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Abstract

Abstract
The olfactory epithelium is a dynamic tissue maintained by continuous
neurogenesis throughout life. Upon injury, neurons and other olfactory cell
types are regenerated through proliferation of horizontal stem cells. Some genes
that regulate vitamin A metabolism are spatially expressed in the olfactory
epithelium. Retinoic acid is a vitamin A derivate, a key regulator of proliferation
and stem cell activity. Retinoic acid is generated and inactivated by enzymes
with opposing expression patterns which create local variations in retinoic acid
levels in the olfactory epithelium. The overall aim of this thesis is to elucidate
functional relationships between retinoic acid metabolism and the regulation of
temporal and spatial features of normal tissue homeostasis and regeneration of
neurons within the olfactory epithelium.
I have studied the association between the activity-dependent retinoic acid
inactivating enzyme CYP26B1 and neurogenesis. During doubled stimulation
by odorants and air flow the level of CYP26B1 was further induced in olfactory
sensory neurons and proliferation of progenitor/stem cells was increased. In the
absence of stimuli, CYP26B1 expression was reduced and proliferation
decreased. Stimuli-independent transgenic over-expression of CYP26B1 resulted in increased proliferation, which was compared to acute intranasal administration of retinoic acid that reduced the number of proliferating cells.
The region of the olfactory epithelium with low CYP26B1 and high levels of
retinoic acid synthesizing enzymes had the greatest level of proliferation and
regenerated efficiently after chemical induced injury. Furthermore, neurons in
this region differentiated surprisingly fast. In the region with high CYP26B1 and
low levels of retinoic acid synthesizing enzymes the proliferation rate was low
and the regeneration after injury was incomplete. Together these results
indicate that retinoic acid within the olfactory epithelial stem cell niche
regulates local differences in functional neuronal diversity, neurogenesis, and
generative capacity of olfactory epithelial progenitor/stem cells.
My research has revealed that ageing as well as constitutive transgenic overexpression of CYP26B1 activated dormant horizontal basal stem cells in the
olfactory epithelium in an injury like manner. Continuous stem cell activation
by constitutive CYP26B1 expression, repeated injuries or old age results in the
appearance of epithelial patches devoid of normal olfactory epithelial cells,
containing metaplastic respiratory cells. The respiratory patches either
contained ciliated cells or a previously unidentified columnar secretory cell type.
Moreover, we investigated whether increased proliferation of stem cells affected
their regenerative potential over time. Repeated injury-repair cycles maximized
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the number of stem cell division, which decreased their potential to regenerate
olfactory epithelial cells. Together these results indicate a premature exhaustion
of the stem cell niche upon reduced levels of retinoic acid, repeated injury
induced regeneration, and ageing.
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Abbreviations
ACIII

Adenylyl cyclase III

ADH

Alcohol dehydrogenase

ATP

Adenosine triphosphate

atRA

All-trans-retinoic acid

BACE1

Beta-site amyloid precursor protein cleaving enzyme 1

BG

Bowman´s gland

cAMP

Cyclic adenosine monophosphate

CNG

Cyclic nucleotide-gated channel

CNS

Central nervous system

CYP26

Cytochrome P450 26 subfamily protein

Dpi

Days post injection

FcǄBP

Fc fragment of IgG binding protein

GBC

Globose basal cell

HBC

Horizontal basal cell

i.p.

Intraperitoneal

LP

Lamina propria

MVC

Microvillous cell

OB

Olfactory bulb

OE

Olfactory epithelium

OSN

Olfactory sensory neuron

OSNi

Immature olfactory sensory neuron

OSNm

Mature olfactory sensory neuron

PD

Postnatal day

PPARǃ/į

Peroxisome proliferator-activated receptor

RA

Retinoic acid

RALDH

Retinaldehyde dehydrogenase

RAR

Retinoic acid receptor

RDH

Retinol dehydrogenase

RXR

Retinoid X receptor

Sus

Sustentacular cell

Z

Zone
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Swedish summary

Enkel sammanfattning på svenska
En förlorad funktion, i en vävnad eller i ett organ, kan återfås spontant men kan
också vara omöjlig att återställa. I det centrala nervsystemet är det mer regel än
undantag att nervceller inte kan återbildas efter en skada. Vid en stroke dör
nervceller och man mister funktionen i den drabbade delen. I en liten men
betydelsefull del av nervsystemet återbildas cellerna automatiskt när de skadas;
nämligen i luktorganet i näsan. Människor kan, precis som andra däggdjur,
återfå sitt luktsinne om det skadats svårt efter till exempel en kraftig
virusinfektion, slag mot huvudet eller en skada som uppstår av partiklar från
luften. Min forskning visar att med ökande ålder samt upprepade skador blir det
svårare för stamcellerna som återbildar nervcellerna i näsan att dela på sig.
Resultaten visar också att stamcellernas förmåga att bilda nya luktnervceller
minskar på ett likande sätt då nedbrytning av vitamin A syra i luktepitelet ökar.
Denna avhandling visar på samband mellan förändringar i bildning och
nedbrytning av vitamin A-syra och förmågan att återbilda celler i luktepitelet
hos möss under normala förhållanden och efter skada. Celler är beroende av en
viss jämnvikt mellan olika ämnen för att fungera. Genom att studera hur
förändringar av denna balans påverkar celler och den omgivning de befinner sig
i kan vi bättre förstå vilka faktorer som är viktigast för att upprätthålla
funktionen hos en vävnad. Det kan röra sig om förändringar i ämnesomsättning
eller förmåga att nybilda celler. Jag har studerat hur väl cellerna återbildas
under åldrande och om en bibehållen jämnvikt i luktepitelet hos äldre möss
kräver aktivering av stamceller. Om vitamin A-syra saknas aktiveras stamceller i
luktorganet på ett liknande sätt som vid en skada. Normalt är dessa stamceller
inaktiva och ska endast aktiveras för att ge upphov till nya celler om det sker en
skada på vävnaden.
Aktivering av stamceller i luktepitelet utan föreliggande skada leder till
överanvändning av stamcellerna, vilka då förlorar sin förmåga att bilda nya
celler i förtid. En skada i luktorganet kan då inte läka och cellerna återbildas
inte på rätt sätt eftersom stamcellerna blivit utmattade. Jag har även studerat
motsatt förhållande, där jag ökat mängden vitamin A-syra och funnit att
nybildningen av celler avstannar och många av cellerna i luktepitelet dör.
Sammantaget är det så att nervcellerna i luktepitelet inte överlever någon längre
tid med varken sänkta eller förhöjda nivåer av vitamin A-syra.
Jag har observerat motsvarande problem hos äldre möss, då förmåga till
återbildning är försvagad. Troligen beror detta på en kombination av en livslång
nybildning av celler och att luktorganet samlar på sig fler och fler skador. Min
forskning har visat att det då bildas olika typer av ärrvävnad. Äldre har även
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samma typ av aktivering av stamceller när vi experimentellt skapar en brist på
vitamin A-syra. Detta kan betyda att de skador som normalt uppkommer till slut
blir så stora att det krävs aktivering av stamcellerna för att bevara luktfunktionen. När stamcellerna har aktiverats för många gånger, förlorar de förmågan
att återbilda ett funktionellt luktepitel. Genom att studera hur stamceller
aktiveras kan vi lära oss mer om vad som påverkar deras förmåga till
nybildning, samt när de fyller en viktig funktion och när de snarare borde förbli
inaktiva. Sådan kunskap kan bidra till framtida terapier för att understödja
stamcellsfunktion.
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Background

1. Background
1.1 The main olfactory system in the mouse
1.1.1 Structural organization
When we perceive a smell, we as well as other vertebrates use the olfactory
system to detect odorant molecules in the air that are inspired into the nasal
cavities. In the nose, olfactory sensory neurons (OSNs) register odorant information which subsequently is conveyed to higher brain regions (Fig. 1A). Each
OSN expresses one specific type of odorant receptor which can detect odorant
molecules (1). Axons of OSNs expressing the same type of odorant receptor coalesce and form synapses with central target neurons within glomeruli in the
olfactory bulb (2). Together, the OSNs and target neurons make up the olfactory
sensory map.

Figure 1. A schematic representation of the structural organization of the main
olfactory system in the mouse. A) Sagittal view of the head of a mouse, illustrating the location
of the olfactory epithelium (OE) in the nasal cavity and olfactory bulb (OB) in the intracranial space.
B) Different cell types in the OE. Sustentacular cells (Sus, grey), Bowman´s gland (BG, yellow),
microvillous cell (MVC, brown), mature OSNs (OSNm, green), immature OSNs (OSNi, blue),
globose basal cells (GBC, orange) and horizontal basal cells (HBC, purple).

The map can be described to have four continuous zones (Z) of OSNs expressing
different receptors (3, 4). OSNs in Z1 is proposed to mediate innate social behaviors in response to odorants, whereas OSNs in Z2, Z3 and Z4 might mediate
learned (conditioned) responses to the same odorants (5–7). However, mechanisms behind the establishment and arrangement of the zones remain
unknown.
The olfactory epithelium has different cell types (Fig. 1B). In immediate contact
with the basal lamina there are two types of progenitor cells; globose basal cells
(GBCs) and horizontal basal cells (HBCs) (2). During normal tissue homeostasis
GBCs can generate the majority of the other cell types in the olfactory
1
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epithelium (8–10). GBCs and HBCs can be distinguished by morphology and by
expression pattern of different cellular markers including transcription factors.
Immature OSNs differentiate into bipolar mature OSNs which have ciliated
apical dendrites and basal projections of axons towards the olfactory bulb.
Intermingled with neurons and progenitor cells are sustentacular supporting
cells, microvillous cells (11, 12) and duct cells of Bowman´s glands (Fig. 1B).
1.1.2 Olfactory signal transduction
Buck and Axel identified the odorant receptor genes expressed in the olfactory
system of rats (13). Primary sensory information is first detected by receptors in
the cilia that protrude from the OSNs’ dendrites (Fig. 2A). Odorant receptors
are expressed specifically in OSNs and have the role to detect specific chemical
cues from the environment. The binding of an odorant molecule initiate a signal
transduction cascade, resulting in generation of an action potential.
Odorant receptors are G-protein coupled receptors composed of seven transmembrane domains which possess conserved unique motifs as well as variable
regions (14), which determine the conformational state of odorant receptors and
contribute to the specific ligand binding (15, 16). An odorant can have affinity
for several different odorant receptors and likewise odorant receptors have
differential receptive range for various odorant molecules. One type of odorant
receptor is specific for a certain odotope, i.e., a specific chemical feature of all
odorants that the receptor will bind (17).
Signal transduction in OSNs is initiated by binding of an odorant ligand to the
odorant receptor which is coupled to the G protein Golf (Fig. 2B). The Į-subunit
of Golf is translocated and activates adenylyl cyclase III (ACIII) which converts
adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) (18–
20). cAMP opens cyclic nucleotide-gated channels resulting in influx of Ca2+ and
Na+ causing the inside of the cell to become less negative (21). In turn, Ca2+
opens calcium-gated chloride channels generating a chloride current which
enable amplification of the signal transduction during depolarization so that the
threshold can be reached and an action potential is generated (22). Transgenic
mice with deletion of either GĮolf, ACIII or cyclic nucleotide-gated (CNG) channel lack olfactory perception i.e., are anosmic (23–25).
1.1.3 One neuron, one receptor, and one zone
Each OSN expresses only one type of odorant receptor and odorant receptor
genes are expressed in a mutually-exclusive and monoallelic manner (1, 26–28).
In mice, odorant receptors is the largest multigene family comprising 1,100
odorant receptor genes which are clustered at approximately 50 different loci
dispersed on the majority of the chromosomes. Odorant receptor genes repre2
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sent approximately 5% of the total number of genes in mice, compared to 1% in
humans. The large number of odorant receptor genes mirrors the large capability of the olfactory epithelium to detect and discriminate millions of different
odorant molecules.
OSNs expressing a specific receptor are dispersed in the same region, or zone,
and send their axons to the same target glomeruli in the olfactory bulb (Fig. 2A)
(29–31). Furthermore, expression of a specific odorant receptor is zone specific
i.e., one receptor is only expressed in one zone (3, 4). Simplified, the olfactory
epithelium can be subdivided into four separate zones (Z1-4) based on odorant
receptor expression patterns (Fig. 2C).

Figure 2. Olfactory sensory map and signal transduction. A) OSNs located in the olfactory
epithelium (OE) send action potentials to mitral cells in the olfactory bulb (OB) which convey the
signal to higher brain regions. An OSN only expresses one type of odorant receptor (OR), here
represented by different colours; red, blue and yellow. Axons from OSNs expressing the same type of
OR coalesce in the same glomerulus in the OB. Synaptic connections are formed with dendrites from
mitral cells which are dedicated to one glomerulus only. B) Olfactory signal transduction pathway.
An odorant binds to the OR resulting in dissociation of Golf and translocation of GĮolf which in turn
activate ACIII resulting in increased cAMP levels. cAMP opens CNG channels resulting in influx of
Ca2+ and Na+ as well as opening of calcium-gated chloride channels. The combined action of these
channels can generate an actionpotential. C) A schematic representation of the spatial distribution
of the four zones (Z1-Z4) of the OE in a coronal view of the mouse nose with cartilaginous turbinates
lined with OE (dark grey), nasal cavities (white), and cartilage and bone (light grey) are shown.
Dashed lines in C represent borders between zones.
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1.1.4 Normal tissue homeostasis
Homeostasis refers to maintenance of a steady state within the tissue, including
the balance between generation of new cells by cellular proliferation and loss or
selection of cells. Cell turnover is the process where differentiated and established cells within a tissue are dynamically replaced through proliferation of a
progenitor or stem cell. Regeneration is also a form of cell renewal, replacing
lost cells. However, regeneration often follows an external insult or injury affectting a great number of cells from one or more cell types with different functions.
Stem cells within a so called niche within the tissue are regulated by different
signals and parameters (32, 33). A certain niche is composed of stem cells and
the other cell types in the tissue, together with extracellular matrix. Alterations
in a stem cell niche can result in a shift of cell fate of a daughter cell (34). Within
the niche, cells can communicate and regulate cellular functions in an autocrine,
paracrine or juxtacrine manner.
Adult stem cells should maintain their capacity for tissue regeneration and
repair throughout life. The step wise manner by which one stem cell gives rise to
multiple dividing progenitors minimizes the risk for the stem cell to accumulate
mutations that may otherwise be caused by repetitive cell cycles, still enabling
maintenance of homeostatic proliferation. Moreover, the replicative function of
hematopoietic stem cells exceed the life time of donor mice when transplanted
to mouse recipients (35, 36).
Decline in proliferative capacity of stem cells has been proposed as one feature
of ageing (37–40). Increased proliferation of stem cells can lead to exhaustion of
the stem cell pool (41). In some tissues, like the hematopoietic system and the
gut epithelium, stem cells have a high turnover in combination with a high regenerative potential. Other organs e.g., kidney and brain, have a low turnover
and limited regenerative potential (42). Therefore, correlations between ageing
of stem cells and ageing of the tissue are not applicable to the entire organism.
Cells in all tissues originate from progenitor cells which are either multipotent,
generating a variety of cell types, or unipotent, programmed to generate only a
specific type of cell. In the olfactory epithelium, homeostasis is maintained by
continuous regeneration of OSNs throughout life (2, 43). The two main progenitor cell types have the capability to reconstitute all cell types within the
olfactory epithelium, where HBCs are normally quiescent stem cells that respond to injury and GBCs are responsible for the homeostatic regulation (10, 44,
45). Since cells in the nasal cavity are directly exposed to airborne pathogens,
foreign compounds and other environmental factors that can be harmful, a functional regenerative potential is essential to maintain olfactory function.
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Differences in niche signals depending on whether proliferation was triggered
via normal homeostatic turnover or by injury induced regeneration are not
understood. Are parameters for generation of cells during normal tissue homeostasis different from those involved in regeneration, or are they mainly
amplified and more widespread? Moreover, factors in the olfactory epithelium
linking stem cell niches and regulation of homeostasis, to regenerative potential
remain largely unexplored.

1.2 Vitamin A metabolism
1.2.1 Synthesis and catabolism of retinoic acid
Vitamin A in its active form, retinol, is mainly known for its vital role in the
visual cycle (46). Vitamin A has many derivatives referred to as retinoids which
all may have different functions. The metabolic pathway of vitamin A starts with
retinol which in mammals is absorbed in the gut in addition to all carotenoids
from ingested diet and these are converted via different oxidation steps into
more polar metabolites (Fig. 3). Retinol is transported in circulation bound to a
carrier protein, retinol binding protein, and stored in the liver (47). Retinol is
taken up by cells in the target tissues where it is oxidized to retinaldehyde by
alcohol- or retinol dehydrogenases. Retinaldehyde is further oxidized to retinoic
acid (RA) by retinaldehyde dehydrogenases (RALDH) (48). Cellular retinoic
acid binding proteins are responsible for intracellular transport of RA (49). RA
has different isoforms e.g., all-trans-RA (atRA), 9-cis RA and 13-cis RA, with
specific biological activities (50–52). In the research field, atRA is viewed as the
main biologically active RA isomer.
The expression patterns of different RALDHs are often distinct and spatially
regulated within a tissue and correlate to the local RA activity in a specific tissue
niche (53–55). Enzymes of the cytochrome P450 26 subfamily (CYP26 A1, B1
and C1) convert RA to different polar metabolites through specific reactions.
Some polar metabolites have biological activity and bind to receptors to exert
functions similar to or different from atRA. The expression patterns of CYP26s
are often temporally regulated and complementary to RALDHs which ensure
balance and fine tuning of the level of RA within a tissue (56–61).
RA signals are predominantly transduced by nuclear receptors named retinoic
acid receptors (RAR). However, RA has also been shown to bind to retinoid X
receptors (RXR) and peroxisome proliferator-activated receptors (PPARǃ/į)
(62). The RAR and RXR receptor families consist of three isotypes of each
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receptor type; Į, ǃ, and Ǆ. One RAR and one RXR form a heterodimer which is
activa-ted by RA ligands and then regulates transcription via binding to specific
RA response elements (63). With regard to the retinoid signaling, RXRs are only
activated by 9-cis-RA whereas RARs are activated by atRA, 9-cis-RA, and 13-cis
RA (52, 64). A study has proposed dual roles of RA signaling depending on
which transport protein carrying RA that is expressed within a cell (65). RA
signaling mediated via RARs inhibits cell-growth and can induce cell-cycle
arrest and cell death (66–70). On the contrary, signaling mediated via PPARǃ/į
can instead induce proliferation and cell survival.

Figure 3. Vitamin A metabolism. Vitamin A (retinol) is converted to retinaldehyde by alcohol
dehydrogenases (ADHs) or retinol dehydrogenases (RDHs). Retinaldehyde dehydrogenases
(RALDHs) oxidize retinaldehyde into retinoic acid, which in turn can be further oxidized into polar
metabolites by enzymes of the cytochrome P450 26 (CYP26) subfamily.

CYP26 enzymes catabolize RA into polar metabolites including 4-hydroxy-RA
(4-OH-RA), 4-oxo-RA, and 5,6-epoxy-RA (71–78). Block of CYP26 activity by
the drug Liarozole inhibits the formation of polar metabolites from RA (79, 80).
Early studies indicated that the majority of the polar metabolites merely are
intermediates from catabolism of RA, without specific bioactivity. Later studies
have proposed that all RA metabolites have affinity for RARs and can regulate
gene expression in similar or even in different ways than atRA and 13-cis RA
(64, 81). It is not known whether CYP26 enzymes have the ability to generate
even more variants of retinoid metabolites.
Idres et al., studied the binding of RA metabolites and RA isomers to RARs as
well as their ability for activation of RAR-mediated transcription (64). All retinoids tested in the study could activate all three RARs. Although the retinoids
showed variable affinity, activation could be achieved with similar efficiency.
Another study found that 4-oxo-RA binds to RAR ǃ with the same affinity as
atRA, but did not show much binding to RAR Ǆ, which indicated that the
metabolites could have receptor selectivity (82). 4-oxo RA is known to be an
important factor during embryogenesis (83) and 4-oxo, as well as 4-OH-RA,
and 5,6-epoxy-RA, have the ability to inhibit growth of several cell lines (84,
85). Further studies are needed to characterize the specific roles of each retinoid
and how alterations in RA metabolism affect the levels and effects from different
retinoids.
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1.2.2 Retinoic acid metabolism in the brain
The different enzymes involved in anabolism or catabolism of RA are expressed
in the central nervous system (CNS). However, expression patterns show
considerable variation between species as well as between developmental stages.
For example, in the adult rodent brain expression of RALDHs is only detected in
a sub-population of cortical neurons and in the meninges. This pattern is very
different from that of adult humans, where high levels of RALDHs are detected
in hippocampal neurons (86). Hippocampus also expresses RARs, indicating
that there may be a local RA regulation where both synthesis and responses to
the signal occurs. Moreover, this implies that the level of RA in rodent brains
could be low and that their RA-regulated mechanisms either play a minor role
or that they require low levels of RA to maintain normal tissue function.
CYP26 enzymes are often expressed in a spatially restricted or graded manner,
and act as a “sink” for RA. The expression pattern creates regions with different
levels of RA which in turn control gene expression during both development and
postnatally (87–89). Already in 1999, Swindell et al., found that the expression
of RA synthesizing and catabolizing enzymes never overlap during embryonic
development (56). More recent studies exploring the expression patterns in the
brains of adult mice have confirmed and complemented these findings. Stoney
et al. characterized the expression patterns of CYP26 enzymes in the brain and
observed opposing expression patterns of RALDHs and CYP26 in the hippocampus (90). Interestingly, the authors also reported co-expression of RA synthesizing and catabolizing enzymes, indicating a potential to regulate the level of
intracellular RA.
Proliferation in the adult CNS is rare, only observed in the subventricular zone
and the subgranular zone of the dentate gyrus in hippocampus. The dentate
gyrus contains the infra- and suprapyramidal blades, where the infrapyramidal
blade has higher level of RA than the suprapyramidal (91). The difference in RA
concentration is proposed to originate from the close proximity for the
infrapyramidal blade with the meninges expressing RALDHs (91) as compared
to the suprapyramidal blade, relying on the plasma concentration of RA (92).
The blades are separated by cells in the hilus which express CYP26B1 (93),
where RA from the infrapyramidal side is catabolized and thus prevented from
reaching the suprapyramidal blade. Depriving rats of vitamin A by a vitamin A
deficient diet results in phenotypic changes within the CNS, including a reduced
modification of synaptic strength and cognitive deficits (94, 95). In 2001,
Etchamendy et al. showed that RA levels are declining in the ageing hippocampus (96). Taken together, this indicates that hippocampal neurons are dependent on differential regulation of the level of RA for normal tissue function.
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1.2.3 Retinoic acid metabolism in the olfactory epithelium
CYP26B1 and RALDH1-3 can be detected in the olfactory epithelium of
postnatal mice (55, 97). CYP26B1 is expressed in a graded manner with the
highest level of expression in Z1 and lowest in Z4 (Fig. 4) (89). This is in
contrast to the RALDHs that are most highly expressed in Z2-4 (55). CYP26B1
can be detected in mature OSNs and cells underneath the epithelium in the
lamina propria. All three isoforms of RALDHs can be detected in the lamina
propria. Moreover, RALDH1 can be detected in sustentacular cells in Z2-4 and
RALDH3 in cells associated to the basal lamina in Z4.
Figure 4. Expression patterns
of CYP26B1 and RALDHs in
the olfactory epithelium. Schematic illustration of the expression
of CYP26B1 (green) and RALDHs
(blue) in the different cell types in
the different zones (Z) of the olfactory epithelium (OE) and lamina
propria (LP) in mice. Purple dots
( ) represent a theoretical level of
RA as a result of the expression
patterns of synthesizing and catabolizing enzymes, resulting in lowest level of RA in Z1 and highest
level in Z4.

Asson-Batres et al. analysed concentrations of atRA and retinol by highperformance liquid chromatography on rat tissues (98). They could observe that
the level of retinol was comparable between liver, testes, and olfactory
epithelium. The level of RA was comparable in olfactory epithelium and testes, 9
pmol/g and 17 pmol/g respectively, in contrast to undetectable levels in the
liver. Rats that were fed a Vitamin A deficient diet for 70 days still had RA in the
olfactory epithelium which should be put in relation to that there was a full
drainage of retinol from liver, brain, and olfactory epithelium. However, after
another 20 days, the olfactory epithelium did not contain detectable levels of
RA. The relatively stable level of RA within the olfactory epithelium upon
Vitamin A deprivation indicates that there may be local stores of RA in the
tissue.

1.3 Regeneration and stem cell activity
1.3.1 Stem cells in the olfactory epithelium
An interesting aspect of research about stem cells is the importance of the
interplay between a stem cell and the niche. Stem cells respond to an array of
8
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different signals and largely depend on the niche for regulation of their
activation state, their entry/exit from the cell cycle, and fate commitment. The
identity and lineage of stem cells in the olfactory epithelium has been debated
for several decades. Some researchers claim that GBCs are the stem cells
whereas others claim that HBCs are the true stem cells (99, 100). In recent years
many studies support the later reasoning and that GBCs represent the majority
of the mitotically active cells in the olfactory epithelium during normal tissue
homeostasis (101–104). HBCs are normally quiescent but play an essential role
during regeneration after injury.
1.3.2 Vitamin A and hematopoetic stem cells
Hematopoietic stem cells share some important features with HBCs in the
olfactory epithelium, e.g., the capacity to regenerate all cells in the entire system
(105, 106). After cell division, hematopoietic stem cells give rise to multipotent
progenitors which in turn generate progenitors specific for each lineage
represented in the hematopoietic system (107). Wilson et al., analysed the cellcycle status of hematopoietic stem cells and observed that the majority of the
cells are quiescent i.e., not active in the cell cycle (108). Quiescence is not equal
to dormancy. Quiescent cells can be metabolically active and have a designated
role during homeostasis, whereas dormant cells are virtually inactive. Dormant
hematopoietic stem cells can be reversibly activated into an active state upon
stress or cellular injury (109–111).
In a previous study, RA metabolism was shown to be elevated in hematopoietic
stem cells compared to the downstream progenitors and that expression of
several RA induced target genes is enriched in hematopoietic stem cells (112,
113). Dormant stem cells have low biosynthetic activity and high expression of
RA regulated genes, in contrast to active stem cells which have higher
biosynthetic activity and low RA regulation (112). However, active hematopoietic stem cells that have a low RA regulation signature are suggested to be
primed for a faster cell cycle entry, with an approximately 11h faster initiation of
cell division compared to dormant stem cells. Taken together these studies
indicate an important role for RA in maintenance of quiescence in
hematopoietic stem cell populations, and that downregulation of RA signaling is
required for the cell to enter the cell cycle.
Treatment with RA induces cell cycle arrest in hematopoietic stem cells
accompanied by decreased protein synthesis and reduced proliferation rate,
while long-term self-renewal potential is maintained and a dormant state is
preserved (112). Interestingly, late progenitor cells, i.e., more differentiated
progenitor cells, differentiate upon treatment with RA. The variation in
response might be explained by population-specific expression of RARs, resul9
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ting in differential responses upon altered levels of RA in cells expressing
different RARs. However, since RA treatment can act on a systemic level, stem
cell dormancy could either originate from alteration of the niche or by cell
specific regulation.
1.3.3 The regenerative potential of the olfactory epithelium
The olfactory epithelium has a remarkable potential to regenerate upon injury
(114). Different methods are available for studies of the regeneration process in
the olfactory epithelium. The most common injury-regeneration models are
olfactory bulbectomy (115, 116), olfactory nerve axotomy (114, 117, 118),
intranasal administration of ZnSO4 (119–121), inhalation of methyl bromide gas
(122, 123) and intraperitoneal injection with olfactotoxic chemicals like methimazole or dichlobenil (124, 125). The common effect from these injury models is
loss of OSNs followed by increased proliferation of progenitor cells. Although all
methods induce some form of regeneration, the mechanism of action differs
between the agents which in turn results in injury of different cell types.
A tissue specific chemical injury can have toxic effect on the entire tissue or by
specific toxicity on a certain cell type. The injury can also be associated with
tissue specific enzymes activating the toxic compound. Methimazole is a drug
used to treat hyperthyroidism known to cause anosmia in patient under treatment, indicating neuronal loss within the olfactory system (page 15) (126). To
this day, mechanisms that trigger activation of stem cells following injury and
which niche factors that regulate different gene programs remain elusive.

1.4 Ageing
1.4.1 The ageing brain
Ageing of the brain can give rise to morphological and functional alterations on
both cellular and tissue level. On a cellular level, alterations in synaptic
structure, and reduced number of synaptic terminals, altered neurotransmitter
production, and lower rate of neurogenesis has been associated with ageing. In
humans, ageing is the main contributing risk factor for neurodegenerative
diseases (127). Why brain regions are differentially sensitive to alterations
associated with disease mechanisms or ageing remains elusive. In Alzheimer’s
disease hippocampus is primarily affected, in Parkinson´s disease the substantia nigra, the striatum in Huntington´s disease and the spinal cord and
primary motor cortex in ALS. Moreover, it is not known how pathology in a
neuronal population can spread as the disease progress.
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Loss of brain volume, especially of prefrontal cortex and hippocampus, is
associated with ageing (128, 129). However, it is not known if this is a prerequisite for neurodegeneration or a normal part of ageing. To fully understand
the differential effect of ageing or disease progression on different types of
neurons, it is necessary to investigate factors regulating homeostasis and
communication within tissues and cellular niches.
1.4.2 Ageing of the olfactory epithelium
In humans and rodents, ageing of the olfactory epithelium shows many
similarities. Several age related morphological changes arising in the human
olfactory epithelium have been known for decades (12, 130). The most
prominent alteration in olfactory function of ageing humans is increased odorant threshold (131, 132). Structural alterations resulting in degeneration of the
human olfactory epithelium has also been reported (133, 134). It is well known
that olfactory disorders can arise after upper respiratory viral infections,
resulting in degeneration of the olfactory epithelium (135, 136). The prevalence
of viral induced degeneration of olfactory epithelium increases, together with an
incomplete recovery of the epithelium after injury, with age (137, 138).
Morphological alterations have also been reported in the olfactory epithelium in
ageing mice (139, 140) and rats (141), as well as in rats after a viral infection
(142). Furthermore, a general reduction in the total number of proliferating cells
has been observed in ageing when compared to adult rodents (43, 141, 143, 144).
Loo et al. found that the rate of proliferation varies between regions of the
olfactory epithelium in aged rats (141). Furthermore, HBCs in old rats are
morphologically larger and rounder, compared to the flattened shape observed
in adult animals. Although the number of dying Caspase 3 positive cells seems
unaltered in old mice (145) the number of dying cells increase in old rats (146).
Brann et al. analysed regenerative proliferation in relation to steady state and
found that there are no alterations with age (143). The regenerative potential of
progenitor and stem cells in the olfactory epithelium is maintained in ageing
mice (147). However, the epithelium is significantly thinner one or three months
after chemical injury in 16 months old compared to 3 months old mice. Hence,
although the normal tissue homeostasis slows down with age, the ability to
respond to injury still remains. Whether the difference can be explained by an
alteration of the niche effecting stem cells and progenitors differently, or by an
exhaustion of the proliferative potential, remains elusive.
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2. Methods
2.1 Transgenic expression of CYP26B1
The OMP-CYP26B1 mouse model, here-from referred to as OMP-Cyp, was generated (89) to enable studies of the role of CYP26B1 and the effect of RA on neurogenesis and regeneration of the olfactory epithelium. OMP-Cyp mice express
CYP26B1 under the OMP-promotor which is selectively active in OSNs. This
results in constitutively high levels of CYP26B1 in all OSNs (Fig. 5B) compared
to the graded expression pattern in control mice with highest level of CYP26B1
in Z1 and lowest in Z4 (Fig. 5A). In OMP-Cyp mice RA is oxidized into polar
metabolites, to a similar degree in all OSNs, enabling studies of the effect of
reduced level of RA in the olfactory epithelium in general and for both OSNs
and all other cell types.

Figure 5. Illustration of theoretical concentrations of RA between zones within the
olfactory epithelium. A) CYP26B1 (green) positive OSNs are most frequently found in Z1 of
control mice. The distribution of positive cells creates a gradient of RA (purple) throughout the
olfactory epithelium with highest level in Z4 and lowest in Z1. B) In the OMP-Cyp mouse line
CYP26B1 is expressed under the OMP-promoter to constitutively high levels in all mature OSNs.
Transgenic expression of CYP26B1 will increase the level of oxidation of RA in the entire epithelium,
leading to decreased levels of available RA.

2.2 Sensory deprivation through unilateral naris occlusion
To deprive mice of odorant and airflow stimulation in one nasal cavity, permanent unilateral naris closure can be performed (148). The skin around the naris
is cauterized creating a wound that will occlude, or close, the naris when it heals
(Fig. 6A). With this technique, OSNs in the nasal cavity inside of the closed naris
will be deprived of stimulation by odorants and airflow i.e., absence of binding
of odorants to odorant receptors and absence of mechanical stimuli arising
when the air passes through the nasal cavity. In the open naris a doubled airstream will be inspired. We have used this model for studies of both blocked and
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double activation within the same animal (Paper III). Sham operated mice were
used as controls (Fig. 6B).
Figure 6. Schematic illustration of permanent naris occlusion in mice. A) Naris occluded mice with one open naris receiving double
amount (+2) of airflow in contrast to the closed naris (red cross) that will not receive olfactory sti-muli
as the airflow is zero (0). B) Sham operated mice
are used as controls for test of the potential confounding effects of inflame-mation after surgery and
these have similar airflow through both nares (+1).

Permanent naris closure was performed on mice at postnatal day (PD) 5 and the
mice were sacrificed 14 days later. To confirm that the scar resulted in a complete naris closure a drop of water was administered to the operated naris to
determine that no air was passing through, creating bubbles in the water. Mice
with one open and one closed naris (Fig. 6A) were compared with sham operated mice (Fig. 6B).

2.3 Chemically induced injury of the olfactory epithelium
In recent years, the drug methimazole has emerged as the most used agent for
experimental injury of the olfactory epithelium, due to high reproducibility of
the injury. Methimazole is a drug that was previously used in treatment of
hyperthyroidism in humans (149) and observations in patients revealed loss of
olfactory function as a side effect (150). The olfacto-toxic effect of methimazole
is mediated by a CYP450-dependent conversion into reactive metabolites which
bind covalently to the Bowman´s glands in the olfactory epithelium (151).
Treatment with a CYP-inhibitor protects the cells in the olfactory epithelium
from injury (152).
Methimazole is injected intraperitoneally (i.p.) and within four hours most of
the cells in the olfactory epithelium show swollen mitochondria and endoplasmatic reticulum, irregular nucleus and detachment from the basal lamina, leaving
one layer of HBCs (Fig. 7A) (152). This massive cell death activates the normally
quiescent HBCs which then enter the cell cycle to produce daughter cells of
different olfactory epithelial cell types. The first step of regeneration repopulates the progenitor cell pool, where HBCs both self-renew and give rise to
GBCs that are amplifying progenitors, responsible for most of the proliferation
at later stages of the regeneration (Fig. 7B). After two days the progenitor pool is
regenerated, which in turn start to produce sustentacular cells and OSNs (Fig.
7C).
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Studies which have evaluated the success rate of i.p. injections have showed a
huge error rate with approximately 14-20% failing (153–155). The authors concluded that the only way to minimize errors from i.p. injections is to limit the
number of mice injected at one time point or use a two-investigator technique
where one person holds the mouse when the other person is performing the injection. In best case scenario, a misplaced i.p. injection only result in lack of
effect of the drug but can in detrimental cases kill the animal if the intestines are
partly ruptured by the needle. In our experiments we monitored the mice closely
the days after methimazole injection to observe if the mice appeared affectted.
When the olfactory epithelium detaches the mouse sneezes and rubs its nose,
which can be noted as a sign of a successful methimazole injection. The error
rate of i.p. injections should be taken into consideration upon interpretations of
results when critically reviewing a study.

Figure 7. Regeneration of cells in olfactory epithelium following methimazole induced
injury. A) Upon injury induced by methimazole, sustentacular cells (grey), OSNs (blue and green)
and GBCs (orange) die and detach from the basal lamina, leaving a monolayer of HBCs (purple). B)
HBCs are activated and either differentiate directly without cell division or proliferate to repopulate
the pool of HBC and GBC progenitors. C) Three weeks after injury, most cells in the olfactory
epithelium are regenerated.

Control and transgenic OMP-Cyp mice were injected with 50, 75 or 100mg/kg
methimazole and sacrificed 2 days post injection (Paper II). The results were in
line with previous studies showing an incomplete injury of the epithelium with a
dose of 50mg/kg (124). Injection of either 75 or 100mg/kg resulted in a complete destruction of the olfactory epithelium leaving a single layer of HBCs
attached to the basal lamina. Based on these results, subsequent experiments
were performed with 75mg/kg of methimazole.
To test the limits of the regenerative potential of the olfactory epithelium we
conducted an experiment with multiple injury-repair cycles. The mice received
one, two or three sequential injections of 75mg/kg methimazole or saline as
vehicle control (for time line see Fig. 2F+G, Paper II). The injections were three
weeks apart to allow a high number of cell divisions since the proliferation rate
after methimazole injection is highest during the first 14 days (103, 156). The
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degree of regeneration was studied at 6 or 21 days after the last injection. The
first time point was used to determine the effect after the first acute phase of
regeneration, whereas the later time point reflected a steady state achieved after
regeneration.

2.4 Intranasal drug administration
The location of the olfactory epithelial cells in the nasal cavity provides excellent
possibilities for direct administration via the naris. Administration of pharmaceutical drugs and compounds by direct administration route to the target tissue
can often provide the maximal effect with a minimal unwanted generalized
effect on the animal and usually requires a lower total dose.

Figure 8. Intranasal administration in the mouse. A) Anesthetized mouse receiving a dose
via an intranasal administration route using a pipette. B) Fluorescent beads (red) administrated
intranasally to one naris can be detected throughout the olfactory epithelium (blue). Arrow indicates
the location of one bead. Scale bar in B is 100μm.

Mice were sedated and placed in supine position with head placed in a steady
position (Fig. 8A). Solutions were administered to one naris 2ǋl at a time until
required volume according to bodyweight had been given. Between every administration, the mouse was rotated 90 degrees starting with rotation to the right
followed by left side lateral recumbent position. Rotations served to assure that
the administered solution was distributed throughout the nasal cavity. The administration was synchronized with the breathing cycle and solution was
administered on inspiration to ensure that the solution was not expelled. Fluorescent beads with a diameter of 9ǋm were added to solutions as tracers to
enable analysis of the distribution of the solution (Fig. 8B). Analysis of tissue
sections of olfactory epithelium along the anterior-posterior axis showed that
fluorescent beads could be detected throughout the lining of the olfactory
epithelium.
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3. Aims of the studies
The overall aim of this thesis was to study the role of RA levels in maintenance
of the olfactory sensory map in relation to stimulus-dependent activity, neurogenesis and regeneration. The focus throughout these studies was to obtain a
higher level of understanding for how RA metabolism in the olfactory epithelial
stem cell niche regulates postnatal development as well as maintenance and
regeneration of the adult olfactory epithelium.

The specific aims were to analyze the olfactory epithelium in mice to elucidate:

1.

The function of postnatal and activity-dependent development of spatially
(zonally) organized OSNs in the olfactory epithelium that differentially
express the RA inactivating enzyme CYP26B1 (Paper I).

2. The function of spatial (zonally) different RA metabolism during injuryinduced regeneration of the olfactory epithelium in adult and old mice
(Paper II).
3. The contribution of activity-dependent RA metabolism to known effects of
olfactory sensory deprivation (Paper III).
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4. Results and discussion
Inhere I discuss only a selection of our findings. For additional results and
discussion thereof, I refer to the individual papers I-III. For discussion about
altered inositol trisphosphate signaling in HBCs and the identification of a novel
cell type, I therefore refer to paper II.

4.1 Cells in Z1 and Z4 respond inversely to low levels of RA
postnatally
We hypothesized that zonal expression patterns of genes involved in vitamin A
metabolism were an indication of differential sensitivity to the level of RA
between the zones of the olfactory epithelium. First, we analysed the number of
OSNs expressing certain selected odorant receptors specific for each of the four
different zones in control and OMP-Cyp mice. The extent of Z1, which is the
region where CYP26B1 normally is expressed to the highest level (Fig. 1D+I,
Paper I), was increased in OMP-Cyp mice. Quantifications showed that OSNs
increased in number in Z1 (Fig. 3A+E, Paper I). In addition, we utilized a
marker protein (NQO1) that is selectively expressed in Z1 and measured the
ratio between the total length of the olfactory epithelium and Z1 (Fig. 4A+B,
Paper I). The result showed that Z1 was significantly increased in OMP-Cyp
mice. These results indicated that not only the numbers of Z1 OSNs were
increased but also that Z1 has expanded, conceivably at the expense of the other
zones.
We found that the expression of RA synthesizing RALDHs was highest in Z4,
which is the zone with lowest CYP26B1 expression (Fig. 1F-I, Paper I). In OMPCyp mice the numbers of OSNs positive for Z4 odorant receptors decreased (Fig.
3C-E, Paper I). CYP26B1 in these mice is expressed under the OMP-promotor,
which drives transcription of transgenes also postnatally. We analysed odorant
receptors in Z1 and Z4 before birth at embryonic day 16.5. The numbers of OSNs
expressing the corresponding receptor were similar between the transgenic and
control mice (Fig. 3F, Paper I). This result indicated that the effect of an altered
RA metabolism on the regulation of zone-specific genes occurs postnatally,
during the period of activity-dependent competition for survival between
odorant receptor-specific classes of OSNs. The zone with highest RALDH (Z4)
was most sensitive to transgenic CYP26B1-dependent reduction of RA. Taken
together, these results show that the zones in the olfactory epithelium are
differentially sensitive to reduced levels of RA.
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4.2 The level of RA controls rate of proliferation
Our results indicated that reduced level of RA in OMP-Cyp mice increased the
rate of proliferation in the olfactory epithelium (Fig. 2F, Paper I). 13-cis RA is an
isomer of RA with higher biostability, conceivably due to less efficient inactivation by CYP26 enzymes (157). We conducted an experiment with the aim to
study the effect on proliferation in the olfactory epithelium by an increased level
of RA. 13-cis RA was administered into one naris of control mice and the
number of proliferating cells was quantified. Increased levels of 13-cis RA
resulted in a significant decrease in number of proliferating cells. This effect of
13-cis RA was only evident in Z4 (Fig. 4C, Paper I). 13-cis RA has previously
been shown to decrease proliferation in hippocampus (158). These results show
that proliferation decreases upon treatment with 13-cis RA in two different adult
neuronal stem cell niches that both exhibit spatial differences of RA levels.
Stoney et al. have shown that in vivo inhibition of CYP26B1 by treatment with a
CYP26 inhibitor results in decreased proliferation in hippocampus (90).
Theoretically, inhibition of CYP26B1 can lead to increased levels of RA and/or
decreased levels of polar metabolites produced by CYP26B1 enzymatic action.
After local intranasal administration with the CYP26-inhibitor Liarozole we
observed a decrease in proliferating cells in both Z1 and Z4 (Fig. 4A+B, Paper I).
These results demonstrate a direct correlation between the level of RA in the
olfactory epithelium and the level of progenitor proliferation. Inhibition of
CYP26B1 presumably leads to both increased levels of RA and decreased levels
of polar metabolites produced by CYP26B1. Since 13-cis RA, with a possible
resistance against CYP26 catabolic activity, only inhibited proliferation in Z4
while Liarozole inhibited proliferation in both Z1 and Z4 it is possible that the
Liarozole effect in Z1 is mediated by polar RA metabolites.
Previous studies have demonstrated that CYP26B1 expression is neuronal
activity-dependent (89, 159). Normally, OSNs are stimulated by odorants or
airflow through inspiration via both nares. Closing one naris prevents air flow,
thus depriving OSNs from both mechanical and odorant stimuli. CYP26B1 is
downregulated in OSNs of the closed naris (Fig. 1B+D, Paper I). In the olfactory
epithelium of the open naris, which have a doubled increase of air/odor flow,
CYP26B1 expression was increased (Fig. 1B+C, Paper I).
Kikuta et al., have shown that sensory deprivation of the olfactory epithelium
results in decreased proliferation (160). We hypothesized that there was a
correlation between this finding and air/odor-induced CYP26B1 expression,
which would reduce RA levels and then increase proliferation. To test this
hypothesis, we first closed one naris in control mice and confirmed the results
from previous studies (Fig. 3E, Paper III). Interestingly, the number of
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proliferating cells in the open naris was increased compared to the sham
operated (Fig. 1E, Paper III). Thus, we could demonstrate a functional
correlation between decreased level of CYP26B1 and reduced level of proliferation in the closed naris, in comparison to the opposite effect in the open
naris (Fig. 9A). Kikuta et al. found a difference in the number of proliferating
cells between open and closed nares (160). However, statistical analyses
between two experimental conditions without analyzing the unperturbed
condition of sham mice run the risk to mask differences. In this case,
upregulation in the open naris and downregulation in the closed naris will thus
only be observed as a significant difference between doubled stimulation and
sensory deprivation, not how the level relates to normal levels of proliferation.
The level of proliferation was unaltered in both open and closed nares in OMPCyp mice compared to sham operated mice (Fig. 3E, Paper III). In OMP-Cyp
mice, CYP26B1 is experimentally made activity-independent i.e., the level of RA
remains low even in the absence of odor/air stimulation. The result from the
analyses of OMP-Cyp mice suggests that the effect of sensory deprivation on
proliferation is inhibited when RA levels are low due to transgenic CYP26B1
expression (Fig. 9B). This result supports the concept that inhibition of
proliferation following sensory deprivation in control mice is mediated by
reduced endogenous CYP26B1 expression.

Figure 9. Correlation between proliferative rate and CYP26B1. A) The level of activitydependent expression of CYP26B1 in control mice is associated with number of proliferating cells
(round cell and circular arrow). Inside of the open naris, OSNs are stimulated by double airflow,
resulting in increased CYP26B1, reduced level of RA, and increased proliferation. Inside of the
closed naris, OSNs are sensory deprived resulting in decreased CYP26B1, increased levels of RA, and
decreased proliferation. B) In OMP-Cyp mice, CYP26B1 is constitutively expressed to high levels,
resulting in reduced levels of RA independent of stimulus. The number of proliferating cells is thus
constantly elevated.

Jacobs et al. have reported that RA is required for differentiation and survival
of hippocampal neurons without having an effect on proliferation (161). The
effect of reduced RA was studied in mice fed a vitamin A deficient diet, i.e., not
only a reduction of RA but of all metabolites “downstream” produced by an
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oxidation cascade starting with retinol. In addition, the decline in neurogenesis
could not be reversed by adding RA to the diet, possibly indicating a crucial role
of Vitamin A metabolites different from RA. Other studies have revealed that
increased levels of RA inhibits proliferation in the hippocampus and the subventricular zone (158, 162). During normal tissue homeostasis in the hippocampus,
proliferation is lower in the blade with highest level of RA (163), indicating a
possible inhibitory role of RA on proliferation in the hippocampus. The divergent results are likely due to the complexity of the models, differences in analyses and methods used to measure proliferation. Likely, the outcome of increased levels of RA will differ after an acute treatment compared to an extended
exposure, as well as after local versus systemic administration.
Together, our studies indicate that there is a correlation between retinoids
regulated by CYP26B1 activity and proliferation in the olfactory epithelium. We
have found that chronic high level of CYP26B1 in all OSNs increases the number
of proliferating basal cells. We have also found that acutely increased levels of
13-cis RA as well as blocked activity of CYP26B1 resulted in reduced
proliferation of basal cells. Furthermore, our studies indicate that activitydependent regulation of proliferation in the olfactory epithelium can be
correlated with the level of CYP26B1 expression.

4.3 RA maintains quiescence of horizontal basal cells
During the course of our analyses of CYP26B1-activation of quiescent HBCs
another study was published that showed that RA regulates activation and quiescence of hematopoietic stem cells (112). When performing double immunofluorescence analysis with the HBC marker cytokeratin 5 and the proliferation
marker Ki67 we found that a fraction of the normally quiescent HBCs were activated in a non-cell autonomous manner by high constitutive transgenic
CYP26B1 expression in OSNs (Fig. 6A, Paper II). This indicates that local RA
metabolism may be a general regulator of adult stem cell dormancy.
We used phosphorylated ribosomal subunit s6 (pS6) as a marker for cells in an
active state, i.e., when HBCs are metabolically active, differentiate, or divide
(164). In OMP-Cyp mice, an increased number of HBCs had pS6 (Fig. 6G+H,
Paper II). Furthermore, some sustentacular cells stained positive cytokeratin 5
(Fig. 6I-J, Paper II). The majority of these cells did not express detectable levels
of Ki67, indicating that they were not active in the cell cycle. A recent study has
shown that HBCs can give rise to sustentacular cells via direct fate conversion
without cell division (165). Our results suggest that reduced level of RA can
induce differentiation of HBCs, generating sustentacular cells without prior cell
division.
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The HBCs in OMP-Cyp mice showed increased Ki67 (Fig. 8B, Paper II), had
pS6, and altered cell morphology as the normal flattened appearance of HBCs
was changed to a rounded shape (Fig. 6+8, Paper II). Reduced levels of RA
activated HBCs in all zones, although the highest number of proliferating HBCs
was observed in Z2-Z4 (Fig. 6A+8B, Paper II). Furthermore, we could observe
epithelial patches in Z4 with columnar cells that were also devoid of OSNs (Fig.
3C+D, Paper II). Morphologically the cells resembled the previously described
metaplasia in the olfactory epithelium of old mice (page 11). Together, the
results indicate that dormant HBCs are activated in an olfactory stem cell niche
when the level of RA is reduced. The zone with the highest number of active
HBCs coincided with loss of OSNs and appearance of an atypical, apparently
metaplastic cell type.

4.4 Age-related activation of horizontal basal cells
The connection between activation of HBCs and appearance of metaplastic cells
observed in OMP-Cyp mice made us curios to investigate the level of HBC
activation in ageing mice. Several studies have shown that HBCs are quiescent
during adulthood in 2-5 months old mice (9, 166, 167). Other research groups
have analysed regenerative potential in ageing mice (143, 147). Activation of
HBCs in uninjured olfactory epithelium from mice of different ages has not been
elucidated. To address if HBC activation changes with age we analysed Ki67
and pS6 in HBCs in mice at PD32, as well as 5, and 18 months of age. Interestingly, the result showed significant increased frequency of active HBCs between
5 and 18 month (Fig. 9G-F, Paper II). During the same time period we observed
a decrease in the total proliferation, which to a large extent is represented by
GBCs (Fig. 9E+F, Paper II). This indicates that more HBCs are activated when
GBC proliferation decrease with age.

Figure 10. Schematic representation of alterations in cellular composition and
respiratory patches arising in the olfactory epithelium of ageing mice. A) Neuronal loss
in olfactory epithelium of ageing mice. B) Patch of ciliated respiratory cells (turquoise). C) Patch of
secretory respiratory columnar cells (pink).
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Histological analyses revealed aneuronal epithelial patches with metaplastic
cells in the olfactory epithelium of 18 months old mice. We found that the metaplastic cells were of two types, each expressing markers of two different types of
respiratory cells (Fig. 10B+C). The metaplastic respiratory cells were either
ciliated (Fig. 9A, Paper II) or secretory (Fig. 9B, Paper II). Immunofluorescence
analyses using known respiratory cell markers as well as histochemical staining
for goblet cells indicated that the secretory respiratory cell type has not been
previously described. HBCs in the aneuronal epithelial patches were negative for
Ki67, pS6 and reduced in number relative to the olfactory epithelium that
flanked the patches (Fig. 8D+F-I, Paper II). Thus, the HBCs remaining in the
patches were quiescent. This result indicates that the HBCs’ proliferative
capacity may have been exhausted due to an age dependent decline of self
renewal. Moreover, concomitant with this potential decline of self-renewal was a
change in cell linage commitment toward a respiratory cell fate. An interesting
possibility is that the metaplastic cells may represent a terminal cell fate choice
of exhausted HBCs. The function of such reprogramming of linage commitment
could be to maintain the essential barrier function of epithelium in the nasal
cavity. The underlying mechanisms for the age-related alterations we found are
not known but are possibly associated with a disrupted normal tissue homeostasis and regeneration, accumulation of injury from pollutants or infections,
or as a part of a genetically controlled ageing process.

4.5 Prolonged activation of horizontal basal cells result in
respiratory metaplasia
To analyse for possible zonal differences of extensive HBC activation we
designed an experimental injury model that challenges HBCs in control mice
during repeated injury-repair cycles (page 14). First, we analysed activation of
HBCs after three cycles, and found that 10-20% of all HBCs were activated in all
four zones (Fig. 8B, Paper II). However, a notable difference was observed when
analysing the contribution of proliferating HBCs to the total number proliferating cells. In Z4 approximately 50% of the proliferating cells are HBCs,
compared to 20% in Z1 and Z2 (Fig. 8C, Paper II). Furthermore, the previously
discussed differences in regeneration of OSNs between the zones after one
injury-regeneration cycle became more pronounced with each cycle. The
number of regenerated mature OSNs decreased in all zones of the olfactory
epithelium with each cycle, most prominently in Z1 and Z4 (Fig. 4A-D, Paper
II).
Injury-induced regeneration resulted in respiratory metaplasia of the same type
as in OMP-Cyp mice and old control mice (Fig. 5, Paper II). One type of patch
was characterized by metaplastic ciliated respiratory cells (Fig. 10B) that
appeared in Z1 already after one injury-induced regeneration cycle. This type of
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metaplasia progressively expanded into other zones for each additional
regeneration cycle (Fig. 5A+E, Paper II). In Z4, the other type of metaplasia
composed of hypertrophic secretory respiratory columnar cells (Fig. 10C) appeared after two regeneration cycles and became even more widespread after the
third cycle (Fig. 5A+C, Paper II).
Based on our previous results which showed that high constitutive CYP26B1 in
OSNs activated HBCs and resulted in secretory respiratory metaplasia in Z4 but
not ciliated respiratory metaplasia in Z1 we wanted to investigate the combined
effects of injury and high constitutive CYP26B1 in OSNs injury. Accordingly, we
analysed OMP-Cyp mice after two and three injury-regeneration cycles and
observed that altered levels of RA had inverse effect on regeneration in Z1 and
Z4 respectively. After one cycle, Z1 regenerated better in OMP-Cyp mice and Z4
inefficiently compared to controls (Fig. 4A, Paper II). The respiratory metaplasia in Z4 became more widespread after each cycle (Fig. 5A, Paper II).
Moreover, in OMP-Cyp mice Z1 regenerated more efficiently following two
regeneration cycles but not three regeneration cycles (Fig. 4D, Paper II). Thus,
the positive effect of low RA levels on neurogenesis in Z1 could not sustainably
counterbalance the negative effect of repeated injuries.
These results indicate that CYP26B1, old age and injury may exhaust the HBCs
in the same way and that HBCs become exhausted earlier when CYP26B1 and
injury are combined because the total number of HBC cell divisions increase
(Fig. 11). This model may also apply to old age, i.e. that HBCs “aged” earlier in
OMP-Cyp mice due to an increased number of cell divisions. The results
indicate that the regulation of HBC differentiation differs between Z1 and Z4,
i.e., the number of GBCs is higher in Z1 compared to Z4. GBCs are a
heterogeneous proliferative stem/progenitor cell population that includes
transit amplifying cells. The finding that Z4 is more sensitive to “exhausting
stimuli” than Z1 may thus be a consequence of that regeneration of this zone
depends to a lesser extent on GBCs. In support for this model we find that HBCs
in Z4 express relatively low levels of p63 that has been shown to inhibit
differentiation of HBCs (168). Analyses after three regenerative cycles revealed
fewer HBCs that had a diminished proliferative capacity, in the metaplastic
patches within Z4 (Fig. 8H+I, Paper II).
In the ciliated respiratory patches, we observed cells expressing HBC marker
cytokeratin 5 and respiratory cell marker FoxJ1 (Fig. 6M, Paper II). The
detection of both markers within the same cell indicates that HBCs can
differentiate directly into ciliated respiratory cells. This result is compatible with
the possibility that HBCs undergo a final differentiation into ciliated respiratory
cells direct when the stem cell niche in Z1 is exhausted. The function of this
change of cell linage commitment may be to maintain an epithelial barrier.
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Figure 11. Schematic timeline for exhaustion of progenitor cells. Progenitor cells in the
olfactory epithelium proliferate throughout life, which we find leads to an exhaustion of proliferative
potential in ageing mice. In OMP-Cyp mice, proliferation is accelerated resulting in premature
exhaustion of the progenitor pool. Injury results in synchronized activation of many HBCs. Repeated
injury-repair cycles will, like increased CYP26B1 expression and old age, exhaust the stem cell niche.

Furthermore, we analyzed for RALDH in the patches and compared with the
normal expression patterns as an indication of alterations in the local RA level
by the metaplasia. As mentioned previously RALDH is expressed in sustentacular cells in Z1, but not in sustentacular cells in Z2-4 (Fig. 1B+C, Paper II).
The ciliated respiratory cells in Z1 on the other hand expressed high levels of
RALDH (Fig. 5H+I, Paper II). The appearance of ciliated respiratory RALDH+
cells in Z1 thus increased the RA concentration within this zone. Conversely, in
Z4, RALDH+ sustentacular cells were replaced by RALDHí secretory respiratory cells (Fig. 3G+H, Paper II). These results indicate that both types of
metaplastic epithelia that protect the lining of the nasal cavity, in absence of
normal olfactory cells, may be maintained by HBC progeny cells. We described
ciliated respiratory cells and a novel cell type, which we categorize as a secretory
respiratory cell type. Previous studies have observed swollen sustentacular-like
cells after injury and ageing (139, 167, 169–171). We find that the identified
secretory cell type express a large secreted glycoprotein expressed by various
secretory cells. The protein is implicated in mucus barrier function (172). Mucus
accumulation in airways is a normal protective reaction to inflammation and
tissue damage and we here describe that secretory respiratory cells normally are
located in the nasal respiratory epithelium.
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5. Future perspectives
Understanding of activity-regulated neurogenesis is important for the future
research about competition and survival of neurons. Studies on how mature
neurons promote their own survival in competition with others and knowledge
about what factors within a niche that determine which neurons that should be
targeted for elimination may be highlighted in future research. After narisclosure, mature OSNs are maintained while proliferation and apoptosis
decrease. Preservation of neurons upon stimulus-deprivation can provide
important knowledge regarding how this mechanism either is reversed or
circumvented during neurodegeneration.
I propose a study of our theoretical model regarding levels of retinoic acid in the
olfactory epithelium in a new context to achieve understanding of cellular
responses to RA, polar metabolites and other retinoids. With quantifications of
different retinoids in the olfactory epithelium by liquid chromatography
interesting conclusions on the regulation of activity dependent neurogenesis can
be made.
More specifically, it would be of interest to test the effect of different levels of
retinoids on the regenerative capacity of stem cells after injury. This could
potentially reveal if the levels of retinoids within a tissue can be associated with
the activation state of stem cells.
Investigations for common denominators behind neuronal competition and
survival, in hippocampus and in the olfactory epithelium may reveal novel
molecular mechanisms. The olfactory epithelium can be used as a model for
studies of mechanisms that are very hard or impossible to address in the intact
brain.
In the future, more knowledge about niche factors regulating stem cell activity
in the olfactory epithelium can improve understanding of dysregulated neurogenesis resulting from excessive or diminished proliferative capacity.
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