that the very nature of odours received by the bulb is important in this process,
such that only those of particular significance to the animal may initiate physiological
developments. How the quality of an odour acquires process initiation capacities, or how
the hundreds of neurotransmitters, growth factors, cytokines and nerve afferents participate in these functions, remain largely unknown.
All the same, the results of this study may help focus questions tackled by other
researchers in the future. One possible experiment involves specific lesioning of the
dopaminergic periglomerular neurons with 6-hydroxydopamine, to examine both the effect on behaviour and the recovery dynamics of the glomerular cell layer. Another would
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constitute long-term analysis of the products of transiently increased neurogenesis (as
seen in pregnancy or by subcutaneous infusion of erythropoietin or prolactin). An interesting point of note, mentioned briefly much earlier, is that, while the GCL receives most
of the new neurons in pregnancy, the periglomerular layer experiences agreater surge in
neurogenesis: in aBrdU chase, there are 100% more new periglomerular neurons during
pregnancy, compared to controls, versus 50% more granule cells (Shingo et al., 2003).
The reasons for this discrepancy, and the fate of the neurons so produced, may provide
further information about the roles and controlling mechanisms surrounding these neurons in the brain.
Comparing olfaction to more evolutionarily recent capacities, such as vision, is
like comparing Gothic or Victorian architecture to modernist incarnations: while the former may be more detailed and complex, the latter is simpler, or at least superficially more
efficient. Such an analogy may explain the restriction of neurogenesis in the adult to regions such as the olfactory bulb. While some evidence points towards the possibility of
neurogenesis in other regions of the brain than the olfactory bulbs, the adult neocortex to
be exact (Magavi et al., 2000), it is hardly arobust phenomenon by default. Some recent
attempts to determine the role of the neural stem cell have focused on the stem cell's particular niche as determinant of function (Lim et al., 2000; Hitoshi et al., 2002). This theory assumes that the stem cell is largely or entirely non cell-autonomous in its actions.
This may explain the surprising and controversial reports of transdifferentiation from
neural to various other fates, such as blood and muscle (Bjornson et al., 1999; Galli et al.,
2000, but see Morshead et al., 2002), and accounts for the wide array of receptors and
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cytokines expressed by apresumptively primitive cell (Quesenberry et al., 1999). Whatever the reason, neural stem cells provide aremarkably useful tool for research into the
neurobiology of the brain, and have powerful potential in medicine.
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