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Abstract

Abstract

The gaseous signalling molecule nitric oxide (NO) is involved in many divergent
biological events including neurotransmission, modulation of neurogenesis and cell
migration. In the olfactory system NO has a function in the embryonic development of
the olfactory epithelium (OE) and its regeneration after injuries. Nevertheless function
and even existence of NO in the intact OE of adult rodents is still controversially
discussed.
The present study was aimed at elucidating the role of NO in the OE of mice. We were
able to show for the first time mRNA and protein expression of endothelial nitric oxide
synthase in olfactory sensory neurons of mice. eNOS-expression is upregulated after
birth and the protein is present in most olfactory sensory neurons of adult mice. Inside
the sensory neurons eNOS is localized to somata, dendrites and knobs but not to cilia
and axons.
Using highly specific NO-sensitive electrodes we were able to show that olfactory
sensory neurons release NO upon activation. Stimuli eliciting NO-release were
veratridine and KCl that lead to a depolarization of olfactory sensory neurons but also
phorbol 12-myristate 13-acetate (PMA) and forskolin, substances activating elements of
the olfactory signal transduction cascade. NO release even could be evoked by octanal,
an odorant known to activate olfactory receptors. Stimulus-dependent NO release was
absent in eNOS-deficient mice indicating that eNOS is the enzyme mediating NOproduction in OSN.
Additionally, we examined putative functions for eNOS in the olfactory epithelium.
BrdU-labeling showed that the lack of functional eNOS in transgenic mice did not
influence basal cell proliferation in the olfactory epithelium. Putative influence of NO
on response properties of olfactory sensory neurons was examined using two
techniques,

calcium

imaging

of

isolated

olfactory

sensory

neurons

and

electroolfactogram measurements to record receptor currents from populations of OSN
in the intact olfactory epithelium. Although isolated olfactory sensory neurons of
eNOS-deficient mice did not exhibit significantly altered response properties, we were
able to show that adaptation in these mice shows differences compared to wild type
animals. EOG-measurements with repetitive odorant-stimulation revealed that signals
from the OE of eNOS-deficient mice exhibited significantly slower adaptation kinetics
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than responses from wild type animals. Paired pulse experiments with long
interstimulus interval showed equal effects, indicating that NO acts on olfactory
adaptation by mediating long lasting effects.
In summary our data point to eNOS being a new player in the complex field of
modulating olfactory signal transduction. It is expressed in OSN, is able to produce NO
in a stimulus-dependent manner and seems to be involved in adaptation to olfactory
stimuli.
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1. Introduction

Chemosensation, the ability to detect chemical cues of the environment, is a
fundamental process shared by most organisms. Animals recognize and discriminate a
large number of chemical signals, which profoundly influence their behaviour and
provide them with essential information for survival. In higher organisms different
sensory systems are responsible for the detection of chemical cues: The olfactory
system, the gustatory system and the so called common chemical sense carried by
trigeminal sensory neurons (see Lledo et al., 2005). Despite this variety of systems to
detect chemical cues, higher animals mainly rely on olfaction as the principle
chemosensory modality.
The mammalian olfactory system has been shown to consist of multiple subsystems
including the main olfactory system represented by the main olfactory epithelium, the
accessory olfactory system represented by the vomeronasal organ, the GC-D cell
system, consisting of sensory cells expressing type D guanylyl cyclase, the septal organ
of Masera, the Grueneberg ganglion, as well as several other functionally distinct
subpopulations of chemosensory cells located within the nose (see Spehr et al., 2006).
For most of these subsystems the function is unclear and yet it is likely that they only
present a part of the enormous complexity of the olfactory system.
In recent years, interest in the olfactory system has grown tremendously which is in part
due to conferment of the 2004 Nobel Prize in Physiology or Medicine to Linda Buck
and Richard Axel for discovering the olfactory receptor gene family. Its anatomy, and
function as well as its regenerative properties and processing of olfactory information
have been the topic of many interesting studies and are constantly revisited, with new
and unexpected findings emerging nearly every day.
This introduction will only give a brief summary of current knowledge and unanswered
questions concerning this intriguing sensory system.
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1. Introduction
1.1 The mammalian olfactory system

1.1.1 Functional anatomy of the mammalian main olfactory system

AOB
GG

MOB
SO

MOE
Figure 1.1
Parasaggital section through the mouse
head.
OE = olfactory epithelium
VNO = vomeronasal organ
SO = septal organ of Masera
GG = Grueneberg ganglion
MOB = olfactory bulb
AOB = accessory olfactory bulb
(figure adapted from Spehr et al., 2006)

VNO

The mammalian olfactory system has three separated olfactory neuroepithelia (fig. 1.1)
The vomeronasal organ (VNO) is located in two paired cartilagous tubes that line the
anterior base of the nasal septum. A narrow duct, opening onto the floor of the nasal
cavity just inside the nostril is the only access for chemical stimuli.
More caudally located on the nasal septum is a small patch of olfactory sensory
epithelium called the septal organ of Masera. The function of this distinct olfactory
epithelium is still unclear though it has been hypothesized to serve as a general odour
detector upstream to the main olfactory epithelium (Tian and Ma, 2004).
The main olfactory epithelium (MOE) is located at the caudal part of the nasal cavity
lining the nasal septum as well as the olfactory turbinates, cartilagous outcroppings
reaching into the nasal cavity, thus enlarging the expanse of olfactory epithelium lying
in the airstream.
Despite new findings about cross specificity of VNO and MOE (see Spehr et al., 2006)
the VNO is still assumed to be the mediator of non-volatile social cues known as
pheromones while the main function of the olfactory epithelium presumably lies in the
8
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detection of volatile odorants that can be derived from either an animals habitat
(environmental odorants) or from animals of other species (allelochemics) (see Ache
and Young, 2005).
The MOE is not only characterized by its ability to detect an immense variety of
different odorant compounds, it also enables animals to discriminate and recognize
theses compounds with very high precision. Thus it builds a perfect interface between
the environment and the central nervous system.

1.1.2 Cellular composition of the MOE

The olfactory epithelium is made up of three major cell types: Olfactory sensory
neurons (OSN), supporting or sustentacular cells and basal cells (fig. 1.2).

Figure 1.2
Schematic view of the olfactory neuroepithelium and olfactory bulb. Olfactory
receptor
neurons
expressing
a
particular olfactory receptor converge
onto one or a few glomeruli. The nearly
2,000 glomeruli in the rat olfactory bulb
are spherical knots of neuropil, about
50–100 µm in diameter, which contain
the incoming axons of OSNs and the
apical dendrites of the main inputoutput neuron of the OB, the mitral
cell. Mitral axons leaving the OB
project widely to higher brain
structures including the piriform cortex,
hippocampus and amygdala. Lateral
processing of information occurs
through
two
populations
of
interneurons: periglomerular cells and
granule cells.
(Figure from Firestein et al., 2001)

The first cell type – the sensory receptor neurons - are bipolar neurons with a single
unbranched dendrite that terminates in a knob-like structure at the lumenal surface of
the OE. From this knob 20-30 long cilia, containing the machinery for the olfactory
9

1. Introduction
signal transduction cascade, reach into the mucus, a watery layer covering the whole
epithelium. From the basal pole these cells extend single, unmyelinated axons
(Morrison and Costanzo, 1990). These axons fasciculate into bundles thus forming the
olfactory nerve (ON), traverse the cribriform plate, and terminate in the olfactory bulb
(OB). Here they make connections with second order neurons for olfactory processing,
i.e. the mitral and tufted cells located in so-called glomeruli.
The second cell type in the olfactory epithelium is the supporting or sustentacular cell.
These cells possess microvilli instead of cilia and fulfil various functions in the MOE.
They are involved in the structural support of the epithelium, electrical and chemical
insulation of the OSN, regulation of the mucus composition, and phagocytosis of dying
receptor cells. They also likely deactivate odorants, as well as help to protect the
epithelium against damage from xenobiotics (see Doty et al., 2001).
The last major type of cells is the basal cells. These cells are located near the basement
membrane and are responsible for the livelong regenerative properties of the olfactory
epithelium.

1.1.3 Regeneration in the olfactory epithelium

Unlike other sensory systems, the neurons of the olfactory epithelium can be replaced
throughout the whole life span of an animal. This regenerative function is fulfilled by a
pool of multipotent dividing stem cells, called basal cells, located in the basal
compartment (basal cell layer) of the MOE. There are two types of basal cells: The first
type are round, or globose basal cells that are believed to be the primary OSN
precursors (Caggiano et al., 1994; Jang et al., 2003; Chen et al., 2004). Additionally
they have been suggested to produce sustentacular cells (SUS) and olfactory
ensheathing cells (OEC). The second type is a related class of horizontal basal cells that
have been hypothesized to creat a neurogenic environment for the adjacent globose
basal cells (Holbrook et al., 1995; Carter et al., 2004).
The regulation of these processes is essential for maintaining the function of the
olfactory epithelium. Therefore proliferation of stem cells must be restricted in terms of
the number of generated cells and at the same time provide the possibility to rapidly
adapt to situations of enhanced apoptosis due to traumata. In the recent years several
secreted factors that regulate proliferation and differentiation of stem cells have been
10
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identified in the microenvironment of the MOE (figure 1.3).These factors act either
positively (e.g. fibroblast growth factors FGF2 and FGF8) or negatively (e.g. bone
morphogenic factor (BMP) and growth and differentiation factor 11 (GDF11)) on the
stem cells.

Figure 1.3
A model of the OE neural stem cell and its derivatives. Stem cells give rise to Mammalian
Achaete Scute Homolog 1 (Mash1) -positive neuronal precursors, that produce immediate
neuronal precursors (INP). From these INPs olfactory sensory neurons arise. (Figure
adapted from Beites et al., 2005)

In this context several lines of evidence suggest that the molecular signals that result in
the initial development of the olfactory epithelium (determination of the olfactory
placode and establishment of the olfactory neural lineage) are different from those that
regulate ongoing and regenerative neurogenesis (see Beites et al., 2005). Additionally it
has been shown that several of the signalling molecules that are important for
generation of mature olfactory receptor neurons, like members of the fibroblast growth
factor (FGF) superfamily, are developmentally regulated.
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1.2 Olfactory signal transduction and processing

1.2.1 The olfactory signal transduction cascade

Odorants, mostly consisting of small lipophilic molecules (MW < 300 Da), are
transported into the nose by the respiratory air stream. Inside the nose these molecules
have to be dissolved in the mucus covering the epithelium of the nasal cavity. One
mechanism involved in solving the odorants in the mucus is binding of the odorants to
so called odorant binding proteins OBPs, small proteins from the protein family of
lipocalins. The transition of the lipophilic odor molecules into the aqueous environment
of the mucus is essential for the interaction of the odorants with their respective
receptors located on the cilia of the olfactory sensory neurons. Each OSN is thought to
express a single allele of the large family of odorant receptor genes in the vertebrate
genome (Chess et al., 1994; Malnic et al., 1999; Serizawa et al., 2000, 2003; Ishii et al.,
2001) that is most probably chosen stochastically and prevents the expression of other
receptors by feedback regulation (Serizawa et al., 2003).
The classical odorant receptors (Buck and Axel, 1991) belong to the family of G
protein-coupled receptors (GPCRs), seven-transmembrane domain proteins that activate
G protein-based signalling cascades when activated by their respective ligands
(Mombaerts, 1999).
The binding of odorants to odorant receptors in the cilia causes, via G protein activation
of adenylyl cyclase type 3 (ACIII, Bakalyar and Reed, 1990), the production of a cyclic
nucleotide, cAMP, which directly opens ionic channels in the plasma membrane
(Firestein et al., 1991; Frings et al., 1992). These cyclic nucleotide gated (CNG)
channels are heterotetrameric channels composed of 3 different subunits, CNCα3,
CNCα4 and CNCβ1b (Bönigk et al., 1999). The channels are nonselective cation
channels that allow for an inward transduction current carried by Na+ and Ca2+ - ions.
This transduction current is amplified by a Chloride outward current (Kleene, 1993;
Kurahashi and Yau, 1993). Olfactory sensory neurons maintain an unusually high
intracellular concentration of Cl- - ions. Increase in the intracellular concentration of
Ca2+ causes the opening of Ca2+ -activated Cl- channels that elicit an efflux of Cl- from
the cilia, contributing to the olfactory neuron depolarization (fig. 1.4).
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Figure 1.4
Schematic view of the canonical signal transduction pathway. Activation of the olfactory
receptor (OR) leads to production of cAMP that binds to a CNG channel. Opening of the CNG
channel leads to influx of calcium and sodium ions into the cell. Calcium ions can open calcium
gated chloride channels. The resulting efflux of chloride ions enhances odor evoked
depolarisation. (Figure adapted from Spehr et al., 2006)

The depolarization spreads passively to the dendrite and soma of the olfactory neuron,
triggering action potentials that are conducted along the axon to the olfactory bulb (see
Menini, 1999).

1.2.2 Adaptation of olfactory sensory neurons

Prolonged or repeated stimulation of olfactory sensory neurons leads to a reduction in
stimulus response, a process that is referred to as adaptation. Thus the olfactory system
is able to adjust its sensitivity to varying stimulus concentrations at the earliest stage of
odorant perception, preventing saturation of the cellular transduction machinery.
Adaptation to olfactory stimuli is mediated by several mechanisms that influence the
olfactory signal transduction on various levels and with different onsets and recovery
times.
An overview of proposed cellular adaptation mechanisms are given in table 1.1.
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Second
messenger
Ca

2+

Target

Mediator

Effect of an increase in second
messenger concentration

References

CNG
channel

calmodulin
or other yet
unidentified
2+
Ca binding
proteins

decreases affinity for cAMP;
reduces the overall gain of
transduction

(Zufall et al., 1991a);
(Kramer and Siegelbaum, 1992);
(Lynch and Lindemann, 1994);
(Chen and Yau, 1994);
(Liu et al., 1994)
(Balasubramanian et al., 1996) ;
(Kurahashi and Menini, 1997);
(Kleene, 1999)

adenylycyclase

CaM kinase
II

decreases cAMP production;
reduces the overall gain of
transduction

(Wei et al., 1996, 1998)
(Leinders-Zufall et al., 1999a)

VILIP

decreases cAMP production

CaM

stimulates cAMP/cGMP
hydrolysis

PDE

2+

(Boekhoff et al., 1997)
(Borisy et al., 1992)
(Yan et al., 1995)

CO/cGMP

CNG
channel

ncreases Ca entry;
reduces the overall gain of
transduction

(Ingi and Ronnett, 1995)
(Leinders-Zufall et al., 1996, 1997)
(Zufall and Leinders-Zufall, 1997)

cGMP

PKG

decreases cAMP production;
increases cAMP production

(Kroner et al., 1996)
(Moon et al., 1998)

NO

CNG
channel

stimulates Ca entry;
2+
inhibits Ca entry

(Broillet and Firestein, 1997)
(Lynch et al., 1998)

cAMP

PKA

increases desensitization

(Boekhoff and Breer, 1992)

GRK

increases desensitization;
reduces cAMP generation

(Dawson et al., 1993)
(Schleicher et al., 1993)
(Peppel et al., 1997)

2+

Table 1.1: Potential sites for feedback regulation of odor transduction in vertebrate OSN (table
from Zufall and Leinders-Zufall, 2000)

Several calcium- independent mechanisms like involvement of protein kinase A (PKA)
(Boekhoff and Breer, 1992) and G protein-coupled receptor kinase 3 (GRK3) (Dawson
et al., 1993; Schleicher et al., 1993, Peppel et al., 1997), phosphorylation events at the
olfactory receptor as well as stimulus induced receptor internalisation by an β-arrestin2
mediated process (Mashukova et al., 2006) have been described. Nevertheless the key
player in olfactory adaptation seems to be Ca2+ (see Zufall and Leinders-Zufall, 2000;
see Matthews and Reisert, 2003).
One prominent action of Ca2+ on adaptation is mediated through the direct interaction of
Ca2+-calmodulin (CaM) with the CNG channels at its two modulatory subunits CNCα4
and CNCβ1b (Kelliher et al, 2003; Michalakis et al., 2006), which leads to reduced
sensitivity of the channel. Another prominent pathway works via the inhibition of the
adenylyl cyclase type 3. The decrease of ACIII activity was found to be mediated via
calcium-calmodulin kinase II (Wei et al., 1996) and Visinin-like-protein (VILIP)
(Boekhoff et al., 1997). A third mechanism that is proposed to contribute to olfactory
14
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adaptation is the activation of a calmodulin-dependent phosphodiesterase (CAM-PDE
or PDE1C2) that was discovered in olfactory sensory neurons (Broisy et al., 1992, Yan
et al., 1995). Phosphodiesterases (PDEs) specifically cleave cAMP and cGMP and thus
are critical determinants for the concentration of these second messengers (see Francis
et al., 2001). PDE1C2 is highly expressed in olfactory cilia and has a very high affinity
for cAMP. However, new studies on OSN with and without inhibition of
phosphodiesterases indicate that PDEs seem to have no significant effect on fast
adaptation (Boccaccio et al., 2006).
In addition to all of these mechanisms which lead to a rather rapid form of odor
adaptation, there is growing evidence that OSN can also undergo much slower and
longer-lasting changes in sensitivity to odors (see Zufall and Leinders-Zufall, 2000).
Several studies suggest that cGMP is a mediator for this form of adaptation. Breer and
coworkers were able to show that upon odorant stimulation not only cAMP but also
cGMP is produced in ciliary preparations of olfactory sensory neurons (Breer et al.,
1992). Moreover, they found that the formation of cGMP exhibited a kinetic different
from that of cAMP production. While the concentration of cAMP peaks and declines
within 100 ms after onset of a stimulus, a slow and sustained elevation was observed for
cGMP that started after more than 500 ms and continued to increase until the end of the
experiment 10 seconds after stimulus onset. Apart from these findings more groups
have shown odorant-induced rise in cGMP-concentration in OSN (Kroner et al.,, 1996;
Moon et al., 1998, Zufall et al., 1997) and described its function on CNG-channels (Ingi
and Ronnett, 1995; Leinders-Zufall et al., 1996; Leinders and Leinders-Zufall, 1997).
cGMP is produced by guanylyl cyclases that exist as membrane bound (particulate
guanylyl cyclases (pGCs)) and soluble (sGC) forms. While one form of pGC, namely
GC-D, has been shown to reside in a special subtype of olfactory sensory neurons that
do not express the elements of the canonical signal transduction pathway and projects to
distinct glomeruli in the olfactory bulb (Fülle et al., 1995, Juilfs et al., 1997), there have
been indications for other, not specified forms of pGCs in olfactory sensory neurons.
Moon and coworkers found hints on the activity of two pGCs in olfactory cilia (Moon et
al., 1998). Basing on these studies they proposed a model for the modulation of the
cAMP-pathway in which long lasting exposure to odorants stimulates pGCs in the cilia
to produce cGMP and activates protein kinase G, leading to a further increase in amount
and duration of intracellular cAMP levels.
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The activation of soluble guanylyl cyclase in olfactory tissue has been the centre of
interest in many studies. sGC is activated by the gaseous second messengers nitric oxide
(NO) and carbon monoxide (CO) by binding to the prosthetic heme group of the protein
(see Friebe and Koesling, 2003). In preparations of purified sGC, NO increases the
activity of the enzyme 100- to 200-fold while CO elicits a 4-fold increase in activity
(Stone and Marletta, 1994).
Despite the finding that odorant induced cGMP production in cilia can be inhibited by
blockers of NO-producing enzymes and scavenging of nitric oxide by haemoglobin
(Breer et al., 1992), it is a general assumption that CO is the messenger that activates
sGC stimulus-dependently in OSN. This common opinion is mainly due to the fact that
to date, no NO-producing enzyme could be shown in mature OSN.
In contrast, two isoforms of the CO-producing heme oxygenase have already been
shown to be expressed in the olfactory epithelium (Chen et al., 2003) that can to
produce CO in cultures of olfactory sensory neurons (Ingi and Ronnett, 1995). Leinders
and Leinders-Zufall were able to identify a form of long-lasting adaptation (LLA) that
manifested in reduced amplitude as well as prolonged kinetics of the cAMP-mediated
excitatory odor response and results in the generation of a persistent current component
that lasts for several minutes (Leinders and Leinders-Zufall et al., 1997). They deduced
that these effects were attributable to activation of the CNG channel by cGMP and
could be selectively blocked by inhibitors of heme oxygenase, pointing to a contribution
of an endogenous CO/cGMP signalling mechanism to olfactory adaptation.
Despite the lack of evidence for an NO synthesizing enzyme in mature mammalian
olfactory epithelium, direct functions of nitric oxide at the CNG channel have been
proposed as another mechanism of modulating the response of OSN. Broillet and
Firestein described the ability of NO to act on CNG channel via covalent binding to a
cysteine residue of the channel protein thereby changing the conformation of the protein
(Broillet and Firestein, 1996). Nevertheless, what effects result from this modulation of
the channel by NO is unclear. On the one hand an activation of the channel by NO was
described (Broillet and Firestein, 1996) while another group found that NO-donors
reduced the cAMP-gated current to approximately 50% of the control current level
(Lynch et al., 1998).
Upon revisiting all of these findings it becomes obvious that the role nitric oxide
mediated actions in olfactory sensory neurons is far from being clarified and is very
controversially discussed.
16
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1.3 Nitric Oxide (NO)

Originally described as the endothelium-derived relaxing factor of blood vessels, NO is
now known to subserve a variety of functions throughout the body, both physiological
and pathophysiological. It has been described in the regulation of blood vessel tone
(Kelm and Schrader, 1990), as a retrograde messenger in neurotransmission
(Garthwaite, 1991), in immune regulation (Marletta et al., 1988; Stuehr et al., 1989), as
an inhibitor of platelet aggregation (Azuma et al., 1986, Radomski et al., 1987) and
many more.
NO is one of the smallest known biologically active messenger molecules. It is a
colourless gas with good water solubility. It is also one of the most simple odd electron
species with an unpaired electron that gives the molecule a radical character and
increases its reactivity with a variety of atoms and free radicals.
One important reaction of NO is its interaction with oxyhaemoglobin to form
methaemoglobin and nitrate. It can also react with superoxide anion (O2-) to form
peroxynitrite (ONOO-), which is a potent oxidant that can nitrosate proteins and nucleic
acids, and can cause lipid peroxidation (potentially its most devastating action). NO can
also react with thiols to form S-nitrosothiols in vivo, such as S-nitrosocysteine and Snitrosoglutathione (GSNO). However the mechanism of this reaction still remains
unclear (see Al-Sa’doni and Ferro, 2000).
Being a small gaseous molecule, NO can easily diffuse through biological membranes,
and therefore act either as a paracrine or an endocrine messenger. Its diffusion distance
is up to 500µm (Dawson and Snyder, 1994) and its half life in aqueous solutions has
been described to be no longer than 3.8-6.2 seconds (Kelm, 1999) which is limited
mainly by its reactivity with other molecules and proteins.
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1.3.1 Production of NO

NO is produced in the conversion of L-arginin to L-citrullin by so called nitric oxide
synthases (NOS). The reaction is indicated in figure 5.

Figure 1.5
Mechanism of nitric oxide production in the conversion of L-Arginin to L-Citrullin catalysed by
nitric oxide synthases.

Nitric oxide synthases are members of the cytochrome P450 enzyme family. They need
several cofactors like flavin mononucleotide (FMN), flavin adenine dinucleotide and
and tetrahydrobiopterin (BH4) that all play important roles in shuttling electrons from
the substrate nicotinamide adenine dinucleotide phosphate (NADPH) to the haem
complex at the active site of the enzyme.
Four isoforms of NOS have been identified in mammals that are named according to the
cell type in which they were discovered. The existence of one of them, the
mitochondrial NOS, is postulated to be involved in regulation of mitochondrial
respiration (see Giulivi et al., 2006); it is still disputed and will not be discussed here.
The other three isoforms can be divided in two constitutively expressed calciumdependent ones, the neuronal and the endothelial isoform and one calcium independent,
the inducible or macrophage isoform (table 2).
original name

functional name

numerical name

nNOS (constitutive)

ncNOS

type I

eNOS (constitutive)

ecNOS

type III

macNOS (inducible)

iNOS

type II

Tabel 1.2
The 3 major isoforms of mammalian nitric oxide synthases.
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The isoforms are products of different genes but share approximately 50-60% sequence
identity. They all form homodimers and share overall enzymatic and chemical
properties but differ in catalytic and regulatory characteristics.
The inducible isoform has been originally discovered in macrophages, where its
expression is upregulated in response to cytokines and polysaccharides and produces
NO in rather toxic ranges (µM). Today it is known that iNOS has a function in many
more tissues including CNS astrocytes (see Saha and Pahan, 2006) and the developing
cochlea (Arnhold et al., 1999).
The neuronal isoform has been discovered, in neurons but has also been described in
several disparate cell types, like skeletal muscle, airway epithelium, heart, kidney and
gastrointestinal tract. The endothelial isoform, originally discovered in endothelial cells
of the vasculature, has been found in myocardium, skeletal muscle, epithelial cells and
neurons (see Al-Sa’doni and Ferro, 2000).

1.3.2 Regulation of calcium-dependent NOS

Since NO is a diffusible messenger that cannot be stored, its production has to be tightly
regulated in all tissues. In the two constitutively expressed isoforms, eNOS and nNOS
activity is dependent on the intracellular calcium concentration. Upon elevation of the
calcium concentration Ca2+-calmodulin binds to NOS evoking a conformational change.
Only under this condition electrons, donated by NADPH in the reductase domain of
NOS, are transported by FAD and FMN to the heme in the oxygenase domain of the
enzyme (fig. 1.6).
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Figure 1.6
Schematic representation of NO-synthesis by NOS. When CaM is not bound to the enzyme
(top), electrons, donated by NADPH, do not flow to the oxygenase domain and are
accepted by cytochrome c and other electron acceptors. In the presence of CaM (bottom),
L-arginine can be converted first to N-hydroxyl-arginine and then into NO and L-citrulline.
(Figure from Iadecola, 1997)

A variety of other regulatory mechanisms contribute to the control of NO production by
NOS, e.g. the regulation of NOS transcription and expression, protein-proteininteractions and intracellular trafficking as well as phosphorylation (see Dudzinski et
al., 2006).
Though mechanisms are best investigated for eNOS, both constitutive isoforms have
been shown to be subject to transcriptional control and phosphorylation but interact
with different proteins (table 1.3) and have a distinct subcellular localisation.
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nNOS

eNOS

Allosteric activators

Calmodulin
Hsp90

Calmodulin
Dynamin-2

Inhibitors

Protein inhibitor of NOS

Caveolin-1
ID4 domain of G proteincoupled receptors

Receptors

Bradykinin B2 receptor
α1A-Adrenergic receptors

Bradykinin B2 receptor
ET-1 ETB receptors
AT1 receptor
α1A-Adrenergic receptors
5-HT2B receptor

Adaptors/
Scaffolds/Traffickers

Caveolin-3

Hsp-90
Caveolin-3
NOSIP
NOSTRIN

Transporters

PMCA 4b (via PDZ domain)

Porin
CAT-1

Other PDZ domain proteins

PSD-95, PSD-93
α1-Syntrophin
CAPON
Phosphofructokinase-M
COOH-terminal-binding
protein
Islet cell autoantigen 512

Tab. 1.3
Protein partners of nNOS and eNOS that regulate activity of these nitric oxide synthases
(adapted from Kone et al., 2003)

nNOS harbours a 250–amino acid PDZ/GLGF motif at its N- terminus. The GLGF
motif, a conserved amino acid motif on the binding pocket of the PDZ domain, binds
dystrophin and, at least in skeletal muscle, targets nNOS to the sarcolemma. In neuronal
tissue, nNOS localizes to both the rough endoplasmic reticulum and electron-dense
postsynaptic areas (Ponting et al., 1997). eNOS is also associated with membranes. In
resting endothelial cells, most eNOS protein is localized to specialized invaginated
domains of the cell membrane called caveolae. Caveolae are characterized by the
presence of a transmembrane scaffolding protein known as caveolin (Rothberg et al.,
1992). Relative to the surrounding plasma membrane, caveolae are enriched with
cholesterol and sphingolipids, which together decrease the fluidity of these discrete
membrane regions (Brown et al., 1997).
The distinct fluid phase properties of caveolae seem to help accumulating proteins
involved in a variety of signalling pathways, and thus may function to facilitate proteinprotein and protein-membrane interactions necessary for cellular signal transduction
(Shaul and Anderson, 1998). eNOS is specifically targeted to caveolae. This
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localization appears to be the key in modulating eNOS activity by bringing eNOS in
close physical proximity to other upstream signalling proteins which are colocalized to
caveolae (Shaul et al., 1996). The caveolar targeting of eNOS is dependent on
irreversible myristoylation at its N-terminal glycine (Gonzales et al., 2002).
Myristoylation appears to initially target eNOS to the cell membrane, where the enzyme
is doubly palmitoylated at N-terminal cysteine residues 15 and 26, a modification that
further helps anchoring eNOS in caveolae (see Shaul, 2002). However, because these
thiopalmitoyl bonds are labile, palmitoylation and the resultant caveolar targeting are
reversible and controllable, thus creating an additional level of dynamic control of
eNOS activity (Yeh et al., 1999).

1.3.3 Molecular Targets of NO

NO interacts readily with various types of protein bound metal centres and has a
propensity to interact with cystein thiol groups and other nucleophilic residues, such as
tyrosin residues.
The best recognized function of NO is the activation of the heme containing enzyme
soluble guanylate cyclase (sGC), a protein ubiquitously expressed in mammalian cells.
sGC is a heterodimeric protein that catalyzes the conversion of GTP to the second
messenger cGMP at a low basal rate. Exposure of sGC to 10 - 100 nM NO results in
binding of NO to the heme group by displacing the axial histidine ligand, leaving a
pentacoordinate iron, and shifting the iron atom out of the plane of its porphyrin ring.
This conformational change leads to allosteric activation of dimeric sGC and a manifold
enhancement of its activity. Only NO is able to bind the sGC heme group, as neither
NO− nor NO+, redox species of NO, activate sGC. In addition, carbon monoxide, while
able to bind the sGC heme group, does not break the axial histidine linkage and thus
leaves a hexacoordinate iron and a much less activated sGC than bound with NO (see
Dudzinski et al., 2006).
cGMP directly and indirectly modulates numerous targets, including protein kinases
such as protein kinase G (PKG), GPCRs, ion channels, phospholipase C (PLC),
phosphodiesterases (which can modulate either cellular cGMP or cAMP levels),
tyrosine kinases, and tyrosine phosphatases (see Friebe and Koesling, 2003).
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A further mechanism of NO function is by forming covalent bonds with protein thiol
and tyrosine groups. The interaction of NO with thiols, called S-nitrosylation is
generally reversible, an unusual characteristic among covalent bonds and therefore
postulated to be of special importance in cell signalling. In contrast, the formation of
nitrotyrosine would not be expected to be reversible. In the recent years S-nitrosylation
has been described for various proteins. Among them are ion channel proteins and ion
transporters like calcium dependent potassium channels, L-type calcium channels and
Na+/K+-ATPase, kinases (e.g. PKC) and phosphatases, proteolytic enzymes like
caspases, structural proteins like actin and β-tubulin as well as eNOS itself, which lead
to an inhibitory feedback loop (see Dudzinski et al., 2006).

1.3.4 NO in the central olfactory system

It is undisputed today that the gaseous messenger NO plays a role in the mammalian
olfactory system (see Broillet and Firestein, 1995). Studies have shown that the
neuronal isoform of NOS in the mouse brain can be found along the whole olfactory
pathway from the olfactory bulb via the piriform cortex and the amygdala to the
thalamus (Gotti et al., 2005). Highest densities of nNOS positive neurons and fibres are
reached in the amygdala and on the first relay station of olfactory information, the
olfactory bulb.
Although the presence of NOS has been shown in all levels of the olfactory pathway
only sparse knowledge exists concerning the function of NO in these brain areas. One
exception is the olfactory bulb (OB), where this issue has been studied extensively.
Recent findings report the expression of nNOS in a variety of different cell types
throughout the mouse main olfactory bulb, including some subpopulations of
periglomerular cells, granule cells, tufted cells and interneurons in the external
plexiform layer (Kosaka et al., 2007). Likewise, the expression of the endothelial
isoform of NOS has been shown in neurons and neuropil of the olfactory bulb
(Dinerman et al., 1994).
To date two different effects of NO have been shown in the OB. The first one is a
reduction in number of proliferating neuronal precursor cells in the OB. Neuroblasts
from the subventricular zone migrate tangentially along the rostral migratory stream
(RMS) to reach the olfactory bulb, where they differentiate as granular and
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periglomerular interneurons (Lois and Alvarez-Buylla, 1994; Doetsch and AlvarezBuylla, 1996). Systemic administration of NOS inhibitors to adult mice produced a
dose- and time-dependent increase in the number of mitotic cells in the subventricular
zone, rostral migratory stream, and olfactory bulb (Moreno-López, et al., 2004). This
effect is most probably due to direct inhibition of epidermal growth factor receptor
(EGFR) through S-nitrosylation (Matarredona, et al., 2005).
A further effect of NO in the OB is its influence on olfactory learning. NO can act as an
anterograde as well as a retrograde messenger in the nervous system and it has been
shown previously that some forms of LTP and LTD, the major mechanisms of learning,
depend on NO (Lev-Ram et al., 2003). Implication of NO in olfactory learning could be
shown in the region processing pheromonal information, the accessory olfactory bulb
(AOB) (Okere and Kaba, 2000), as well as for the associative learning process of odors
detected in the MOE. These processes can be significantly impaired by NOS-inhibitors
(Samama and Boehm, 1999).
A possible mechanism proposed for NO in olfactory learning is that it acts as a
retrograde messenger at mitral to granule cell synapses, potentiating the glutamate
release via a cGMP/PKG dependent pathway (Kendrick et al., 1997).

1.3.5 NO in the mammalian peripheral olfactory system

In contrast to the olfactory system of axolotl, that contains NO-synthase in somata and
dendrites of OSN (Sanchez-Islas and Leon-Ola, 2001), there is no evidence for the
existence of NO-synthases in the intact mature mammalian peripheral olfactory system.
Because of the fact that all NOS containing neurons in the brain stain for NADPHdiaphorase, NADPH-diaphorase immunoreactivity has been considered as an indicator
for nitric oxide synthase in neuronal tissues (Dawson et al., 1991; Hope et al., 1991).
Despite the large amount of NADPH-diaphorase immunoreactivity found in OSN and
sustentacular cells of rats (Schmachtenberg et al., 2001) and mice (Kishimoto et al.,
1993), antibody stainings of the mature mouse OE did not show any nNOSimmunoreactive cells (Kishimoto et al., 1993).
However, experiments on the developing rat olfactory epithelium revealed high nNOS
expression in OSN somata and axonal especially tha axonal endings from embryonal
day E11 to 7 days after birth (Roskams et al., 1994). In older animals nNOS expression
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was not detectable anymore. Upon the removal of the olfactory bulb, nNOS was
upregulated again, suggesting a prominent function of NO in activity-dependent
establishment of connections in both developing and regenerating olfactory neurons.
Another isoform of NOS, iNOS, has been suggested to be involved in olfactory
epithelium development. In mouse embryos high levels of iNOS expression could be
shown in OSN from E14 to E20 (Arnhold et al., 1997). Due to these findings the
authors proposed iNOS to be involved in synchronizing differentiation of OSN by
terminating precursor cell proliferation.
The studies cited here deal with nNOS and iNOS in the developing and regenerating
olfactory epithelium but are unable to show any expression of nitric oxide synthase in
the unharmed olfactory epithelium of adult rodents. Therefore, a general assumption is
that the mature MOE is devoid of any NO-source and that nitric oxide plays no role in
the olfactory epithelium of adult rodents (Ingi and Ronnett, 1995). However, these
assumptions contradict previous findings of odorant-induced cGMP concentration
changes in olfactory cilia that have been shown to be NO-mediated (Breer et al., 1992).
This contradiction raises the question whether another yet unidentified isoform of nitric
oxide synthase resides in the olfactory epithelium and whether this isoform could be
activated an odorant-dependent manner.
This study is aimed at shedding light on this particular issue.
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Gaseous second messengers like nitric oxide (NO) and carbon monoxide (CO) play an
important role in intra- and intercellular signalling (see Dawson and Snyder, 1994).
Functions for NO have been shown in numerous biological events including vascular
smooth muscle relaxation, inhibition of platelet aggregation, immune regulation and
neurotransmission as well as neurogenesis and cell differentiation. The role of nitric
oxide in the olfactory system is less well established although the presence of nitric
oxide synthase is well recognized in the central olfactory system. In the peripheral
olfactory system NO has been shown to play a role in the embryonal development of the
olfactory neuroepithelium (OE) and its regeneration after injuries (Roskams et al.,
1994). Effects of NO in adult rodents have been postulated previously for the
modulation of signal transduction events (Broillet and Firestein, 1996; Schmachtenberg
et al., 2003). Nevertheless, the existence of nitric oxide synthases and therefore the
presence of NO in the intact OE of adult rodents is still elusive.
The present work was aimed at gaining insight into the presence and function of niric
oxide synthase in the olfactory epithelium of adult mice.
This goal was realized by addressing 3 major questions:
1. Is nitric oxide synthase expressed in the olfactory epithelium of adult mice?
2. Is there a stimulus dependent synthesis of NO in olfactory sensory neurons?
3. What is the function of NO in the olfactory epithelium?
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3.1 Animals

The study was performed using embryonic, neonatal and adult mice of various strains
(see table 3.1).
Strain
OMP-GFP

Features
express

green

fluorescent

protein under the promoter of

Purchased from

Age

Experiments performed

kindly provided by

-mature

Immunohistochemistry
cell sorting for RT-PCR

Peter Mombaerts

the olfactory marker protein, i.e.
- postnatal

in all mature OSN

immunohistochemistry

day 0
- embryonic

immunohistochemistry

day 17
C57/Bl 6

referred to as wild type

Charles River

-mature

immunohistochemistry

(older than

RT-PCR

6weeks)

Western Blot analysis
NO-electrode meas.
EOG

-21 days

2+

Ca -measurements
BrdU-labelling

eNOS delMu

carry a deletion of exons 24 and

kindly provided by

25 in the NADPH-binding site of

Axel Gödecke

-mature

immunohistochemistry
RT-PCR
NO-electrode meas.

eNOS

EOG
2+

Ca -measurements
-21 days

BrdU-labelling

Table 3.1:
Overview of the different mice strains used during the experiments.

Animals were caged with water and food administered ad libidum.
Experiments were carried out in accordance with the European Union Community
Council guidelines.
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3.2 Timed breeding of OMP-GFP mice

The oestrus cycle of female mice was determined by staining of the vaginal smear with
Giemsa solution. Vaginal smear was smoothed out on microscope slides and fixated for
5 minutes with methanol. Azur-eosin-methylene blue (Giemsa-solution, Merck,
Germany) was solved 1:40 in neutral buffered destilled water. Microscope slides were
incubated for 30 minutes with the Giemsa-solution before they were washed with
distilled water and dried. The cell types present in the vaginal smear were examined
using light microscopy and the oestrus cycle was determined according to the cell types
found in the vaginal smear. Female mice in the prooestral phase were mated for 12
hours and held in separate cages until pregnancy was clearly visible. The day of the
separation from the stud male was counted as embryonic day 0. At embryonic day 17,
pregnant females were killed by cervical dislocation and embryos were taken out of the
uteri, washed in PBS++ and heads were fixated in 4% PFA.

3.3 Immunohistochemistry

Immunohistochemistry was performed on PFA-fixated cryosections of the olfactory
epithelium.
3.3.1 Preparation of Cryosections

Neonatal and adult mice were killed with CO2 and decapitated. Skin as well as the
lower jaw and front teeth were removed and the head was brought into 4% PFA
immediately. To rid the nasal cavity from residual air that might prevent proper fixation
of the olfactory epithelium the PFA solution containing the mouse heads was degassed
in a vacuum incubator for 45 minutes.
For decalcification of the osseous parts, heads were placed in 0.5 M EDTA-solution that
was changed daily over 4 days. For cryoprotection tissue was placed in 10, 20 and 30%
sucrose solution for 30 minutes respectively. After that it was embedded in Tissue Tec
freezing medium onto specimen stages. Embedded heads were stored at -70 °C until
they were processed further. Cryosectioning was performed with a Leica CM3050S
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cryomicrotome. Coronal sections of 10-12 µm thickness were mounted on superfrost
microcope slides and dried at 42 °C for 30 minutes. Sections were stored at 4°C until
they were stained.
3.3.2 Fluorescence Staining of Cryosections

Sections were washed with PBS-- thrice for 5 minutes before incubation with 10%
normal goat serum diluted in PBS-- with 0.1% Triton-X 100 i.e. for blocking of
unspecific binding sites. Staining of the sections with the first antibody was performed
over night at 4°C. Antibodies are listed in table 3.2. Unbound first antibodies were
washed away with PBS-- 1x10 minutes and 2x5 minutes. Sections then were incubated
with the second antibody (Alexa Goat anti-Rabbit 543nm) for 45 minutes and washed 3
times for 15 minutes observation on a microscope. For double staining of sections with
eNOS and a directly fluorescence conjugated antibody against adenylyl cyclase Type 3
(ACIII DY631, kindly provided by Stylianos Michalakis) sections were additionally
incubated with this antibody after the last washing step for 5 hours at room temperature
and then washed again 3 times for 5 minutes in PBS--.
Antibody

eNOS

Epitope

bovine

endothelial

NOS

peptide

Purchased from

Dilution

Biomol

1:1000 - 1:3000

Biomol

1:200

(599-613) plus additional C-terminal
Cys

conjugated

to

KLH(PYNSSPRPEQHKSYKC)
nNOS

human brain NOS synthetic peptide
(1414-1434)
terminal

plus additional N-

Cys

conjugated

to

KLH(CRSESIAFIEESKKDTDEVFSS)
ACIII DY631

rabbit
recognizing

polyclonal
the

antibody

C-terminus

of

adenyly cyclase type 3 (Santa Cruz
Biotechnology)
with a fluorescent molecule DY-631
(Dyomics) directly coupled to the
primary antibody

Table 3.2:
Antibodies used for Immunofluorescence
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3.3.3 BrdU staining

For examination of proliferation in the MOE wild type and eNOS deletion mutant mice
(3 of each group) were injected with 50 mg BrdU per kg bodyweight. 24 hours after
injection the animals were anaesthetized with 500 µl Ketamin/Rompun until no reflexes
could be elicited. After opening of the thorax of the heart a cannula was inserted into the
left ventricle and an incision was made into the right atrium. PBS-- was infused into the
animal’s blood system by a peristaltic pump to wash out the blood and prevent
coagulation. After 2 minutes perfusion was switched to PFA (4%) for 15 minutes to
fixate the animal. The head of the fixated animal was dissected and skin, lower jaw and
front teeth were removed before the head was postfixated at 4°C over night. The heads
then were processed (decalcification, cryoprotection, embedding, sectioning, mounting of
sections) as described above.
For visualisation of BrdU-labelled DNA the cell nucleus has to be made accessible for
antibody staining. Thus sections were rinsed 2x5 minutes in PBS and 1x5 minutes in SSC
before incubation with SSC with formamide (50%-50%) for 3 hours at 60°C. The
sections were washed consecutively in SSC, PBS-- and borate buffer for 5 minutes
respectively and then incubated in 2 M HCl for 1 hour at 40 °C. For the staining
unspecific binding sites on the tissue sections were blocked with 10% normal horse
serum diluted in PBS-- with 0.1% Triton-X 100 (incubation solution) for 1 hour at room
temperature. Sections then were incubated with the first antibody (mouse monoclonal
anti-BrdU from Amersham Life Science, RPN 202) diluted 1:10 in 1% normal horse
serum in incubation solution at 4 °C overnight. The next day the sections were washed in
PBS-- and incubated with the second antibody (Alexa goat anti-mouse 543 nm or Alexa
goat anti-mouse 488 nm 1:1000) in 1% normal horse serum in incubation solution for 45
minutes at room temperature. Stained sections were washed in PBS-- for 3x15 minutes
and analyzed under a microscope. Quantification of BrdU-positive cells was done at three
levels along the anterior posterior axis of the mouse OE that are about 3 mm apart from
each other (Fig. 3.1.a). The number of BrdU-positive cells was counted along the septum
of these sections and length of the septum was measured (Fig. 3.1.b). Cell densities were
calculated as number of cells per mm. All results are given as values ± SEM. P-values
were calculated with Student t-test.
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a
2

b

3

1

Figure 3.1:
Ranges for quantification of BrdU-positive basal cells.
Fig. A shows the 3 different section depths that were used for calculation of cell density
while fig. b shows the range of the nasal septum from where cells were counted.

3.3.4 Microscopy

Immunfluorescence was detected by confocal microscopy (LSM510 Meta, Zeiss) using
a multiline argon laser at 488 nm for GFP-excitation and two helium-neon laser at 543
nm for excitation of red fluorescing secondary antibodies and 633 nm for excitation of
DY631. Filters used were LP 505, HFT KP 700/543 and LP560, respectively.
Image acquisition was controlled by custom software (Carl Zeiss AIM).

3.4 RT-PCR

3.4.1 RT-PCR from mRNA of total olfactory epithelium

To examine the presence of eNOS and nNOS-mRNA in the olfactory epithelium RTPCR was performed. Olfactory epithelium was dissected from adult wild type and
deletion mutant NOS31036 mice and total RNA was isolated by using the RNAeasy
Microkit method according to the manufacturer’s protocol (Qiagen, Hilden, Germany).
Contaminating DNA was degraded using DNase-I (Invitrogen, Karlsruhe, Germany).
Concentration of total RNA was determined and reverse transcription was done for 1
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hour at 65°C using 20 units of MMLV reverse transcriptase (Fermentas) and oligo
(dT12-18) primer. PCR was performed in a TGradient-Cycler (Biometra, Goettingen,
Germany). Gene-specific intronspanning primer sets are listed in table 3.3.
Primer name
GAPDH

Sequence
fw 5’-TTCTGCACCACCAACTGCTTA-3’

product

annealing

length

temperature

531 bp

65°C

100 bp

63°C

427 bp

60°C

301 bp

59°C

452 bp

60°C

rv 5’-TGAGGTCCACCACCCTGTTGC-3’
rrGolf-stp-

fw 5’- CGGCCACGGGTGATGGCAAACATTACTGCTACC-3’

XbaI

rv 5’- GCCTCTAGATCACAAGAGTTCGTACTGCTTGAG -3’

eNOS-5’

fw 5’- GGGGCAGGCATCACCAGGAAGAAG-3’
rv 5’- TGCGCCGCCAAGAGGATACCAGT-3’

eNOS-3’

fw 5’- GTGCCTTGAGCAAGGACATAT-3’
rv 5’- TCAGGAACCAGGTATTTCTGG-3’

nNOS

fw 5’-TCTCAGCCGCCCGACTCCT-3’
rv 5’- CTTGCCCCATTTCCATTCCTCATA-3’

Table 3.3:
Primers used for RT-PCR from total olfactory epithelium and sorted olfactory
sensory neurons.

The PCR conditions included initial denaturation in one cycle of 10 min at 95°C
followed by 35-40 cycles of 1 minute at 95°C, 1 minute at the primer-specific annealing
temperature, and 1 minute at 72°C. The program was finished by a final extension step
for 10 minutes at 72°C Control reactions contained no cDNA template. The PCR
products were separated by electrophoresis on a 1.5% agarose gel.

3.4.2 RT-PCR from mRNA of isolated olfactory sensory neurons

For RT-PCR from isolated olfactory sensory neurons, olfactory epithelium of OMPGFP mice was dissected in Ringer’s solution and cells were dissociated by incubation in
solution with low concentration of divalent cations and gentle mechanical trituration as
described in chapter 3.6.2 . The cell suspension was filtered through a 40 µm nylon
mesh to free the suspension of residual cell aggregates. Cells were centrifuged fro 10
minutes at 13.000 g and the pellet was washed 2 times with PBS--. The pellet then was
resolved in PBS--. Cell sorting was performed in a BD FACSVantage SE Cell Sorter
(Dept. of Experimental Pneumology, Bergmannsheil, Bochum, Germany). OSNs were
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separated in the process of sorting from other cell types by seize (Ø10µm) and green
fluorescence. Cell sorting parameters (flow rate, treatment of ambiguous results) were
adjusted to purity of the sample. Sorting intervals were not longer than 15 minutes and
cells were transferred into lysis buffer of RNAeasy Microkit directly afterwards. Cells
in the lysis buffer were frozen on dry ice and stored at -70°C until they were processed
further. RNA extraction and cDNA synthesis were performed as described for the total
olfactory epithelium.

3.5 Chemiluminescence detection

Chemiluminescence detection (CLD) is a method that allows for quantification of nitrite
concentration in biological samples. A schematic drawing of the CLD setup (Sievers,
Boulder, USA) is given in fig. 3.2.
ChemiluminescenceDetection of NO

chemical
trap

PMT

reaction
chamber

filter

ice

optical
filter

O3
ozone
generator

Amplifier

reductive
iodide
solution
sample
application
Helium

Figure 3.2:
Schematic view of the CLD-setup. NO is liberated from injected samples and led through the
setup by a stream of inert helium-gas. NO then reacts with ozone by forming NO2 and emitting
photons that can be quantified by a photomultiplier.

CLD was used in our experiments to get first hints on NO-liberation from the olfactory
epithelium.
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3.5.1 Preparation of OE samples

Olfactory epithelium was dissected from nasal septum and turbinates. Tissue was
incubated in Ringer solution with or without Henkel 100. Henkel 100 is a mixture of
100 different odor compounds (see Wetzel et al., 1999) which was solved 1:1000 in
Ringer solution (5 µM).
After 5-6 minutes incubation 100µl of cell free supernatant was taken off and added to
100µl stopping solution. The stopping solution contained N-ethylmaleimide (NEM) to
prevent reaction of NO with protein thiol groups and EDTA to stop calcium-dependent
NOS activity.

3.5.2 CLD-measurements and readout

Samples were injected with a glass syringe into the reaction solution containing 200
mM iodine and 600 mM potassiumiodide, solved in bidistilled water. The reductive
solution liberates nitrosonium ions (NO+) from nitrit (NO2-) in the probe.
NO2- + 2H+ Æ NO+ + H2O
Nitrosonium ions react with iodine according to
NO+ + I- Æ ONI
2 ONI Æ 2 NO + I2
by forming NO.
NO is transported through the setup via a stream of inert helium gas. Liberated NO is
cooled down and led to a reaction chamber where it reacts with ozone (O3) to build a
species of energetically excited nitrogen dioxide (NO2*). By falling back to a stable
energy level this NO2* emits photons. The emitted light has wavelength of the red and
infrared spectrum (600 - 3000 nm) and can be detected by a photomultiplier. The
amount of emitted photons is proportional to the amount of liberated NO, allowing for
quantification of nitrite concentrations in the sample. Since the formation of nitrite is a
primary degradation reaction of NO in aqueous solutions it is possible to estimate the
amount of freshly built NO by the concentration of nitrite. Data were digitalized and
recorded by a computer using the program NoaWin32 (DeMeTec, Hannover,
Germany).
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To calculate actual NO amounts from the samples data were compared with calibration
measurements from solutions with defined NO-concentrations. Values of nitrite
concentrations are given as means of 3 successive measurements from the same sample.

3.6 NO-Electrodes

For single cell measurements of NO liberation NO-sensitive electrodes were used.
This technique allows for a direct, continuous, very sensitive and specific detection of
NO. Direct detection of NO involves the oxidation of NO on the surface of the working
electrode producing a redox current. The electrochemical reaction is a one electron
transfer from the NO molecule to the electrode, resulting in the formation of NO+ (Fig.
3.2a) In the presence of OH-, NO+ is converted to nitrite in a fast and irreversible
chemical follow up reaction.
Electrodes were kindly provided by Dr. Sonnur Isik and Prof. Dr. Wolfgang Schuhmann
(Department of Analytical Chemistry, RUB). Electrodes consisted of a carbon fibre
microelectrode, coated with platinum. Platinum coating significantly increases the
surface area of the microelectrode, which is a prerequisite for enhanced sensitivity (Fig.
3.2a). On top of the platinum, a layer of Nickel tetrasulfonate phthalocyanine
tetrasodium salt (Ni-TSPc) was polymerized on the microelectrode surface. Finally, a
perm-selective nafion membrane was dip-coated on top of the Ni-TSPc layer for
improving the selectivity of the NO sensor against negatively charged interfering
compounds like NO2-. The detection limit of the developed NO microsensor had been
determined to be in a low nanomolar range (Isik and Schuhmann, 2006). Thus the
electrode developed by Isik and Schuhmann provides a tool for NO-detection that is
more sensitive and selective than NO-electrodes that are commercially available.
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b

c

Amplifier

d

Catalytical Surface (

10 µm)
eNO

NO+

Figure 3.3:
Measurements with NO-sensitive electrodes.
Figure a shows a schematic drawing of the detection electrode. The catalytical surface is
smaller and disc shaped, in contrast to commercially available, cone shaped electrodes. This
allows to record NO-release from one specific cell. Figure b shows the detection method in a
simplified way. NO is oxidized at the catalytical surface of the electrode under emission of one
electron. Current, elicited by this redox reaction can be amplified and detected. Figure c shows
a picture of dissociated olfactory sensory neurons of OMP-GFP mice with the electrode
positioned near the OSN while figure d indicates the seize of the electrode relative to the cell
and positioning of the electrode above the OSN.

3.6.1 Preparation of Concanavalin coated coverslips

We used dissociated olfactory sensory neurons for physiological assays. To improve
adherence of the cells, coverslips for NO-electrode measurements (Ø 0.5cm) and
calcium imaging (Ø 3.5cm) were coated with concanavalin. Concanavalin Type IV
(Sigma Aldrich, Steinheim, Germany) was solved in 50 mM N-(2-Acetamido)-2aminoethanesulfonic acid (ACES) buffer (Sigma Aldrich, Steinheim, Germany) at a
concentration of 100 mg/ml. After washing with 70% ethanol, a drop of 10 µl
concanavalin-solution was spread on each coverslip to cover the middle part. Then
coverslips were dried for 2 hours at room temperature before they were washed in 70%
ethanol and bidistilled water. After drying coverslips were stored at 4 °C until usage.
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3.6.2 ORN dissociation

Mouse olfactory epithelium was dissected from nasal septum and turbinates and placed
into dissociation solution. After 10 minutes incubation to reduce Ca2+ dependent cell
interactions, tissue was placed back either in Ringer’s solution (for NO-electrode
measurements) or in Fura-2 supplemented Ringer’s solution. Tissue was cut into small
pieces and titurated with fire polished glass pipettes to mechanically dissociate the cells.
Cell suspension was filtered through a 70 µm nylon cell strainer (BD Falcon, Bedford,
USA) and cells were left to settle on concanavalin coated coverslips for 25 minutes.

3.6.3 Measurements with NO-sensitive electrodes

For measurements of NO-liberation from dissociated olfactory sensory neurons
coverslips with cells were placed in a recording chamber with 200 µM Ringer’s solution
supplemented with 100 µM L-arginine. All applied stimuli, phorbol 12-myristate 13acetate (PMA) 5 µM, veratridine (10µM), forskolin (50µM), KCl (50mM) and octanal
(500µM) were solved in Ringer solution before application. Stimuli were applied by
direct pipetting them into the bath solution, resulting in an application artefact, seen in
most of the measurements before the actual response. Experiments with low calcium
solution and L-cis-Diltiazem were preceded by a 10 minutes preincubation in the
respective solution.
Cells were chosen by morphology and the electrode was positioned above the soma by
optical control (Axiovert 25C, Carl Zeiss Jena, Germany) (Fig. 3.2c). NO concentration
changes were measured by constant potential amperometry, holding the electrode at an
optimal potential of +750 mV (vs. Ag/AgCl bath electrode). The optimal potential is
selected so that it is sufficiently positive that the oxidation of the molecule of interest is
driven as fast as possible and is therefore diffusion controlled.
During the measurements current was detected over time with the help of a highly
sensitive potentiostat (NPI VA10, NPI, Tamm, Germany) and recorded with common
data acquisition software.
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3.7 Cacium-Imaging

To study stimulus-induced changes of the intracellular calcium concentration, cells were
loaded for 25 minutes at room temperature with 3 µM Fura-2 AM (Molecular Probes)
solved in Ringer’s solution.
Fura-2 is a widely used UV-excitable fluorescent calcium indicator. Upon calcium
binding, the excitation maximum of the indicator dye undergoes a blue shift from 363
nm (Ca2+-free) to 335 nm (Ca2+-saturated), while the fluorescence emission maximum is
relatively unchanged at ~510 nm. The indicator is excited at 340 nm and 380 nm
respectively and the ratio of the fluorescent intensities corresponding to the two
excitation wavelengths can be used to visualize shifts in the intracellular calcium
concentration.
Loading of cells was performed in a dark chamber whilst the cells settled to the
coverslips. Coverslips were then placed in a recording chamber and continuously
perfused with Ringer solution. Perfusion could be switched to drug application to
transiently superfuse the cells. OSN for measurements were chosen by morphology.
Only the cells that exhibited a normal morphology (i.e. with a clearly visible soma and
dendritic knob) were used for measurements.
Measurements were performed using the Olympus Cell^R Imaging Station consisting of
an Olympus IX71 microscope, an MT20 illumination system with a 150W Xenon arc
burner, and a F-view II CCD camera (all Olympus Biosystems GmbH, Munich,
Germany) connected to a computer. Pictures were taken using an UPlanSApo oil
immersion objective with a 60 fold magnification that allowed for high spatial
resolution in the measurements. For acquisition of data points ranges of interest were
defined in the picture of the OSN. One sampling cycle consisted of one frame imaged
with an excitation wavelength of 340 nm and one with 380 nm. Fluorescence ratios of
both frames were calculated and ratios of defined regions of interest (ROI) were
presented as online kinetics.
OSN were first tested for the two odorant mixes Henkel 50 A and B in a dilution of
1:3333 resulting in a final concentration of 67 µM for each odorant. Stimuli were
applied for 5 seconds with 25 seconds interstimulus interval. Cells responding to one of
the stimuli were stimulated repeatedly to elicit adaptation. Cells that did not respond to
any of the odorant mixes were exposed to a solution containing 45 mM potassium
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chloride to test for viability.
Data acquisition and analysis were performed using Olympus Cell^R/Cell^M Software,
while traces and kinetics were calculated using Origin, Igor (fits of decay). All values
are given as ratios f340/f380 ± SEM.

3.8 EOG

Mice were killed by cervical dislocation and decapitated immediately. Heads were freed
of skin, and front teeth and lower jaws were removed. The septal olfactory mucosa was
exposed by parasaggital incision and removing the left side of the head. Remaining
turbinates were removed and the preparate was placed in a dish filled with
Ringer/agarose in which the reference electrode was embedded. This electrode was
made of a chlorinated silverplate of 1.1 cm x 2.2 cm. The large surface of the electrode
is needed to average local voltage changes (Neher, 1974). The measuring electrode was
a chlorinated silver wire inserted in a Ringer’s/agarose-filled teflon tube of 0.3 mm
diameter. This electrode was connected to a DC amplifier (P18C, Grass Instrument Co.)
and signals were visualized on a chart recorder (Multipen Recorder R53M, Rikadenki)
or digitized via an interface (Digi Data 1200, Axon Instruments) on a computer (Fig.
3.4)
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water
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Interface
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and humidify
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Figure 3.4:
Schematical view of the EOG-recording setup and olfactometer.
Odorant enriched air is added to a humidified carrier air stream and applied to the olfactory
epithelium. This elicits receptor potentials from stimulied OSN. These potentials can be
detected with a silver/silver chloride electrode, amplified and recorded.

For measurements the electrode was brought into contact with the olfactory epithelium
under optical and resistance control. To prevent drying and mechanical artefacts a
constant warmed (~32 °C) and humidified carrier air stream was applied to the mucosa
with 0.1 bar pressure. This carrier stream was either supplemented with a pure
humidified air stream or an odorant enriched air stream that could be manually switched
on and off alternately. Enrichment of the air with odorants was performed in a custom
made olfactometer. Concentrations of odorants in the olfactometer were 25 mM
geraniol and Henkel 100 respectively, diluted in bidistilled water, loading the airstream
with odorant.
Stimulus application was done according to 2 different protocols. The first one
consisted of repeated odor pulses of 1 second length with 4 seconds interstimulus
interval. This protocol was designed to activate olfactory neurons repeatedly. The
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second protocol was designed to check for long lasting effects of NO. The stimulus
length was 2 seconds with 28 seconds interstimulus interval.
Traces recorded on a chart recorder were evaluated by measuring the amplitudes as well
as peak width at 40, 50 and 60 % of amplitude decay. These data were conveyed to a
computer to be processed. Traces recorded on the computer were evaluated in common
spreadsheet calculation programs (Origin, Igor) and the decay could be fitted digitally in
these programs. Decays of odor responses were fitted as monoexponential curves to
determine the time constant τ. All results are given as mean values ± SEM. Statistical
significance was determined by Student t-test.
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3.9 Solutions

Immunohistochemistry
Paraformaldehyde (4%)
(pH 7.4)

(filtered)

1L PBS-40 g paraformaldehyde (PFA)
3 pills NaOH

decalcification-solution

0.5 M EDTA

(pH 7.4)

solved in PBS--

30% Sucrose

30 g Sucrose
solved in PBS--

PBS--

2.7 mM KCl

(pH 7.2)

1.5 mM KH2PO4
137 mM NaCl
8.1 mM Na2HPO4

SSC

150 mM NaCl

(pH 7.0)

15 mM Na-Citrate

Borate buffer

0.1 M boric acid

(pH 8.5)
Physiological assays
Ringer’s solution

140 mM NaCl

(pH 7.4)

5 mM KCl
1mM MgCl2
2 mM CaCl2
10 mM Glucose
10 mM HEPES
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OSN dissociation solution
(Ringer’s solution with lowered
concentration of divalent cations)
(pH 7.4)

140 mM NaCl
5 mM KCl
2 mM CaCl2
10 mM Glucose
10 mM HEPES
10 mM EGTA

Stopping solution

10 mM N-ethylmaleimide (NEM)
2 mM EDTA
solved in PBS--

Reaction solution

0.2 M Iodine
0.6 M potassium iodide
solved in ultrapure water

high K+-solution
(pH 7.4)

100 mM NaCl
45 mM KCl
1mM MgCl2
2 mM CaCl2
10 mM Glucose
10 mM HEPES
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4. Results

4.1 Detection of Nitric Oxide Synthases in the olfactory epithelium

Nitric oxide has been hypothesized to play a role in the peripheral olfactory system of
rodents (Breer et al., 1992) although its source in the MOE of adult animals has been
elusive. There are three major acknowledged mammalian NOS-isoforms that could
account for NO production, nNOS, iNOS and eNOS. Of those isoforms, iNOS is absent
in the adult nervous system, but toxins and cytokines have been reported to induce
expression of iNOS in neuronal cells (Minc-Golomb et al., 1996; Valentine et al.,
1996). As the induction takes minutes to hours (Moro et al., 1998) and leads to a
sustained production of NO in micromolar, and therefore cytotoxic, concentrations,
iNOS is not eligible for putative fast odorant-mediated NO-effects in the OE. Therefore
only the two constitutively expressed isoforms eNOS and nNOS are able to account for
the fast stimulus-dependent effects that have been proposed to be mediated by NO.
Thus we investigated the mRNA and protein expression of eNOS and nNOS in the
olfactory epithelium of adult mice.
To gain information about the expression of eNOS and nNOS transcripts in the OE we
performed RT-PCR. Reverse transcribed RNA from the whole OE of adult C57/Bl6
mice was added to a reaction mixture containing specific primers. Primers for eNOS
and nNOS as well as primers for glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH)
and the α-subunit of the olfactory G protein (Gαolf) as positive controls were used for
PCR. PCR products were amplified in 35 cycles.
As expected we detected transcripts of GAPDH and Gαolf, indicating successful reverse
transcription. We could not detect a band for nNOS but interestingly we found mRNA
expression for eNOS, revealing the existence of eNOS transcripts in the OE (fig. 4.1).
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1000 bp
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300 bp
Figure 4.1
eNOS is present in the MOE.
RT-PCR from whole olfactory
epithelium shows eNOS but not
nNOS-mRNA in the OE.
Lanes show marker (1), GAPDH (2),
Gαolf (3), eNOS-5’ (4), eNOS-3’ (5)
and nNOS (6).

However, preparations of the whole olfactory epithelium included the lamina propria,
the layer lying in between the olfactory epithelium and the cartilagous tissue of nasal
septum and turbinates. To address the question whether the previously detected mRNA
of eNOS derives from olfactory receptor neurons or some other cell type in the olfactory
mucosa, we next isolated OSN from mice expressing GFP under the promoter of the
olfactory marker protein (OMP), a protein expressed in most mature sensory cells of the
olfactory system. The OSN of these so called OMP-GFP mice exhibit a bright green
fluorescence and thus could be separated from the rest of the OE cells by fluorescence
activated cell sorting (FACS). OSN were sorted from other cell types by size and green
fluorescence and parameters were adjusted to pureness of the OSN sample. 1000-1500
cells were collected in one tube and then transferred into lysis buffer. Again RNA was
isolated and translated into cDNA. Performing PCR with either primers for Gαolf
(positive control) or eNOS (eNOS-5’), we detected bands in the expected size (fig. 4.2),
determining the presence of eNOS transcripts in OSN for the first time.
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1000 bp

Gαolf

eNOS-5’

500 bp
400 bp
300 bp
200 bp

Figure 4.2
eNOS is transcribed in OSN.
PCR with cDNA from sorted olfactory sensory
neurons of OMP-GFP mice provides bands at the
right size for eNOS-5’ indicatig the presence of
eNOS-transcripts in OSN. Gαolfserved as positive
control.

Since mRNA contents of a cell can differ vastly from the actual amount of protein that
is expressed, we next verified protein expression of nNOS and eNOS in the olfactory
epithelium of OMP-GFP mice by fluorescence immunohistochemistry. Rabbit
polyclonal antibodies recognizing epitopes in the reductase domain of the proteins were
applied to 12 µm cryosections and visualized by fluorescence-coupled secondary
antibodies marking protein localization with red fluorescence. Since previous
publications reported the presence of eNOS and nNOS in the main olfactory bulb
(MOB), we stained sections of the MOB for control purposes. In addition we incubated
sections of MOB and OE with secondary but not primary antibodies as negative
controls, to identify the amount of unspecifically bound secondary antibody.

a

b

c
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a
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50 µm

20 µm
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50 µm

e
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Figure 4.3
eNOS-protein is expressed in the OE.
Sections of the olfactory bulb from glomerular to mitral cell layer (a-c) and the olfactory
epithelium (d-f) of adult OMP-GFP mice. Figures a and d show stainings with an α-eNOS
antibody (red), b and e show stainings an with α-nNOS antibody (red) and c and f
represent controls lacking the first antibody.

Sections of the MOB (figures 4.3 a-c) showed positive staining for eNOS and nNOS.
eNOS stains cells and fibres of the external plexiform layer (fig. 4.3 a). Staining was
strongest in the deeper layers of the external plexiform layer close to the mitral cells and
even some of the mitral cells seemed to be eNOS-positive. nNOS in the MOB (fig. 4.3
b) were found in few cells located either in the upper levels of the external plexiform
layer or near the mitral cell layer. Both antibodies exhibited neither staining of the
axonal layer surrounding the MOB nor of the glomeruli, structures in which axons of
OSN form synapses with second order neurons. Both of these structures can be
identified via bright green fluorescence, caused by GFP expression in the axons of
mature OSN, but show neither eNOS or nNOS staining, that would colabel the
structures with red fluorescence.
Sections of the mouse OE (figures 4.3 d-f) showed strong GFP-fluorescence in knobs,
dendrites and somata of mature olfactory sensory neurons. In line with the result from
RT-PCR, antibodies did not detect nNOS protein in cells of the OE (fig. 4.3 e). In
contrast, strong eNOS immunoreactivity could be detected (fig. 4.3 d). eNOS staining
revealed a localization of the protein in most of the olfactory sensory neurons, but not in
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other cell types of the olfactory epithelium. eNOS showed to be localized in knobs,
dendrites and somata of the OSN, while axonbundles bundles of converging axons from
OSN lying in the lamina propria, were devoid of eNOS. Since OMP-GFP mice do not
exhibit GFP in OSN-cilia, we could not be sure whether cilia were lost in the process of
preparate fixation or whether they were present but did not show eNOS-staining. We
therefore co-stained sections with anti-eNOS antibodies and a direct fluorescence
coupled antibody for adenylyl cyclase type 3 (ACIII), a protein that should be
predominantly present in the cilia.

20 µm

Figure 4.4
Cilia of OSN have no eNOS protein.
Olfactory epithelium of an OMP-GFP
mouse expressing GFP in all mature
OSN (green). OE is stained with
antibodies against ACIII (blue) and
eNOS (red), showing that eNOS is
not co-expressed with ACIII in
olfactory cilia.

Stainings with ACIII DY633 antibodies revealed a fluorescing rim of the olfactory
epithelium above the olfactory knobs, shown here in blue. This staining indicates the
presence of a cilia protruding from the olfactory knobs, building a layer at the upper end
of the OE. eNOS-immunoreactivity (red) was detectable in the dendrites and knobs of
GFP-positive OSN. Magnification of the cilia and knob layers never showed any costaining of eNOS and GFP with ACIII. This confirms previous findings that OMP-GFP
mice exhibit GFP in the knobs but not in the cilia. The absence of eNOS/ACIII
costainied structures suggests that eNOS is not localized to the cilia but resides in the
somata, dendrites and knobs.
In summary these results show for the first time mRNA and protein expression of the
endothelial isoform of nitric oxide synthase in the olfactory epithelium of adult mice.
eNOS is present in mature OSN in somata, dendrites and in the knobs.
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4.2 eNOS deficient mice as tool for physiological experiments

eNOS is one of the most important messenger molecules in blood vessels, mediating the
relaxation of smoothe muscles in regulation of blood pressure. Therefore lines of eNOSdeficient mice have been developed. We used eNOS-transgenic mice that carry a
deletion of the NADPH binding site and of other sequences implicated in NADPH
binding located in exon 24 and is referred to as NOS31036 or eNOS deletion mutant
(delMu). Transgenic animals are viable and fertile, therefore homozygous animals could
be purchased.
We examined eNOS-immunoreactivity in the olfactory epithelium of NOS31036- mice
and compared results to wild type (WT) C57Bl/6 mice, the background strain for the
transgenic mouse lines.

a

b

Figure 4.5
α-eNOS-antibody
recognizes a residual
protein expressed in the
eNOS- deletion mutant.
Immunostaining
of
sections of the OE from
a wild type (a) and an
eNOS-deletion
mutant
mouse (b) with α-eNOSantibody (red).

50 µm

50 µm

As in the OMP-GFP mice the OSN of C57/Bl6 mice showed strong staining (fig. 4.5 a)
while no fluorescence could be detected in the control sections which had not been
incubated with the first antibody. Surprisingly, sections of NOS31036 mice showed
eNOS immunoreactive cells in the OE as well (fig. 4.5 b), although eNOS expression
seemed less abundant in OSN as observed in WT animals. This indicates the presence
of a residual protein that only lacks the exons 24 to 26.
The presence of eNOS immunoreactive OSN in the deletion mutant NOS31036 led us to
verify whether these mice really lack a fuctional NO-synthase. We thus tested these
mice with primers that amplified a 301bp long sequence from the NADPH binding
domain of the eNOS protein (eNOS-3’ primers) and primers that amplified a 427 bp
long sequence comprising the calmodulin binding domain (eNOS-5’ primers). Since the
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NADPH-binding domain is reported to be deleted in the transgenic animals (Gödecke et
al., 1998) we would expect to find no product with the eNOS-3’ primers in these mice.
a

b

Figure 4.6
Differences between wild type and eNOS deletion mutant mice.
a) Schematic drawing of the WT eNOS-protein compared to the predicted protein for the
eNOS deletion mutant mice. Functional binding domains are indicated by boxes (CaM =
calmodulin, FMN = flavin mononucleotide, FAD = flavin adenine dinucleotide, NADPH =
nicotinamide adenine dinucleotide phosphate). b) RT-PCR from the whole epithelium of WT
and delMu. PCR with primers located closer to the N-terminal (calmodulin binding region)
yield products for both mice strains, primers for the coding sequence in the NADPH-domain
fail to show PCR product in eNOS-deficient mice.

RT-PCR from the whole OE of wild type mice and deletion mutants yielded PCRproducts for eNOS-5’ primers (fig. 4.6 b). In contrast, PCR products for eNOS-3’
primers were only detectable in wild type mice but not in NOS31036 mice.The second
band at 494 bp indicates the presence of genomic DNA.
These results show that NOS31036 mice possess a truncated form of eNOS. Nevertheless
this truncated form is non-functional because NADPH binding to eNOS is essential for
the electron transport needed to generate NO.
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4.3 NO-Liberation

4.3.1 Chemiluminescence-Detection of NO production in the OE
We were able to show the presence of eNOS in olfactory sensory neurons. This raises
the question whether these cells are able to produce nitric oxide and if so, wht
stimulates cells to produce NO. The localization of eNOS suggests the possibility of NO
being produced upon odorant stimulation.
To get a first idea about NO production in the olfactory epithelium we used
Chemiluminescence Detection (CLD) that was developed to determine nitrit
concentrations in biological samples. Since oxidation of NO to NO2- is the most
common degradation reaction for NO in watery solutions, the amount of nitrit in a probe
mirrors nitric oxide concentration changes (Lauer et al., 2001).
Olfactory epithelium from adult wild type mice was dissected and tissue pieces were
incubated with and without Henkel 100, an odorant mixture, composed of 100 different
odors, for several minutes. 100 µM of supernatant were taken off directly after addition
of the odorant (t = 0 minutes), 1 minute and 5 minutes after addition and nitrit
concentration of these samples was determined by CLD.
Figure 4.7 shows the results of all measurements.
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2.experiment
3.experiment

nitrit [nM]
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Figure 4.7
NO is released from the
OE
upon
odorantstimulation.
Chemiluminescence
detection measurements
from
the
olfactory
epithelium show time
dependent rise of nitrit
concentration
after
odorant stimulation in all
three
individual
experiments performed.
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Absolute values of nitrit concentration from the stimulated OE at t = 0 minutes ranged
from 10 to 90 nM, while after 5 minutes of stimulation the concentration ranged from
47 to 267 nM (fig. 4.7. Although absolute values differ greatly between single
measurements, all experiments showed a significant rise in nitrit concentration over
time, indicating the production of NO upon stimulation of the olfactory epithelium with
odorants.

4.3.2 Single cell measurements of NO production with NO-sensitive electrodes

Results from CLD measurements give a first hint on stimulus dependent production of
NO in the olfactory epithelium. Nevertheless, it remains unclear which cell type
produces NO stimulus-dependently in the OE. In order to localize the source of NO a
detection technique to record NO concentration changes in single cells from the OE is
required. Due to the finding of strong eNOS expression in olfactory sensory neurons we
wanted to test the hypothesis of OSN liberating NO after stimulation.
We addressed this question utilizing NO-sensitive microelectrodes that have been
developed recently (Isik and Schuhmann, 2006). These NO-sensitive electrodes possess
a catalytical surface of only 10 µm in diameter. The small and disc-shaped catalytical
surface at the tip of the electrode allowed us to detect NO from the soma of a single
isolated OSN underneath the electrode. Produced NO is likely to diffuse through the
plasma membrane of the OSN and can therefore react with the electrode.
Isolation solation of OSN was performed using OMP-GFP mice. OSN of these mice
could were identified due to the GFP-fluorescence. We dissociated the olfactory
epithelium of adult OMP-GFP mice and plated neurons on concanavalin coated
coverslips. Only those cells were used that showed a clear shape with soma, dendrite
and knob. The electrode was entered into the bath solution and the soma of one selected
OSN was approached by optical control. Then the electrode was positioned directly
above the OSN. During measurements stimuli were applied to the bath solution by
pipette, resulting in an application artefact that preceded the signal in most of the
recordings.
Since Ca2+ is the major activator of constitutive nitric oxide synthases we first examined
whether NO-release from olfactory sensory neurons could be evoked by activating
voltage gated calcium channels and thus increasing the intracellular Ca2+ -concentration
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in the cells. We therefore activated OSN with stimuli leading to depolarization of the
neurons using a solution containing 50 mM potassium chloride or 10 µM veratridine.
Veratridine acts as a Na+ channel activator preferentially binding to activated Na+
channels causing persistent activation and thus depolarisation of excitable cells
(Leibowitz et al., 1986).
Depolarisation of OSN with veratridine as well as KCl elicited detectable NO release
from these cells (figure 4.8). Application of stimuli indicated by an application artefact,
was followed by a latency period that preceded the actual response. NO-responses
exhibited a fast rise of amplitude followed by a slower decay in the presence of the
stimuli.
a

b
KCl
(50mM)

veratridine
(10µM)

5 pA

5 pA

10 s

25 s

Figure 4.8
NO-release from olfactory sensory neurons can be elicited by depolarisation of the cells
with veratridine (a) or KCl (b).

Stimulation with 10 µM veratridine evoked NO release from all tested OSN (n = 3/3).
Potassium chloride solution evoked NO-responses from OSN in 11 out of 20 neurons
(55%). Currents measured with NO-electrodes were extremely variable ranging from
about 1 to 50 pA. The latencies differed between the individual measurements as well as
the time courses of the responses.
NO-responses from olfactory sensory neurons elicited by veratridine and KCl indicate
the presence of nitric oxide synthase in the OSN and demonstrate that NO-release can
be induced by depolarization in these cells. The natural source of depolarizing currents
in OSN is the receptor current elicited by stimulation of the olfactory receptors by
appropriate odorants. We thus wanted to know whether olfactory sensory neurons
produce NO upon stimulation of the olfactory signal transduction cascade. Therefore,
we stimulated OSN with 5 µM phorbol 12- myristate 13- acetate (PMA), a phorbole
ester that has been shown to activate protein kinase C (PKC) selectively (Dimitrijevic et
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al., 1995). PKC raises the sensitivity of CNG channels (Müller et al., 1998) and might
lead to activation of Ca2+-influx into the cell through the CNG-channels at resting
concentrations of cAMP.
PMA was able to elicit NO-release in 8 out of 14 tested neurons (57%) with currents
between 0.5 and 300 pA (fig. 4.9 ).

PMA
(5 µM)

Figure 4.9
Phorbol 12- myristate 13- acetate
(PMA) elicits NO-release from
OSN.

20 pA
10 s

Though PMA is likely to act via activation of CNG-channels, there have been reports
about direct phosphorylation of eNOS via PKC. We therefore tested whether PMAstimulated NO-release is dependent on extracellular calcium and whether it is
influenced by inhibition of CNG-channels. OSN were stimulated with 5 µM PMA with
preincubation of the cells in solution with 1 nM Ca2+ -concentration or with 100 µM Lcis-Diltiazem. Preincubation was performed for 10 minutes directly preceding the
measurements.
Exemplary traces of PMA-induced NO-responses with and without preincubation are
shown in figure 4.10. PMA-application without preincubation (a) elicited robust
responses from OSN.
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a

PMA response with lowered
extracellular calcium (1 nM)

b

PMA response

5µM PMA

5µM PMA

5µM PMA

5µM PMA

2 pA

2 pA
25 s

c

25 s

PMA response after preincubation
with 100 µM L-cis-Diltiazem

Figure 4.10
PMA-induced NO-release seems
to be due to Ca2+-influx via CNGchannels.
Repetitive PMA responses (a)
are diminished in extracellular
solution
with
low
Ca++concentration (b) and can be
inhibites by L-cis-diltiazem.

5µM PMA
5µM PMA

2 pA
25 s

Stimulation of OSN in Ringer’s solution with lowered Ca2+- concentration (b) resulted
in diminished responsiveness of OSN to PMA in 5 of 5 experiments. PMA induced
either no NO-release (3 out of 5 cells) or resulted in amplitudes ≤ 1 pA, suggesting that
extracellular calcium is important for PMA-induced NO-release.
After incubation of OSN with L-cis-diltiazem, a common blocker of cyclic nucleotide
gated channels, PMA was unable to elicit any NO-release from OSN in 5 of 5
experiments. This indicates that PMA-induced NO-production depends on currents
through CNG-channels, suggesting an implication of the olfactory signal transduction
cascade in NO-production.
We next tested whether activators of the olfactory signal transduction cascade are
sufficient to elicit NO-release from OSN. We therefore used forskolin, an activator of
adenylyl cyclases to activate olfactory sensory neurons (fig. 11). Stimulation of OSN
with forskolin elicited NO-responses in 4 out of 12 tested neurons (33%), ranging from
2 to 20 pA.
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Forskolin
(50 µM)

Figure 4.11
NO-release from OSN can be
elicited by forskolin as an activator
of the olfactory signal transduction
cascade.

3pA

3 pA20sec
20 s

The fact that NO release can be stimulated by activation of adenylyl cyclase leads to the
suggestion that NO is produced upon physiological stimulation of olfactory sensory
neurons. To test for this hypothesis we tried to stimulate OSN with odorants. We used
octanal as an odorant for this experiment, because it is reported to activate not only one
but several receptors, that share overlapping odorant spectra (Araneda et al., 2004).
Stimulating OSN with 500 µM octanal we could indeed elicit NO-release in 1 out of 9
tested cells (fig. 4.12).
octanal
(500µM)

Figure 4.12
Octanal, an aldehyde-odorant is
able to activate NO-release from
OSN.

1 pA
50 s

Kinetics of octanal-response was slower compared to previously obtained responses to
other stimuli, though, with only one recording, it is impossible to judge whether this is a
significant effect.
The results obtained by the NO-sensitive electrodes point to NO release from OSN upon
activation of these neurons by physiological stimuli. Since immunohistochemistry
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showed the presence of eNOS in olfactory sensory neurons we wanted to know whether
stimulus-induced NO release could be attributed to endothelial NO-synthase.
We tested olfactory sensory neurons of wild type and NOS31036 deletion mutant for NOsignals. Since veratridine (10 µM) elicited responses in all examined OSN of OMP-GFP
mice, we used this drug in order to induce NO release from as many OSN as possible.
a

b

Veratridine
Veratridine

25pA

25pA

25sec

25sec

Figure 4.13
eNOS accounts for stimulus-induced NO-production from OSN.
Veratridine elicits NO-responses from all tested olfactory sensory neurons of wild type mice
(a). eNOS-deficient mice did not show any NO-response in 8 of 8 tested OSN (b).

In accordance to the results from OMP-GFP mice, veratridine was able to stimulate
NO-responses from 10 out of 10 wild type OSN. This high frequency of cells
responding to veratridine with NO-release indicates that NO-synthase is abundantly
expressed in OSN. In contrast, we were not able to elicit NO-responses from any of the
8 tested neurons of the eNOS-deficient mice. Even repetitive stimulation, leading to
accumulation of veratridine in the bath solution, did not evoke NO-release from OSN of
eNOS-deficient mice, pointing to an involvement of eNOS in stimulus dependent NOproduction.
Taken together our results show that NO is released from olfactory sensory neurons of
mice and that this NO-release can be induced by odorants. Furthermore our data point to
eNOS as the responsible isoform of stimulus-induced NO-synthesis, a fact that is well
consistent with our data from immunohistochemistry showing the presence of eNOSprotein in OSN.
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4.4 Function of NO in olfactory sensory neurons

Based on the finding, that OSN are able to produce NO stimulus dependently, we
analysed putative functions of this signalling molecule in the olfactory epithelium.
Putative functions for NO have been proposed in regeneration processes of the OE as
well as in signal transduction and processing. We thus wanted to know whether NOdeficient mice NOS31036 exhibited any differences in proliferation in the olfactory
epithelium and whether OSN-responses were altered.

4.4.1 Influences of NO in regeneration of the olfactory epithelium

It has been shown previously that embryonal and neonatal mice express neuronal nitric
oxide synthase in the OE and that embryonal and neonatal mice deficient for nNOS
display a lowered amount of immature neurons and a decreased number of dividing
olfactory basal cells compared to wild type mice (Chen et al., 2004). In wild type mice
older than 7 days nNOS-immunoreactivity is not detectable anymore. In accordance to
that the number of immature neurons and dividing stem cells is not different from wild
type animals of the same age.
Nevertheless the OE retains its ability for regeneration during the whole life of an
animal. This raises the question whether another isoform of NOS, present in the adult
olfactory epithelium, could possibly take over the function nNOS has in the developing
olfactory epithelium. To test for this hypothesis we first examined eNOS expression in
different developmental stages.
We tested sections of the olfactory epithelium of OMP-GFP mice at embryonal day 17
(E17) as well as at the postnatal day zero (P0) for eNOS immunoreactivity (fig. 4.14).
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Figure 4.14 :
eNOS in OSN appears to be developmentally regulated.Olfactory epithelium of OMP-GFP mice
from embryonal day 17 (a) and postnatal day 0 (b). GFP positive OSN can be recognized by
intrinsic green fluorescence while eNOS staining is shown in red. No eNOS-positive cells can
be observed in the OE of embryonal mice while several cells show eNOS expression in
neonatal mice.

At E17 the olfactory epithelium already contained several mature neurons, indicated by
GFP expression (green). In contrast to nNOS that is expressed in OSN of embryonal
mice (Roskams et al., 1994; Chen et al., 2004) we were not able to detect eNOS
expression in OSN at this developmental stage. Later in development (P0), when the
olfactory epithelium contained more GFP positive mature neurons, we found that few of
the GFP-expressing neurons also expressed eNOS in somata, dendrites and olfactory
knobs. Cells expressing eNOS-protein were spread all over the OE.
These results, together with the apparently abundant expression of eNOS in OSN of
adult OMP-GFP mice, hint on an upregulation of eNOS in the olfactory epithelium
during development. Upregulation of eNOS in development and its abundance in the
adult animal raise the possibility of eNOS acting as a mediator in OE regeneration. We
thus perfomed BrdU-labeling of the olfactory epithelium of wild type and NOS31036
mice to test for differences in the amount of proliferating basal cells.
Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU), a synthetic thymidine analogon,
can be incorporated into the newly synthesized DNA of replicating cells during the Sphase of the cell cycle. Thus, it labels all cells that have been formed in the interval of
BrdU-exposition.
We tested for differences in the number of newly generated cells in the olfactory
epithelium of wild type and eNOS deletion mutants NOS31036 to investigate the possible
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effect of eNOS on proliferation. We injected BrdU into 3 week old animals of these
strains, sacrificed the animals 24 hours later and looked for BrdU positive cells.
BrdU labeling showed newly formed cells in the basal cell layer along the whole
olfactory epithelium. We quantified the amount of BrdU-positive basal cells in the
septal OE of both strains (fig. 4.15). Cell densities were calculated from 3 levels along
the anterior-posterior axis of the mouse olfactory epithelium referred to here as front,
middle and back.
Cell numbers per millimetre olfactory epithelium for front, middle and back sections
were 52.7 ± 2.6, 47.1 ± 1.4 and 43.6 ± 1.4, respectively. This shows that basal cell
proliferation is lower in the posterior regions of the nasal septum than in the anterior
part. In eNOS-deficient mice the cell density at the front sections was 50.7 ± 1.7, at the
middle section 45.7 ± 1.7 and at the back sections 43 ± 1.6 cells per mm OE. The
density of proliferating cells of this strain shows a slight reduction in septal cell
densities from the anterior to the posterior parts, as well. Comparing densities of
proliferating cells in wild type and eNOS-deficient mice at the different section levels
we found no differences between the two mouse strains.
Examining the OE of 3 animals of each strain, our results show no significant
differences between wild type and eNOS-deficient mice. NOS31036 mice seemed to
equal wild type mice in the number of BrdU-positive cells as well as in epithelial
thickness.
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Figure 4.15:
Quantification of BrdU-labelled basal cells in the olfactory epithelium of wild type and eNOSdeficient mice shows no difference in numbers of proliferating cells.
For quantification of cells, sections from three different coronal levels of the mouse head were
used. a) Schematic drawing of a mouse head and the three section levels, referred to as 1, 2
and 3. b-d) Reconstructions of coronal sections from these section levels and their respective
localization (1=front (b), 2=middle (c) and 3=back section (d)). e and f show exemplary BrdUstainings from the nasal septum. Wild type (WT, e) and deletion mutant (delMu, f) seem to differ
neither in epithelial thickness nor in the number of proliferating basal cells. Cell densities from
the nasal septum of WT and delMu animals for all three section levels are given in g. More
posterior parts (back) show slightly lower numbers of proliferating basal cells per millimetre
septum than anterior (front) levels. No difference between cell densities from WT and delMu
mice could be detected.

These results show that eNOS does presumably not effect stem cell proliferation in the
olfactory epithelium of adult mice.
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4.4.2 Influences of NO on adaptation of isolated olfactory sensory neurons

Since eNOS appears to have no impact on basal cell proliferation we wanted to examine
possible functions of eNOS derived NO in the modulation of odor induced signal
processes in OSN.
We therefore performed calcium-imaging experiments with acutely dissociated OSN.
Isolated cells were plated on concanavalin coated coverslips and loaded with 3µM Fura2 AM in Ringer’s solution for 25 minutes at room temperature. OSN were stimulated
with two different mixes consisting of 50 different odorants, referred to as Henkel 50 A
and Henkel 50 B. Both odorant mixes were applied in a concentration of 1.5 mM,
resulting in a concentration of about 30 µM for each single odorant. Cells that did not
respond to one of the odorant mixtures were stimulated with 45mM KCl to test for
viability of the OSN. We tested 56 wild type neurons and 47 neurons of eNOS-deficient
mice of which 83% and 85% responded to KCl respectively. Figure 4.16 shows an
exemplary response of an OSN to KCl.
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Figure 4.16:
Exemplary calcium response
of an olfactory sensory
neuron to KCl. a - c show the
olfactory sensory neuron
before (a), during (b) and
after
stimulation
(c).
Lookuptable
shows
pseudocolor coding of the
ratio f340/f380 (0.302 - 1.431).
d shows the fluorescence
image of the OSN at an
excitation wavelength of 380
nm and defined regions of
interest (ROIs) at knob and
soma. Current traces of the
respective
ROIs
are
indicated in e.

4. Results
Calcium imaging was performed from somata and knobs of olfactory sensory neurons.
Ratio of fluorescence at an excitation wavelength of 340nm and that of 380nm (f340/f380)
was plotted against the time to reveal kinetics of calcium transients.
Figure 4.17 shows repetitive calcium responses to one of the Henkel 50 mixes. The red
trace represents the calcium transients in the soma, while the black trace shows the
kinetic of the Ca2+- response in the knob of the OSN.

b eNOS deletion mutant

a wild type

0.1

0.1

15 s

15 s

Figure 4.17:
Exemplary traces of changes in the ratio (f340/f380) from knobs (black) and somata (red) of wild
type (a) and eNOS deleltion mutants (b).

Odorant-evoked Ca++-transients measured from the somata of the olfactory sensory
neurons paralleled those of the olfactory knobs but were always smaller. Examining the
magnitude of Ca++-transients, we observed that equally sized amplitudes of Ca++transients in the knob lead to different sized amplitudes of calcium transient in the
somata. In 1 out of the 9 neurons, that responded to either Henkel 50 A or Henkel 50 B,
only the knob responded to odorant application while no ratio change was observed in
the soma. This leads to the suggestion that signal propagation from the knob to the soma
differs between cells and that not all signals received in the cilia are propagated to the
soma.
Time constants of the monoexponential decay of calcium transients were determined for
somata and knobs of wild type mice. τ- values were 8.96 ± 0.73 seconds and 4.66 ± 0.28
seconds for somata and knobs respectively. Thus the somata exhibited significantly
slower kinetics in calcium transient decay than knobs (p = 0.019 for paired Student ttest).
In eNOS-deficient mice we found 10 neurons responding to either Henkel 50 A or
Henkel 50 B. Calcium signals were propagated from the knob to the soma in 8 of these
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10 neurons. Decay kinetics of somata and knobs exhibited time constants of 10.91 ±
0.78 seconds and 5.59 ± 0.54 seconds respectively. Thus decay kinetics of somata and
knobs of eNOS-deletion mutant mice are significantly different from each other (p =
0.001 for paired Student t-test), like in wild type mice. Comparing τ-values of wild type
and eNOS deficient mice, we were not able to detect significant differences between
those two mice strains.
Since immunohistochemistry showed eNOS-expression also in the knobs of olfactory
sensory neurons, a place close to the site of primary signal transduction processes, we
further concentrated on calcium transients in the knob. We examined the absolute ratio
changes in OSN responding to odorant stimulation. Since ratio changes reflect the
intracellular changes in calcium concentrations of the cells we compared the ratio
changes between wild type and eNOS-deficient mice.
Wild type mice showed maximal ratio changes (f340/f380) of 0.70 ± 0.15 and deletion
mutants exhibited maximal ratio changes of 0.77 ± 0.10. Thus OSN of wild type and
eNOS-deficient mice undergo equal ratio changes upon stimulation, suggesting that
stimulus-dependent changes in Ca2+-concentration are not altered significantly by the
lack of functional eNOS.
We then looked for changes in adaptation behaviour in wild type and deletion mutant
mice. Measuring amplitudes of ratio changes in repetitive stimulation showed that both
groups contained cells that did not adapt to the stimuli while other cells exhibited strong
adaptation (fig. 4.18). Adaptation was defined as decline of the ratio changes to below
80% of the maximal amplitude.
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Figure 4.18:
Representative traces of stimulus-induced ratio changes in the olfactory knobs.
a and b show traces of cells from wild type (a) and eNOS deletion mutant mice (b) that did
not adapt to repetitive odorant stimulation. c and d show traces of adapting cells from wild
type (c) and eNOS deletion mutant mice (d).

6 out of 9 wild type neurons that responded to one of the odorant mixtures showed
adaptation upon stimulation with repetitive odorant pulses. In eNOS deletion mutants 5
out of the 10 responding neurons did not adapt to the odorant. Those cells adapting to
the odorant stimuli differed in the number of applications needed to elicit adaptation
behaviour. In several cells the first amplitudes exhibited stable or even rising amplitudes
before amplitudes started to decline in successive odorant pulses.
In the adapting cells the amplitudes of calcium transients were normalized to the
maximal amplitudes and values of wild type and eNOS-deficient mice were compared.
Figure 4.19 shows adapted, normalized amplitudes of wild type (black) and eNOS
deletion mutant mice (red).
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Figure 4.19:
Normalized amplitudes of stimulus-induced calcium transients in wild type (black) and eNOS
deletion mutants (red). The maximal amplitude is defined as 100%.

No difference in adaptation was observed between consecutive amplitudes of these two
mice strains.
In summary our results show that isolated olfactory sensory neurons of wild type and
eNOS deletion mutants do not differ in amplitudes of stimulus-induced calciumtransients, in decay kinetics nor in adaptation to successive odorant pulses.
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4.4.3 Influences of NO on adaptation in the intact olfactory epithelium

In our Ca2+-imaging experiments we were not able to detect alterations in calcium
response properties of isolated olfactory sensory neurons. Since NO is a diffusible
second messenger it might be possible that it acts not autocrinally on the same cell that
is responding to the odorant but rather paracrinally on neighbouring cells.
We therefore chose a more systemic approach, the electroolfactogram (EOG) that
enabled us to record receptor potentials from a whole population of olfactory sensory
neurons.
Our measurements were performed from the septal olfactory mucosa in wild type and
eNOS deletion mutants. As an odorant geraniol was chosen because it has only a weak
trigeminal component and had shown to elicit robust responses from the olfactory
mucosa in previous experiments.

Electroolfactogram measurements in repetitive pulses
The first application protocol consisted of 10 odorant pulses of 1 second duration with
an interstimulus interval of 4 seconds. We tested 8 wild type and 9 eNOS deletion
mutants and were able to elicit odorant responses in all of the tested animals.
Figure 4.20 shows exemplary original traces of wild type (black) and eNOS-deficient
mice (red) in response to repeated geraniol application.

0.25 mV

0.25 mV
5s

5s

Figure 4.20:
Representative traces of geraniol-induced EOG responses from wild type (black) and
eNOS-deletion mutants (red). The olfactory epithelium was stimulated repetitively for 1
second with 4 seconds interstimulus interval.
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Absolute amplitudes of the first odorant response were found to be very variable for
both mice strains. Amplitudes were measured as difference between the voltage levels
at the onset of response to the voltage levels of the peak. Amplitudes ranged from 1.1
mV to 3.12 mV in wild type and 0.85 mV to 5.48 mV in eNOS deficient mice (fig.
4.21).
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Figure 4.21:
Absolute amplitudes of the first response
from wild type (black) and eNOS
deletion mutant (red). Amplitudes are
variable but means do not differ between
the two mice strains.
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Mean values of amplitudes were 1.18 mV ± 0.17 mV for wild type mice and 2.17 mV ±
0.38 mV for deletion mutants, thus showing no significant difference.
Next we examined the decay kinetics of the first odorant response. We measured halfwidth of response curves (width of response curve at 50% of the amplitude) as well as
width of the response curve at 40 % and 60 % of the amplitude (fig. 4.22).
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Figure 4.22:
Curve width of the first amplitude at 60, 50 and 40% of the respective amplitude. Curve width
show no significant differences between wild type (black) and eNOS deletion mutant (red).
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Comparing the curve width of odorant responses at different stages of the decay we
were unable to detect significant differences in the decay kinetics of wild type and
eNOS deficient mice (p-values = 0.58, 0.91 and 0.09 for 60%, 50% and 40% residual
amplitude, respectively in unpaired Student t-test).
Adaptation was evaluated by normalizing amplitudes of successive odorant responses to
the first response amplitude (fig. 4.23)
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Figure 4.23:
Normalized amplitudes of successive odorant responses to geraniol. The first amplitude
is defined as 100%. eNOS deletion mutants (red) show significantly slower adaptation to
repetitive stimulation than wild type mice (black).

Interestingly, plotting the means of successive normalized amplitudes for wild type (n =
8) and eNOS deletion mutants (n = 9) revealed that eNOS deficient mice exhibited less
adaptation than wild type animals. This is indicated by the fact that consecutive
amplitudes of wild type mice were significantly smaller than that of eNOS-deficient
animals (p-values for Student t-test ranging from 0.01 to 0.03).
The fact that eNOS deficient animals show less adaptation to repeated odorant
stimulation suggests that eNOS-derived NO might play a role in olfactory signal
transduction and appears to enhance adaptation of olfactory sensory neurons to
repetitive stimulation.
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Electroolfactogram in paired pulse experiments
The differences in adaptation between wild type and eNOS-deficient mice prompted us
to ask whether equal effects also occur in stimulations with longer interstimulus
interval. We therefore chose a protocol with two odorant applications of two seconds
each and an interstimulus interval of 28 seconds.
We tested 7 wild type and eNOS-deletion mutant mice, respectively. Figure 4.24 shows
original traces of EOG responses to geraniol in wild type (black) and eNOS-deficient
mice (red).
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Figure 4.24:
Representative traces of geraniol-induced EOG responses from wild type (black) and eNOSdeletion mutant mice (red). Olfactory epithelium was stimulated two times for 2 seconds with
28 seconds interstimulus interval.

Responses of both animal strains were examined for absolute amplitudes and decay
kinetics. Absolute amplitudes ranged from 0.48 mV to 4.77 mV for wild type animals
and 0.23 mV to 3.08 mV for eNOS-deficient mice with mean values of 1.71 ± 0.46 and
1.55 ± 0.33 for wild type and eNOS deletion mutants, respectively.
Decays of the first amplitude were fitted and time constants of monoexponential fits
were compared. τ-values ranged from 0.91 seconds to 1.44 seconds for wild type mice
and 0.7 to 1.45 seconds for eNOS-deletion mutants with mean values of 1.23 ± 0.07
seconds and 1.13 ± 0.15 seconds.
In accordance to results for odorant pulses of 1 second duration, neither the absolute
amplitudes nor the decay kinetics showed any differences between wild type and eNOS
deletion mutant mice.
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Next we measured the amplitudes of the second odorant responses and normalized them
to the first amplitude (fig. 4.25).
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Figure 4.25
Normalized amplitudes of paired
pulse odorant responses. The first
amplitude is defined as 100%. The
eNOS deletion mutant (red) show
significantly higher amplitude of the
second amplitude than wild type
mice (black).
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Comparing normalized amplitudes we found that wild type mice exhibited a
significantly smaller second amplitude of 80.75% ± 2.95 than eNOS deficient mice with
a second amplitude of 92.93% ± 3.57 (p = 0.01 for unpaired Student t-test). Thus, the
experiments with longer interstimulus interval confirm results obtained with shorter
interstimulus interval, showing that eNOS-deficient mice seem to be impaired in
adaptation to repetitive odorant pulses. Furthermore, the fact that the effect is still
present after 28 seconds without another stimulation suggests that NO could play a role
in long lasting adaptation processes.
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5.1 Detection of Nitric Oxide Synthases in the olfactory epithelium

In mammals the olfactory epithelium recognizes more than a thousand airborne volatile
odorant compounds. It is located at the interface of the environment and the central
nervous system and is responsible for correctly coding sensory information from
thousands of odorous stimuli. To accomplish this, odor-related information has to be
processed throughout distinct levels. At each one, a modified representation of the odor
stimulus is generated (see Lledo et al., 2005). It has been shown that the olfactory
information is already modulated at the first of these levels, the olfactory sensory
neurons themselves and that various signalling molecules are involved in these
modulation steps.
Gaseous second messengers like carbon monoxide (CO) and nitric oxide (NO) have
been implicated in these modulation processes (see Broillet and Firestein, 1996). The
presence of the CO-producing enzyme heme oxygenase in olfactory sensory neurons of
rodents has been shown previously (Ingi and Ronnett, 1995) and functions for this
enzyme have been found using transgenic animals and pharmacological approaches
(Chen et al., 2003, Chen et al., 2005). Nevertheless the release of CO from OSN has
never been shown in a direct way.
The implication of NO in the olfactory sensory epithelium is far more ambiguous than
that of CO. Protein expression of nNOS, the neuronal isoform of the NO-producing
enzyme nitric oxide synthase, was demonstrated in the OE of embryonal and young
rodents but was not detectable postnatal day 7 (Roskams et al., 1992). Furthermore
nNOS-deficient mice showed reduced neurogenesis during development but not in adult
animals (Chen et al., 2004). The inducible isoform of NOS has also been shown to
reside in the OE of embryonal rodents but not in adult animals (Arnhold et al., 2003).
Despite the lack of knowledge about functional nitric oxide synthase in the adult
olfactory epithelium, NO has been implicated in signal transduction processes of mature
olfactory sensory neurons. It was postulated that NO might either act via a direct
interaction with channel subunits of the cyclic nucleotide gated channels (Broillet and
Firestein, 1995; Lynch et al., 1998) or via the activation of soluble guanylyl cyclase and
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production of cGMP (Breer etal., 1992; Zufall and Leinders-Zufall, 1997). This raises
the question for the presence of nitric oxide synthase in the OE of adult rodents.
The effects that have been attributed to NO in the olfactory epithelium rule out the
implication of a slowly upregulated isoform that produces NO in cytotoxic
concentrations, like iNOS. Thus we concentrated on the two constitutively expressed
isoforms of NOS.
In our studies we were able to show for the first time the presence of mRNA of the
endothelial NO-synthase (eNOS) in olfactory epithelium of adult mice. Consistent with
previous findings of nNOS-downregulation in early development (Roskams et al.,
1992), nNOS could not be detected in the OE of adult mice.
eNOS is predominantly expressed in the endothelial cells of blood vessels, producing
NO that diffuses in the adjacent smooth muscle cells and produces relaxation of these
cells, leading to a decrease of blood pressure. Recent findings indicate that eNOS is
expressed in a variety of cell-types like skeletal muscle cells, retinal ganglia cells
(Tsumamoto et al., 2002) and hippocampal neurons (Dinerman et al., 1994).
Immunohistochemical studies showing the expression of eNOS in hippocampal
pyramidal cell have led to the suggestion that eNOS, rather than nNOS, generates NO in
postsynaptic CA1 pyramidal neurons during long term potentiation (LTP) (Dinerman et
al., 1994; O’Dell et al., 1994). This theory has been confirmed by Wilson and
coworkers, showing that LTP is impaired in eNOS-deficient mice (Wilson et al., 1999).
In addition Hopper and Garthwaite were recently able to show that eNOS plays an
important role in a tonic form of LTP (Hopper and Garthwait, 2006). All these findings
argue for important roles for eNOS in neuronal cells and support the possibility of
eNOS being expressed in neurons also in the OE.
We next wanted to examine whether transcripts of eNOS might be present in OSN. To
address this question we performed fluorescence activated cell sorting (FACS), a
technique applied previously to obtain fractions of pure OSN for RT-PCR (Liberles and
Buck, 2006, Lomvardas et al., 2006). Using cDNA from fractions of pure OSN, PCRs
resulted in a band of the expected size, demonstrating the presence of eNOS-mRNA in
olfactory sensory neurons.
Since protein levels may differ from mRNA expression we examined protein expression
and localization of nNOS and eNOS in the olfactory epithelium. Using polyclonal
antibodies we did not find nNOS expression in the olfactory epithelium, confirming the
findings of previous publications (Roskams et al., 1992). In contrast, eNOS-protein was
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strongly expressed in olfactory sensory neurons but not in other cell types of the
olfactory neuroepithelium.
Our results show for the first time that mature olfactory sensory neurons do express
endothelial nitric oxide synthase. This is very interesting, also because the olfactory
epithelium has been used in recent years as a model system for studies on CO-mediated
cell effects, basing on the assumption that NOS is not present in this system (Moon et
al., 2005).
The only indication for expression of NOS in the OE has come from reports showing
the presence of the histochemical NOS-marker NADPH diaphorase (NADPHd), in the
olfactory epithelium (Croul-Ottmann and Brunjes, 1988; Bredt and Snyder, 1994;
Spessert and Layes, 1994; Zhao et al., 1994). Recent findings suggest that it is not
necessarily NOS that accounts for NADPHd staining (Lema and Nevitt, 2001) but that
it might be heme oxygenase 2 (Wenisch et al., 2000), a protein that has already been
shown in olfactory sensory neurons (Ingi and Ronnett, 1995; Chen et al., 2003).
Nevertheless it has been reported that NADPHd is expressed in a small subset of
olfactory receptor neurons of neonatal rats (P = 0) (Schmachtenberg et al., 2001).
Between P0 and P24 the number of labelled neurons increases 10-fold, a fact that is
well consistent with our findings of eNOS-upregulation in early postnatal development.

5.2 eNOS deficient mice as tool for physiological experiments

The expression of eNOS in most mature OSN points to a prominent role of this enzyme
and its product NO in the olfactory epithelium. In our studies we tried to assess the
functionality of eNOS and its putative role in the OE by using eNOS-deficient mice.
These mice have a deletion of the exons 24-26, a region coding for the NADPH-binding
domain of the protein. The mice (generated in the lab of Prof. Axel Gödecke) are viable
and fertile (Gödecke et al., 1998). In line with the prominent role of eNOS in blood
pressure regulation, the mice are hypertensive and exhibit significantly lowered blood
nitrite levels. They have been used in previous studies examining blood and blood
pressure regulation (Flogel et al., 1999; Stauss et al., 1999; Brandes et al., 2000;
Gödecke et al., 2001; Wallerath et al., 2004; Ozuyaman et al., 2005; Kleinbongard et
al., 2006) as well as for studies on kidney function (Wagner et al., 2000), bone
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formation (Armour et al., 2001) and memory processes (Haul et al., 1999; Frisch et al.,
2000; Dere et al., 2001; Doreulee et al., 2003).
Since the eNOS gene on chromosome 5 only lacks the last three of 26 exons, it has been
predicted that there might be a residual protein derived from the coding sequence of
exons 1-23 (Gödecke et al., 1998) (see fig. 5.1).

Figure 5.1:
Schematic view of the eNOS-protein in wild type (wt) and the predicted residual protein for
the deletion mutant (delMu) with functional domains indicated as boxes.

In our experiments we used a rabbit polyclonal antibody recognizing the amino acids
599-613 of the protein. That epitope is located between the calmodulin binding domain
and the FMN binding domain of a residual protein, coded by the exons 1-23. Staining
cryosections of the eNOS deletion mutants showed indeed the expression of a protein in
the OE that is recognized by our antibodies suggesting the presence of a residual eNOSprotein.
In order to confirm the deletion in the eNOS-deficient mutants we performed RT-PCR
from preparations of the whole epithelium of wild type (WT) and deletion mutant mice
(delMu). For this experiment two different primer pairs were chosen. The first, eNOS5’, binds to a region near the 5’ end of the coding sequence, amplifying a 427 bp long
fragment from the CaM-binding region. This region should be present in both, the WT
and the delMu mice. The second primer pair, eNOS-3’, amplifies a fragment of 301 bp
from the coding region of the NADPH-binding site. The NADPH-binding site should be
deleted in delMu mice so we expected a PCR-product only in the WT animals.
According to our expectations the eNOS-5’ primers provided a band in both mice
strains while the eNOS-3’ primers amplified a fragment in only in WT. Since this
primer pair spanned only one intron of 93 bp, PCR additionally provided a second band
of 394 bp representing genomic DNA.
Our results show that eNOS-deletion mutants purchased from the lab of Axel Gödecke
have the described deletion of the NADPH-binding domain, leaving only a residual
protein. This protein ought to be non-functional because the catalysis reaction of NOS
depends on electron donation from NADPH to molecular oxygen.
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The presence of a non-functional residual protein in these mice does not interfere with
our experiments on eNOS-derived NO-release from OSN and the function of eNOSderived NO in the olfactory epithelium.
eNOS is able to interact with many proteins in intact cells, like G-proteins and caveolin
(see Kone et al., 2003). Caveolin is a transmembrane trafficking protein that has already
been shown to reside in olfactory sensory neurons (Schreiber et al., 2000) and is
localized to invaginations of the plasma membranes, so called caveolae. These caveolea
are enriched with cholesterol and sphingolipids, decreasing membrane fluidity in their
respective surrounding. eNOS is specifically targeted to caveolae by myristoylation of
at the N-terminus of the protein (see Dudzinski et al., 2006).
Thus, one can imagine that the complete knock out of eNOS-protein might have
unwanted side effects concerning interaction with membrane-trargeted proteins, while a
residual protein that is still located bound to caveolin in protein complexes at the plasma
membrane would not cause such side effects.

5.3 NO-Liberation

We wanted to examine the functionality of nitric oxide synthase in the olfactory
epithelium, so we wanted to find a method to reliably detect NO-release from biological
samples. Several mechanisms, like Griess reaction, haemoglobin oxidation, arginincitrullin conversion and chemiluminescence detection are able to measure nitric oxide
production in the cells by analyzing the solution surrounding the cells (see Tarpey and
Fridovich, 2001).
We chose Chemiluminescence Detection (CLD) to get a first idea whether cells of the
olfactory epithelium could be able to release NO in response to odorant-stimulation.
The CLD-device we used with our collaboration partners in Düsseldorf, is optimized for
high sensitivity. CLD does not detect NO directly but degradation products of liberated
NO, like nitritee and other nitrosocompounds, in the samples in physiological relevant
low nanomolar concentrations with a detection threshold of 5 nM (Feelisch et al.,
2002). Since much of the biologically formed NO is oxidized rapidly, nitritee levels
have been shown to reflect newly formed NO (Kleinbongard et al., 2003), CLD is an
accurate method to detect NO from tissues. Thus CLD enabled us to get a first idea
about stimulus dependent NO-release from the olfactory epithelium.
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We performed 3 experiments with this technique. In each experiment the epithelia of 34 adult wild type mice were pooled. Although basal nitrite levels and the magnitude of
rise in nitrite levels over time did vary greatly between different experiments, we were
able to see a rise in nitrite levels in all 3 out of 3 experiments. Each value was
determined as average from triple measurements ruling out the possibility that
imprecision in probe application could account for a rise in the amount of detected
nitrite.
Despite the fact that levels in redox-compounds of NO, like nitritee reflect
concentrations of freshly built NO accurately (Kleinbongard et al., 2003), we wanted to
detect NO directly rather than some degradation products. Another disadvantage of
chemiluminescence detection was the fact that with this method we measured putative
NO-release from cells all over the olfactory mucosa, including blood vessels in the
lamina propria, lying underneath the olfactory neuroepithelium.
Immunohistochemistry data of eNOS expression in the olfactory sensory neurons as
well as the fact that rise of putative NO in the CLD-measurements was elicited by an
odorant mixture raised the question of stimulus-dependent NO-synthesis in olfactory
sensory neurons.
Single cell measurements of direct NO detection can be performed using various
methods, including NO-sensitive dyes and amperometric detection of NO by NOselective electrodes.
NO-sensitive dyes are used in studies examining various cell types including for
example endothelial cells of the vasculature (Ziegelstein et al., 2006) and airways
(Mukhopadhyay et al., 2007) as well as macrophages (Zelnickova et al., 2007) and
neurons (Zheng et al., 2004).
Nevertheless some of these dyes, like diaminofluorescine-2 have been reported to be
influenced by intracellular calcium and light (Broillet et al., 2001)) and some of them
like diaminofluorescine-FM are not very sensitive (Alan Nighorn, personal
communication). Thus we chose constant potential amperometry with NO-sensitive
electrodes for the detection of NO from single cells. These electrodes have been
developed recently in the Department of Analytical Chemistry of the Ruhr-University of
Bochum (Isik and Schuhmann, 2006). These electrodes are more sensitive than
commercially available ones. Due to the enhanced sensitivity and conductive properties
of the electrodes it was possible to design the electrodes with a smaller catalytical
surface that is located just at the tip of the electrode.
77

5. Discussion

Figure 5.2
Schematic representation of the
diffusion profile of NO upon
stimulated release from a single
cell. The figure shows detection
using a closely positioned a) disk
electrode and b) a conically
shaped microelectrode.

Tips of other electrodes are cone-shaped with a catalytical surface all over (b). The
newly developed electrodes are disc shaped with a catalytical surface with a size of 10
µm in diameter at the tip (a). This is about the size of the soma of an olfactory sensory
neuron. Thus these electrodes provide the possibility to detect NO-release from a single
OSN underneath the electrode without interference of NO from other cells surrounding
the OSN.
In our measurements we examined the release of NO from somata of isolated OSN.
Electrodes were positioned under optical control directly above the cells. Stimuli were
applied directly into the bath solution above the cells, resulting in an application artefact
in most of the measurements.
Fascinatingly, we were able to elicit NO-release from mature OSN of adult mice,
pointing to the presence of NO-synthase in these neurons. Various stimuli were able to
elicit NO-responses from OSN. First we used stimuli that depolarized the cells, like
veratridine and a solution with high potassium concentration. Veratridine, that elicited
NO-responses in 3 out of 3 neurons, is a drug that binds to activated Na+ -channels
causing persistent activation of these channels. It acts in very low concentrations and
has already been used in previous studies on olfaction (Jacobson and Hamberger, 1984;
Scholfield and Steel, 1988) but exclusively on the central level. In contrast to that NOresponses could only be evoked in about half of the neurons stimulated with solution of
high KCl-concentration. The high number of responses to veratridine is propably due to
the strong depolarisation veratridine elicits. This drug holds sodium channel in the open
state thus leading to sodium influx until the equilibrium potential of sodium is reached.
Thus it is also considered as a neurotoxin (Barnes and Hille, 1988).
NO-release from OSN could also be elicited by PMA, a phorbol ester that also activates
protein kinase C. PMA-stimulated NO-release was shown to be dependent on
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extracellular Ca2+-concentration as well as on CNG-channel opening. These results
could point to PMA acting by sensitization of CNG-channels via PKC. Furthermore,
activation of adenylyl-cyclase, another member of the olfactory signal transduction
cascade, by forskolin is able to evoke NO-release as well. We were even able to activate
NO-synthesis upon stimulation of OSN with a single odorant, octanal. Octanal has been
shown to activate not only one but several receptors (Araneda et al., 2004). Araneda et
al. reported that in their experiments about 144 (6%) OSN responded to octanal (30µM).
Thus the number of responses in my experiments (1 out of 9 tested cells) is similar to
previous observations. The kinetic of the odorant response is markedly slower
compared to measurements with other stimuli. However, we could only measure one
odorant response, so we do not know whether this effect is significant. Furthermore, we
had to position the NO-electrode under optical control so distances between electrode
and cell may differ between recordings. In measurements with NO-sensitive electrodes
the rate-limiting step is the diffusion of NO to the electrode, so if the diffusion distance
is different, kinetics may differ as well. The variability in the distance between electrode
and cell might also account for the variability in absolute amplitudes of currents
measured upon NO-detection.
Kinetics of all responses showed decay from maximal response despite continuous
presence of the stimulus in the bath solution. This is probably due to cellular adaptation
processes. This decay can also be observed after stimulation with veratridine, a drug
that leads to persistent opening of Na+-channels and thus to cell death. The decrease in
NO-release despite the high Ca2+ - levels in the continuously activated cell could point
to adaptational processes related directly to nitric oxide synthase. One possible
mechanism for that could be an inhibiting feedback loop via S-nitrosylation of the NOSprotein by NO shown already for eNOS in vascular endothelial cells (Erwin et al.,
2005).
Since immunohistochemistry and RT-PCR showed the presence of eNOS in OSN we
wanted to know whether the measured NO might be derived from activation of eNOS.
Therefore, we performed measurements with OSN of wild type and eNOS-deficient
mice. As a stimulus we chose veratridine that had shown to elicit responses in all of the
tested neurons of OMP-GFP mice. Measurements showed NO-response in 10 out of 10
wild type neurons. In contrast to that none of the 8 tested neurons of eNOS-deficient
mice responded to veratridine. This strongly points to eNOS mediating stimulusdependent NO-production in OSN.
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Summarized we could show that OSN release NO upon stimulation. NO-release could
be induced by stimuli ranging from substances that depolarize the neurons to specific
activators of olfactory signal transduction cascade. The fact that all of these stimuli are
able to activate NO-synthesis as well as the observation that at least PMA-induced NOrelease is dependent on extracellular Ca2+ might hint to a model in which stimulus
dependent influx of Ca2+-ions, either through CNG-channels or by voltage-activated
Ca2+-channels, leads to activation of eNOS in OSN.
Revisiting literature there is only one other publication which can directly show NOsynthesis in OSN upon stimulation of the olfactory signal transduction cascade. This
publication deals with the olfactory system of Manduca sexta showing the production of
NO in the antennal lobe (Collmann et al., 2004). However, this work provides the first
evidence of NO-release from olfactory sensory neurons of higher vertebrates.

5.4 Function of NO in olfactory sensory neurons

5.4.1 Influences of NO in regeneration of the olfactory epithelium
Immunostaining showed eNOS-protein to be localized in somata, dendrites and knobs
of these cells. The abundance of eNOS suggests a prominent role for this enzyme and
its product NO in the olfactory epithelium. The fact that eNOS is not present in the cilia
does not rule out a possible role of eNOS in primary olfactory signal transduction
processes. Since NO is a membrane permeable signalling molecule with a diffusion
distance of up to 500 µm (Dawson and Snyder, 1994) it could easily diffuse to targets
located in the olfactory cilia. Nevertheless NO in the olfactory epithelium could have
various functions. One possible function of NO is its influence on proliferation or cell
maturation.
NOS has been implicated in processes including neuronal survival, precursor cell
proliferation or cell differentiation. Especially well described is the role of nNOS in
inhibition of neural precursor cell proliferation in the subventricular zone and the
olfactory bulb (Moreno-Lopez et al., 2000; Moreno-Lopez et al., 2004). There, NO acts
via S-nitrosylation of epidermal growth factor receptor (Romero-Grimaldi et al., 2006),
reducing Akt-phosphorylation and thus cell proliferation (Torroglosa et al., 2007). A
role in inhibition of neural cell precursor proliferation has also been described in the
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dentate gyrus (Zhu et al., 2006) and cerebellum (Ciani et al., 2006). In contrast to the
inhibiting role of nNOS-derived NO plays in the mentioned brain areas, it has also been
described to enhance basal cell proliferation in the olfactory epithelium of embryonal
and neonatal mice (Chen et al., 2004). nNOS is expressed in OSN of embryonal animals
but after birth nNOS is downregulated and not detectable after postnatal day 7
(Roskams et al., 1994). Likewise no difference in the number of proliferating besal cells
is detectable anymore between wild type and nNOS-deficient mice at two weeks after
birth. Thus it was concluded that nNOS plays a role in basal cell proliferation of the OE
only during the developmental stage.
Our results have shown that eNOS is not present in embryonal olfactory epithelium, but
is expressed in few neurons of the olfactory epithelium in neonatal mice and in most of
the neurons in the adult olfactory epithelium. Since nNOS is absent in the adult
olfactory epithelium although basal cell proliferation still persists, we wanted to know
whether eNOS might take over the function of nNOS in adult OE proliferation.
eNOS function in adult neurogenesis has been shown before in the subventricular zone.
eNOS-knockout animals revealed significantly reduced proliferation in this brain area
(Reif et al., 2004), pointing to a positive regulation of adult neurogenesis by eNOSderived NO.
To test the hypothesis of an involvement of eNOS in basal cell proliferation in the OE
we performed BrdU-labelling of the olfactory epithelium in 3 week old wild type and
eNOS-deletion mutants. At this age nNOS is already absent from the olfactory
epithelium, but according to other studies (Weiler et al., 1998) the OE still exhibits
enough proliferation to detect small changes in the number of proliferating basal cells.
Quantifying the number of proliferating basal cells at the nasal septum, we were not
able to detect any significant differences between wild type and eNOS-deficient mice.
Cell densities did not differ at three section levels along the anterior posterior axis of the
nose.
Additionally we tested for thickness of the OE in both mice strains Alterations in
epithelial thickness in combination with unchanged proliferation could give a hint on
enhanced apoptosis in the OE. Examination of the olfactory epithelium of wild type and
eNOS-deficient mice showed no differences in epithelial thickness.
These findings argue against a role for eNOS in regeneration processes in the olfactory
epithelium.
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5.4.2 Influences of NO on adaptation of isolated olfactory sensory neurons
Another approach we chose to elucidate a possible function of eNOS-derived NO in the
OE was Ca2+-imaging of isolated olfactory sensory neurons. We performed ratioimaging with Fura-2 AM from olfactory knobs and soma of freshly dissociated OSN
and plotted ratios against time. As stimuli we used the two Henkel-mixtures Henkel 50
A and B that have been described previously in a study on olfactory adaptation
(Mashukova et al., 2006).
Adaptation in the olfactory system is referred to as the ability of OSN to adjust their
sensory machinery to different stimulus intensities. We wanted to examine olfactory
sensory adaptation because previously described effects suggest an involvement of NO
in adaptational mechanisms.
Previous studies indicate that NO in the olfactory epithelium could act via two
pathways. One is the direct interaction of NO with the CNG-channel. It has been
reported that NO can interact with a cystein residue located in an intracellular loop of
the channel protein, linking the cyclic nucleotide binding region to the transmembrane
domains forming the channel pore (Broillet and Firestein, 1996). S-Nitrosylation thus
leads to a long lasting activation of the channel and higher Ca2+-levels in the cells after
stimulation, leading to a reduced responsiveness to following stimuli. Another putative
mechanism of NO-action is the activation of soluble guanyly cyclase (sGC) which
produces cGMP. NO-binding to the heme group of sGC results in a conformational
change and to a manifold increase in enzyme activity. Odorant-induced rise of cGMPconcentration has already been shown from cilia and cultured OSN. Nevertheless, there
have been different suggestions about the molecule activating sGC in these cells. While
Breer and coworkers found the odorant-induced changes in cGMP-concentration to be
dependent on NO (Breer et al., 1992), Ingi and Ronnett showed CO being involved in
cGMP-production (Ingi and Ronnett, 1995).
cGMP in OSN has been shown to be involved in a form of long-lasting adaptation to
olfactory stimuli. At low concentrations it produces a low-level, subthreshold inward
current that is not sufficient to excite the neurons, but reduces stimulus-response
relations due to the persistent leakage of Ca2+ into the cells (Zufall and Leinders-Zufall,
1996).
Performing Ca2+-imaging from somata and knobs of isolated OSN we were able to
show that in some neurons showing Ca2+-transients in the olfactory knob, the Ca2+82
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signals are not propagated to the soma. This fact has been described previously
(Restrepo et al., 1993; Tareilus et al., 1995). A recent study shows that the propagation
of the Ca2+-signal in OSN of rats is directly dependent on the concentration of the
stimulus (Gautam et al., 2006). In their study the magnitude of the Ca2+-response in the
knob always exceeded the response measured from the somata, a fact well consistent
with our findings.
However, previous studies mainly concentrated on spatial aspects of Ca2+-dynamics.
We examined temporal dynamics of Ca2+-responses in knobs and somata of the isolated
OSN and found that somata exhibited significantly slower decay kinetics than the
knobs. This finding has been described for OSN of the tiger salamander (LeindersZufall et al., 1998) but has never been quantified before. Neurons from wild type and
eNOS-deficient mice showed equal decay kinetics of the soma and the knob. Likewise
we were not able to detect significant differences in absolute amplitudes of ratio
changes between the two mice strains. The results indicate that eNOS-deficient mice are
not impaired in primary signal transduction.
In order to examine odorant adaptation of isolated OSN we stimulated the neurons of
wild type and eNOS-deletion mutants with repetitive odorant pulses, each pulse lasting
five seconds with 25 seconds interstimulus interval. The long lasting odorant
stimulation as well as the high odorant concentration (30 µM) was applied to obtain a
high number of responding OSN as well as strong adaptation.
In our experiments only 6 out of 9 wild type OSN and 5 out of 10 delMu neurons
showed adaptation to the described pulse protocol. The fact that the neurons reacted that
differently to the stimuli can be explained by several reasons. In our experiments we
measured from single olfactory neurons that have, according to the one receptor one
neuron rule, only one type of receptor expressed (Malnic et al., 1999). Considering that
the genome of the mouse comprises over a thousand functional odorant receptors
(Zhang and Firestein, 2002) it is very likely that every neuron we measured in our
experiments expressed a different odorant receptor. Furthermore, we apply not single
odorants but odorant mixtures consisting of 50 different odorants each. It has been
shown previously that one receptor reacts differently to different odorants and that one
odorant can activate different odorant receptors, resulting in different response
properties (Kajiya et al., 2001). It is also possible that our odorant mixture contained
inhibitory odorants. The existence of such odorant inhibition has been shown previously
and inhibitory compounds were demonstrated to act either via direct inhibition of an
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odorant response by binding to the specific receptor (Spehr et al., 2003; Oka et al.,
2004) or by activation of a second messenger pathway (Spehr et al., 2002). Additionally
it has been reported that OSN expressing one specific odorant receptor and are
stimulated with the same odorant, exhibit different response kinetics (Grosmaitre et al.,
2006).
All the described mechanisms lead to an extreme variability in responses of isolated
olfactory sensory neurons. This variability is one possible explanation why we were not
able to detect any differences in the adaptation of wild type and eNOS-deficient mice.

5.4.3 Influences of NO on adaptation in the intact olfactory epithelium
We further examined adaptation in the olfactory epithelium of wild type and eNOSdeficient mice using electroolfactorgram (EOG)-measurements. For this technique a
silver/silver chloride-electrode is brought into contact with the olfactory epithelium and
OSN are activated by airborne odorants. EOG represents primarily, if not exclusively,
the summated generator potential of the olfactory sensory neurons (Scott and ScottJohnson, 2002) and has been used by previous studies to evaluate response kinetics of
transgenic animals (Buiakova et al., 1996; Zhao and Reed et al., 2001). The EOG
measures the receptor potentials of a population of cells. Thus the probability to record
potentials upon stimulation of the OE with one specific odorant is much higher. Using a
single odorant and averaging responses over a whole population of cells we wanted to
reduce the variability between individual recordings in order to detect also subtle
differences between wild type and eNOS-deficient mice.
In our experiments we were able to obtain potentials with geraniol in a reliable way. We
chose geraniol because this excitatory odorant has only a small trigeminal component
(Cometto-Muniz et al., 1998), preventing interference by trigeminal stimulation in our
experiments. Furthermore previous experiments in our lab have shown that geraniol
elicits strong responses (> 1 mV) in most of the measurements.
Stimulation in our experiments consisted of repetitive pulses of either 1 or 2 seconds
duration. Absolute amplitudes were measured for both stimulation protocols and
compared between wild type and eNOS-deficient mice. Amplitudes showed to be very
variable for both stimulus lengths, revealing no differences between the two mice
strains. Equal results have been reported previously, noting that the variation between
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animals is too large to reliably detect peak voltage differences between wild type and
knockout animals (Buiakova et al., 1996). Likewise we were not able to detect
differences when we evaluated the decay of EOG-responses in WT and delMu mice.
In contrast to that normalized responses showed slower adaptation to olfactory stimuli.
For ten odor pulses with 1 second duration each and 4 seconds interstimulus interval we
were able to show differences in amplitudes of responses normalized to the first odor
response. Responses of eNOS-deletion mutants were significantly higher than those of
wild type mice for the 2nd to the 10th stimulation, pointing to deficiencies in adaptation
in the transgenic animals. Same results were obtained for paired pulse experiments of 2
second odorant pulses with 28 seconds interstimulus interval. In this experiment the
normalized second amplitudes of eNOS-deficient mice were also significantly higher
than those of wild type mice. The results of these two sets of experiments point to a role
of eNOS-derived NO in olfactory adaptation.
The reason why we observed changes in adaptation in EOG but not in Ca2+-imaging
could be the previously discussed variability in single cell-odorant responses.
Additionally, one could speculate that this discrepancy is derived by the fact that OSN
in EOG are still embedded in their natural surrounding of the OE. NO has been shown
previously to act both autocrinally and paracrinally (Torroglosa et al., 2007), a role well
suited for a membrane diffusing second messenger. Thus it might be that NO mediates
cross-talk with other cells in the OE like the sustentacular cells.
However, the results obtained by EOG-measurements lead to the question what kind of
adaptation could be influenced by NO. Zufall and Leinders-Zufall have reported the
existence of two forms of olfactory adaptation to brief odor pulses they refer to as shortterm adaptation (STA) and long-term or long-lasting adaptation (LLA) (see Zufall and
Leinders-Zufall, 2000). STA and LLA can be distinguished from each other in time of
onset, recovery time course and molecular mechanisms to elicit these phenomena.
STA recovers with a time constant of 5 seconds. The fact that differences in adaptation
of eNOS-deletion mutants are also detectable in paired pulse experiments with 28
seconds interstimulus interval rather point to an involvement of NO in LLA. This
differs from the findings of Zufall and Leinders-Zufall, who were unable to detect
differences in LLA after preincubation with pharmacological blockers of NO-sythase
(Zufall and Leinders-Zufall, 1997). However, the effects detected in the eNOS-deficient
mice strongly suggest a role of NO in adaptation.
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The next challenging question would be how NO mediates the observed effects, either
by direct S-nitrosylation of cystein residues of the CNG-channel (Broillet and Firestein,
1996) or by activation of the soluble guanylylcyclase and production of cGMP (Breer et
al., 1992). To answer this question, techniques that allow for a pharmacological
approach to OSN in the intact OE, like superfused EOG would be needed.
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6. Conclusion

In the present study we investigated the existence and function of nitric oxide (NO) and
NO-synthase in mouse olfactory epithelium (OE). We were able to demonstrate for the
first time mRNA as well as protein expression of the endothelial isoform of NOsynthase (eNOS) in mature olfactory sensory neurons (OSNs). Furthermore we found
that NO is released by individual OSNs in a stimulus-dependent manner. In contrast, no
stimulus-dependent NO release could be detected from OSN derived from eNOSdeficient mice. These results strongly suggest for eNOS being the enzyme responsible
for activity-dependent NO production in the OSN.
In the next step we studied the potential function of eNOS in the OE. Proliferation rate
of basal cells in the OE of eNOS-deficient mice is unchanged compared to WT animals,
indicating that eNOS-derived NO is not involved in regular regeneration processes.
Although Ca2+-imaging from isolated OSN did not reveal changes in response
properties, EOG recordings from wild type compared to eNOS-deficient mice showed
significantly altered desensitization kinetics of odorant-induced signals, indicating a
role of NO in the modulation of olfactory signal processing.
Taken together, we were able to show the presence of eNOS in the olfactory sensory
neurons and the stimulus-induced release of NO from OSN. Our results point to a
modulatory role of NO in olfactory adaptation, suggesting for NO as a new player in
peripheral olfaction. NO as a diffusible messenger could act in an autocrinal way,
influencing the OSN directly, or in a paracrinal way, providing a fast mediator of
interaction between cells of the OE.
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Abbreviations:

ACIII

adenylyl cyclase type 3

AOB

accessory olfactory bulb

ATP

adenosine triphosphate

BH4

tetrahydrobiopterin

BMP

bone morphogenic factor

bp

base pairs

BrdU

5-bromo-2-deoxyuridine

CaM

calmodulin

cAMP

cyclic adenosin triphosphate

CAM-PDE

calmodulin-dependent phosphodiesterase

cDNA

complementary deoxyribonucleic acid

cGMP

cyclic guanosine monophosphate

CLD

chemiluminescence detection

CNG

cyclic nucleotide-gated channel

CO

carbon monoxide

delMu

(eNOS) deletion mutant

DNA

deoxyribonucleic acid

E

embryonal

EDTA

ethylenediaminetetraacetic acid

EGFR

epidermal growth factor receptor

eNOS

endothelial nitric oxide synthase

EOG

electroolfactogram

FACS

fluorescence activated cell sorting

FAD

flavin adenine dinucleotide

FGF

fibroblast growth factor
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FMN

flavin mononucleotide

GAPDH

Glyceraldehyde 3-phosphate
dehydrogenase

GC-D

guanylyl cyclase-D

GDF

growth and differentiation factors

GFP

green fluorescent protein

GG

Grueneberg ganglion

GPCR

G-protein coupled receptor

GRK

G-protein receptor kinase

GTP

guanosin triphosphate

Gαolf

olfactory G-protein-subunit α

iNOS

inducible NO-synthase

INP

immediate neuronal precursor

kDa

kilo Dalton

LLA

long lasting adaptation

LSM

laser-scanning microscope

LTD

long-term potentiation

LTP

long-term depression

Mash1

Mammalian Achaete Scute Homolog 1

MOB

main olfactory bulb

MOE

main olfactory epithelium

MW

molecular weight

NADPH

nicotinamide adenine dinucleotide
phosphate

NADPHd

NADPH-diaphorase

nNOS

neuronal nitric oxide synthase

NO

nitric oxide

NOS

nitric oxide synthase
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OB

olfactory bulb

OBP

odorant binding protein

OE

olfactory epithelium

OEC

olfactory ensheathing cells

OMP

olfactory marker protein

ON

olfactory nerve

OR

olfactory receptor

OSN

olfactory sensory neuron

P

postnatal

PBS

phosphate-buffered saline

PDE

phosphodiesterase

PFA

paraformaldehyde

pGC

particulate guanylyl cyclase

PKA

protein kinase A

PKC

protein kinase C

PKG

protein kinase G

PLC

phospholipase C

PMA

12-myristate 13-acetate

RNA

ribonucleic acid

ROI

range of interest

RT

room temperature

RT-PCR

reverse transcriptase polymerase chain
reaction

SEM

standard error of the mean

sGC

soluble guanylyl cyclase

SO

septal organ of Masera

STA

short term adaptation
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SUS

sustentacular cell

UV

ultra violett

VILIP

visinin-like-protein

VNO

vomeronasal organ

WT

wild type

91

Reference List

Reference List
Ache,B.W. & Young,J.M. (2005) Olfaction: Diverse species, conserved principles.
Neuron, 48, 417-430.
Al Sa'doni,H. & Ferro,A. (2000) S-nitrosothiols: a class of nitric oxide-donor drugs.
Clinical Science, 98, 507-520.
Araneda,R.C., Kini,A.D. & Firestein,S. (2000) The molecular receptive range of an
odorant receptor. Nature Neuroscience, 3, 1248-1255.
Araneda,R.C., Peterlin,Z., Zhang,X., Chesler,A. & Firestein,S. (2004) A
pharmacological profile of the aldehyde receptor repertoire in rat olfactory epithelium.
Journal of Physiology-London, 555, 743-756.
Armour,K.E., Armour,K.J., Gallagher,M.E., Godecke,A., Helfrich,M.H., Reid,D.M. &
Ralston,S.H. (2001) Defective bone formation and anabolic response to exogenous
estrogen in mice with targeted disruption of endothelial nitric oxide synthase.
Endocrinology, 142, 760-766.
Arnhold,S., Andressen,C., Bloch,W., Mai,J.K. & Addicks,K. (1997) NO synthase-II is
transiently expressed in embryonic mouse olfactory receptor neurons. Neuroscience
Letters, 229, 165-168.
Arnhold,S., Klinz,F.J., Bloch,W., Hess,A., Andressen,C. & Addicks,K. (1999) Selective
expression of the NOSII isoform during mouse vestibulocochlear receptorgenesis.
European Journal of Neuroscience, 11, 2187-2193.
Azuma,H., Ishikawa,M. & Sekizaki,S. (1986) Endothelium-Dependent Inhibition of
Platelet-Aggregation. British Journal of Pharmacology, 88, 411-415.
Bakalyar,H.A. & Reed,R.R. (1990) Identification of A Specialized Adenylyl Cyclase
That May Mediate Odorant Detection. Science, 250, 1403-1406.
Balasubramanian,S., Lynch,J.W. & Barry,P.H. (1996) Calcium-dependent modulation
of the agonist affinity of the mammalian olfactory cyclic nucleotide-gated channel by
calmodulin and a novel endogenous factor. Journal of Membrane Biology, 152, 13-23.
Barnes,S. & Hille,B. (1988) Veratridine Modifies Open Sodium-Channels. Journal of
General Physiology, 91, 421-443.
Beites,C.L., Kawauchi,S., Crocker,C.E. & Calof,A.L. (2005) Identification and
molecular regulation of neural stem cells in the olfactory epithelium. Experimental Cell
Research, 306, 309-316.
Boccaccio,A., Lagostena,L., Hagen,V. & Menini,A. (2006) Fast adaptation in mouse
olfactory sensory neurons does not require the activity of phosphodiesterase. Chemical
Senses, 31, E98-E99.

92

Reference List
Boehning,D., Moon,C., Sharma,S., Hurt,K.J., Hester,L.D., Ronnett,G.V., Shugar,D. &
Snyder,S.H. (2003) Carbon monoxide neurotransmission activated by CK2
phosphorylation of heme oxygenase-2. Neuron, 40, 129-137.
Boekhoff,I. & Breer,H. (1992) Termination of 2Nd-Messenger Signaling in Olfaction.
Proceedings of the National Academy of Sciences of the United States of America, 89,
471-474.
Boekhoff,I., Braunwell,K.H., Andreini,I., Breer,H. & Gundelfinger,E. (1997) The
calcium-binding protein VILIP in olfactory neurons: Regulation of second messenger
signaling. European Journal of Cell Biology, 72, 151-158.
Bonigk,W., Bradley,J., Muller,F., Sesti,F., Boekhoff,I., Ronnett,G.V., Kaupp,U.B. &
Frings,S. (1999) The native rat olfactory cyclic nucleotide-gated channel is composed of
three distinct subunits. Journal of Neuroscience, 19, 5332-5347.
Borisy,F.F., Ronnett,G.V., Cunningham,A.M., Juilfs,D., Beavo,J. & Snyder,S.H. (1992)
Calcium Calmodulin-Activated Phosphodiesterase Expressed in Olfactory Receptor
Neurons. Journal of Neuroscience, 12, 915-923.
Brandes,R.P., Schmitz-Winnenthal,F.H., Feletou,M., Godecke,A., Huang,P.L.,
Vanhoutte,P.M., Fleming,I. & Busse,R. (2000) An endothelium-derived hyperpolarizing
factor distinct from NO and prostacyclin is a major endothelium-dependent vasodilator
in resistance vessels of wild-type and endothelial NO synthase knockout mice.
Proceedings of the National Academy of Sciences of the United States of America, 97,
9747-9752.
Bredt,D.S. & Snyder,S.H. (1994) Transient Nitric-Oxide Synthase Neurons in
Embryonic Cerebral Cortical Plate, Sensory Ganglia, and Olfactory Epithelium.
Neuron, 13, 301-313.
Breer,H., Klemm,T. & Boekhoff,I. (1992) Nitric-Oxide Mediated Formation of CyclicGmp in the Olfactory System. Neuroreport, 3, 1030-1032.
Broillet,M.C., Kalamkarov,G. & Firestein,S. (1995) Effect of nitric oxide donors on the
cyclic nucleotide-gated channels of olfactory receptor neurons. Chemical Senses, 20, 33.
Broillet,M.C. & Firestein,S. (1996) Gaseous second messengers in vertebrate olfaction.
Journal of Neurobiology, 30, 49-57.
Broillet,M.C. & Firestein,S. (1996) Direct activation of the olfactory cyclic nucleotidegated channel through modification of sulfhydryl groups by NO compounds. Neuron,
16, 377-385.
Broillet,M.C. & Firestein,S. (1997) beta subunits of the olfactory cyclic nucleotidegated channel form a nitric oxide activated Ca2+ channel. Neuron, 18, 951-958.
Brown,D.A. & London,E. (1997) Structure of detergent-resistant membrane domains:
Does phase separation occur in biological membranes? Biochemical and Biophysical
Research Communications, 240, 1-7.
Buck,L. & Axel,R. (1991) A Novel Multigene Family May Encode Odorant Receptors A Molecular-Basis for Odor Recognition. Cell, 65, 175-187.
93

Reference List
Buiakova,O.I., Baker,H., Scott,J.W., Farbman,A., Kream,R., Grillo,M., Franzen,L.,
Richman,M., Davis,L.M., Abbondanzo,S., Stewart,C.L. & Margolis,F.L. (1996)
Olfactory marker protein (OMP) gene deletion causes altered physiological activity of
olfactory sensory neurons. Proceedings of the National Academy of Sciences of the
United States of America, 93, 9858-9863.
Caggiano,M., Kauer,J.S. & Hunter,D.D. (1994) Globose Basal Cells Are Neuronal
Progenitors in the Olfactory Epithelium - A Lineage Analysis Using A ReplicationIncompetent Retrovirus. Neuron, 13, 339-352.
Carter,L.A., MacDonald,J.L. & Roskams,A.J. (2004) Olfactory horizontal basal cells
demonstrate a conserved multipotent progenitor phenotype. Journal of Neuroscience,
24, 5670-5683.
Chen,J., Tu,Y., Moon,C., Nagata,E. & Ronnett,G.V. (2003) Heme oxygenase-1 and
heme oxygenase-2 have distinct roles in the proliferation and survival of olfactory
receptor neurons mediated by cGMP and bilirubin, respectively. Journal of
Neurochemistry, 85, 1247-1261.
Chen,J.J., Tu,Y.J., Moon,C., Matarazzo,V., Palmer,A.M. & Ronnett,G.V. (2004) The
localization of neuronal nitric oxide synthase may influence its role in neuronal
precursor proliferation and synaptic maintenance. Developmental Biology, 269, 165182.
Chen,J.J., Tu,Y.J., Connolly,E.C. & Ronnett,G.V. (2005) Heme oxygenase-2 protects
against glutathione depletion-induced neuronal apoptosis mediated by bilirubin and
cyclic GMP. Current Neurovascular Research, 2, 121-131.
Chen,T.Y. & Yau,K.W. (1994) Direct Modulation by Ca2+-Calmodulin of Cyclic
Nucleotide-Activated Channel of Rat Olfactory Receptor Neurons. Nature, 368, 545548.
Chen,X.Y., Fang,H.S. & Schwob,J.E. (2004) Multipotency of purified, transplanted
globose basal cells in olfactory epithelium. Journal of Comparative Neurology, 469,
457-474.
Chess,A., Simon,I., Cedar,H. & Axel,R. (1994) Allelic Inactivation Regulates Olfactory
Receptor Gene-Expression. Cell, 78, 823-834.
Ciani,E., Calvanese,V., Crochemore,C., Bartesaghi,R. & Contestabile,A. (2006)
Proliferation of cerebellar precursor cells is negatively regulated by nitric oxide in
newborn rat. Journal of Cell Science, 119, 3161-3170.
Collmann,C., Carlsson,M.A., Hansson,B.S. & Nighorn,A. (2004) Odorant-evoked nitric
oxide signals in the antennal lobe of Manduca sexta. Journal of Neuroscience, 24,
6070-6077.
Cometto-Muniz,J.E., Cain,W.S., Abraham,M.H. & Kumarsingh,R. (1998) Trigeminal
and olfactory chemosensory impact of selected terpenes. Pharmacology Biochemistry
and Behavior, 60, 765-770.

94

Reference List
Croulottman,C.E. & Brunjes,P.C. (1988) Nadph Diaphorase Staining Within the
Developing Olfactory Bulbs of Normal and Unilaterally Odor-Deprived Rats. Brain
Research, 460, 323-328.
Dawson,T.M., Bredt,D.S., Fotuhi,M., Hwang,P.M. & Snyder,S.H. (1991) Nitric-Oxide
Synthase and Neuronal Nadph Diaphorase Are Identical in Brain and PeripheralTissues. Proceedings of the National Academy of Sciences of the United States of
America, 88, 7797-7801.
Dawson,T.M., Arriza,J.L., Jaworsky,D.E., Borisy,F.F., Attramadal,H., Lefkowitz,R.J. &
Ronnett,G.V. (1993) Beta-Adrenergic-Receptor Kinase-2 and Beta-Arrestin-2 As
Mediators of Odorant-Induced Desensitization. Science, 259, 825-829.
Dawson,T.M. & Snyder,S.H. (1994) Gases As Biological Messengers - Nitric-Oxide
and Carbon-Monoxide in the Brain. Journal of Neuroscience, 14, 5147-5159.
Dere,E., Frisch,C., Silva,M.A.D., Godecke,A., Schrader,J. & Huston,J.P. (2001)
Unaltered radial maze performance and brain acetylcholine of the endothelial nitric
oxide synthase knockout mouse. Neuroscience, 107, 561-570.
Dimitrijevic,S.M., Ryves,W.J., Parker,P.J. & Evans,F.J. (1995) Characterization of
Phorbol Ester Binding to Protein-Kinase-C Isotypes. Molecular Pharmacology, 48,
259-267.
Dinerman,J.L., Dawson,T.M., Schell,M.J., Snowman,A. & Snyder,S.H. (1994)
Endothelial Nitric-Oxide Synthase Localized to Hippocampal Pyramidal Cells Implications for Synaptic Plasticity. Proceedings of the National Academy of Sciences
of the United States of America, 91, 4214-4218.
Doetsch,F. & Alvarezbuylla,A. (1996) Network of tangential pathways for neuronal
migration in adult mammalian brain. Proceedings of the National Academy of Sciences
of the United States of America, 93, 14895-14900.
Doreulee,N., Sergeeva,O.A., Yanovsky,Y., Chepkova,A.N., Selbach,O., Godecke,A.,
Schrader,J. & Haas,H.L. (2003) Cortico-striatal synaptic plasticity in endothelial nitric
oxide synthase deficient mice. Brain Research, 964, 159-163.
Doty,R.L. (2001) Olfaction. Annual Review of Psychology, 52, 423-452.
Dudzinski,D.M., Igarashi,J., Greif,D. & Michel,T. (2006) The regulation and
pharmacology of endothelial nitric oxide synthase. Annual Review of Pharmacology
and Toxicology, 46, 235-276.
Erwin,P.A., Lin,A.J., Golan,D.E. & Michel,T. (2005) Receptor-regulated dynamic Snitrosylation of endothelial nitric-oxide synthase in vascular endothelial cells. Journal
of Biological Chemistry, 280, 19888-19894.
Feelisch,M., Rassaf,T.,Mnaimneh,S., Singh,N., Bryan,N.S., Jourd’Heuil,D.,
Kelm,M.(2002) Concomitant S-, N-, and heme-nitros(yl)ation in biological tissues and
fluids: implications for the fate of NO in vivo FASEB J.,16(13): 1775-85

95

Reference List
Firestein,S., Zufall,F. & Shepherd,G.M. (1991) Single Odor-Sensitive Channels in
Olfactory Receptor Neurons Are Also Gated by Cyclic-Nucleotides. Journal of
Neuroscience, 11, 3565-3572.
Firestein,S. (2001) How the olfactory system makes sense of scents. Nature, 413, 211218.
Flogel,U., Decking,U.K.M., Godecke,A. & Schrader,J. (1999) Contribution of NO to
ischemia-reperfusion injury in the saline-perfused heart: a study in endothelial NO
synthase knockout mice. Journal of Molecular and Cellular Cardiology, 31, 827-836.
Francis,S.H., Turko,I.V., Corbin,J.D. (2001) Cyclic nucleotide phosphodiesterases:
relating structure and function. Prog Nucleic Acid Res Mol Biol., 65, 1-52.
Friebe,A. & Koesling,D. (2003) Regulation of nitric oxide-sensitive guanylyl cyclase.
Circulation Research, 93, 96-105.
Frings,S. & Lindemann,B. (1991) Properties of Cyclic Nucleotide-Gated Channels
Mediating Olfactory Transduction - Sidedness of Voltage-Dependent Blockage by Ca2+
Ions, Amiloride, D600, and Diltiazem. Journal of General Physiology, 98, A17-A18.
Frisch,C., Dere,E., Silva,M.A.D., Godecke,A., Schrader,R. & Huston,J.P. (2000)
Superior water maze performance and increase in fear-related behavior in the
endothelial nitric oxide synthase-deficient mouse together with monoamine changes in
cerebellum and ventral striatum. Journal of Neuroscience, 20, 6694-6700.
Fulle,H.J., Vassar,R., Foster,D.C., Yang,R.B., Axel,R. & Garbers,D.L. (1995) A
Receptor Guanylyl Cyclase Expressed Specifically in Olfactory Sensory Neurons.
Proceedings of the National Academy of Sciences of the United States of America, 92,
3571-3575.
Garthwaite,J. (1991) Glutamate, Nitric-Oxide and Cell Cell Signaling in the NervousSystem. Trends in Neurosciences, 14, 60-67.
Gautam,S.H., Otsuguro,K., Ito,S., Saito,T. & Habara,Y. (2006) Intensity of odorant
stimulation affects mode of Ca2+ dynamics in rat olfactory receptor neurons.
Neuroscience Research, 55, 410-420.
Geiger,H., Michalakis,S., Reisert,J., Wetzel,C.H., Zong,X., Bradley,J., Spehr,M.,
Huttl,S., Gerstner,A., Pfeifer,A., Hatt,H., Yau,K.W. & Biel,M. (2006) Loss of CNGB1
protein leads to olfactory dysfunction and subciliary CNG channel trapping. NaunynSchmiedebergs Archives of Pharmacology, 372, 63.
Giulivi,C., Kato,K. & Cooper,C.E. (2006) Nitric oxide regulation of mitochondrial
oxygen consumption I: cellular physiology. American Journal of Physiology-Cell
Physiology, 291, C1225-C1231.
Godecke,A., Decking,U.K.M., Zing,Z.P., Hirchenhain,J., Bidmon,H.J., Godecke,S. &
Schrader,J. (1998) Coronary hemodynamics in endothelial NO synthase knockout mice.
Circulation Research, 82, 186-194.

96

Reference List
Godecke,A. & Schrader,J. (2000) Adaptive mechanisms of the cardiovascular system in
transgenic - mice lessons from eNOS and myoglobin knockout mice. Basic Research in
Cardiology, 95, 492-498.
Gonzalez,E., Kou,R., Lin,A.J., Golan,D.E. & Michel,T. (2002) Subcellular targeting
and agonist-induced site-specific phosphorylation of endothelial nitric-oxide synthase.
Journal of Biological Chemistry, 277, 39554-39560.
Gotti,S., Sica,M., Viglietti-Panzica,C. & Panzica,G. (2005) Distribution of nitric oxide
synthase immunoreactivity in the mouse brain. Microscopy Research and Technique,
68, 13-35.
Grosmaitre,X., Vassalli,A., Mombaerts,P., Shepherd,G.M. & Ma,M.H. (2006) Odorant
responses of olfactory sensory neurons expressing the odorant receptor MOR23: A
patch clamp analysis in gene-targeted mice. Proceedings of the National Academy of
Sciences of the United States of America , 103, 1970-1975.
Grosmaitre,X., Vassalli,A., Mombaerts,P., Shepherd,G.M. & Ma,M.H. (2006) Odorant
responses of olfactory sensory neurons expressing the odorant receptor MOR23: A
patch clamp analysis in gene-targeted mice. Proceedings of the National Academy of
Sciences of the United States of America , 103, 1970-1975.
Haul,S., Godecke,A., Schrader,J., Haas,H.L. & Luhmann,H.J. (1999) Impairment of
neocortical long-term potentiation in mice deficient of endothelial nitric oxide synthase.
Journal of Neurophysiology, 81, 494-497.
Holbrook,E.H., Szumowski,K.E.M. & Schwob,J.E. (1995) An Immunochemical,
Ultrastructural, and Developmental Characterization of the Horizontal Basal Cells of
Rat Olfactory Epithelium. Journal of Comparative Neurology, 363, 129-146.
Hope,B.T., Michael,G.J., Knigge,K.M. & Vincent,S.R. (1991) Neuronal Nadph
Diaphorase Is A Nitric-Oxide Synthase. Proceedings of the National Academy of
Sciences of the United States of America, 88, 2811-2814.
Hopper,R.A. & Garthwaite,J. (2006) Tonic and phasic nitric oxide signals in
hippocampal long-term potentiation. Journal of Neuroscience, 26, 11513-11521.
Iadecola,C. (1997) Bright and dark sides of nitric oxide in ischemic brain injury. Trends
in Neurosciences, 20, 132-139.
Ingi,T. & Ronnett,G.V. (1995) Direct demonstration of a physiological role for carbon
monoxide in olfactory receptor neurons. Journal of Neuroscience, 15, 8214-8222.
Ishii,T., Serizawa,S., Kohda,A., Nakatani,H., Shiroishi,T., Okumura,K., Iwakura,Y.,
Nagawa,F., Tsuboi,A. & Sakano,H. (2001) Monoallelic expression of the odorant
receptor gene and axonal projection of olfactory sensory neurones (vol 6, pg 71, 2001).
Genes to Cells, 6, 573.
Isik,S. & Schuhmann,W. (2006) Detection of nitric oxide release from single cells by
using constant-distance-mode scanning electrochemical microscopy. Angewandte
Chemie-International Edition, 45, 7451-7454.
97

Reference List
Jacobson,I. & Hamberger,A. (1984) Veratridine-Induced Release Invivo and Invitro of
Amino-Acids in the Rabbit Olfactory-Bulb. Brain Research, 299, 103-112.
Jang,W.C., Youngentob,S.L. & Schwob,J.E. (2003) Globose basal cells are required for
reconstitution of olfactory epithelium after methyl bromide lesion. Journal of
Comparative Neurology, 460, 123-140.
Juilfs,D.M., Fulle,H.J., Zhao,A.Z., Houslay,M.D., Garbers,D.L. & Beavo,J.A. (1997) A
subset of olfactory neurons that selectively express cGMP-stimulated phosphodiesterase
(PDE2) and guanylyl cyclase-D define a unique olfactory signal transduction pathway.
Proceedings of the National Academy of Sciences of the United States of America, 94,
3388-3395.
Kajiya,K., Inaki,K., Tanaka,M., Haga,T., Kataoka,H. & Touhara,K. (2001) Molecular
bases of odor discrimination: Reconstitution of olfactory receptors that recognize
overlapping sets of odorants. Journal of Neuroscience, 21, 6018-6025.
Kelliher,K.R., Ziesmann,J., Munger,S.D., Reed,R.R. & Zufall,F. (2003) Importance of
the CNGA4 channel gene for odor discrimination and adaptation in behaving mice.
Proceedings of the National Academy of Sciences of the United States of America, 100,
4299-4304.
Kelm,M. & Schrader,J. (1990) Control of Coronary Vascular Tone by Nitric-Oxide.
Circulation Research, 66, 1561-1575.
Kelm,M. (1999) Nitric oxide metabolism and breakdown. Biochimica et Biophysica
Acta-Bioenergetics, 1411, 273-289.
Kendrick,K.M.,
GuevaraGuzman,R.,
Zorrilla,J.,
Hinton,M.R.,
Broad,K.D.,
Mimmack,M. & Ohkura,S. (1997) Formation of olfactory memories mediated by nitric
oxide. Nature, 388, 670-674.
Kishimoto,J., Spurr,N., Liao,M., Lizhi,L., Emson,P. & Xu,W. (1993) Localization of
Brain Nitric-Oxide Synthase (Nos) to Human Chromosome-12 (Genomics, Vol 14, Pg
802, 1992). Genomics, 15, 465.
Kleene,S.J. (1993) Origin of the Chloride Current in Olfactory Transduction. Neuron,
11, 123-132.
Kleene,S.J. (1999) Both external and internal calcium reduce the sensitivity of the
olfactory cyclic-nucleotide-gated channel to cAMP. Journal of Neurophysiology, 81,
2675-2682.
Kleinbongard,P., Dejam,A., Lauer,T., Rassaf,T., Schindler,A., Picker,O., Scheeren,T.,
Godecke,A., Schrader,J., Schulz,R., Heusch,G., Schaub,G.A., Bryan,N.S., Feelisch,M.
& Kelm,M. (2003) Plasma nitrite reflects constitutive nitric oxide synthase activity in
mammals. Free Radical Biology and Medicine, 35, 790-796.
Kleinbongard,P., Schulz,R., Rassaf,T., Lauer,T., Dejam,A., Jax,T., Kumara,I.,
Gharini,P., Kabanova,S., Ozuyaman,B., Schnurch,H.G., Godecke,A., Weber,A.A.,
Robenek,M., Robenek,H., Bloch,W., Rosen,P. & Kelm,M. (2006) Red blood cells
express a functional endothelial nitric oxide synthase. Blood, 107, 2943-2951.
98

Reference List
Kone,B.C., Kuncewicz,T., Zhang,W.Z. & Yu,Z.Y. (2003) Protein interactions with
nitric oxide synthases: controlling the right time, the right place, and the right amount of
nitric oxide. American Journal of Physiology-Renal Physiology, 285, F178-F190.
Kosaka,T. & Kosaka,K. (2007) Heterogeneity of nitric oxide synthase-containing
neurons in the mouse main olfactory bulb. Neuroscience Research, 57, 165-178.
Kramer,R.H. & Siegelbaum,S.A. (1992) Intracellular Ca2+ Regulates the Sensitivity of
Cyclic Nucleotide-Gated Channels in Olfactory Receptor Neurons. Neuron, 9, 897-906.
Kroner,C., Boekhoff,I., Lohmann,S.M., Genieser,H.G. & Breer,H. (1996) Regulation of
olfactory signalling via cGMP-dependent protein kinase. European Journal of
Biochemistry, 236, 632-637.
Kurahashi,T. & Yau,K.W. (1993) Coexistence of Cationic and Chloride Components in
Odorant-Induced Current of Vertebrate Olfactory Receptor-Cells. Nature, 363, 71-74.
Kurahashi,T. & Menini,A. (1997) Mechanism of odorant adaptation in the olfactory
receptor cell. Nature, 385, 725-729.
Lauer,T., Preik,M., Rassaf,T., Strauer,B.E., Deussen,A., Feelisch,M. & Kelm,M. (2001)
Plasma nitrite rather than nitrate reflects regional endothelial nitric oxide synthase
activity but lacks intrinsic vasodilator action. Proceedings of the National Academy of
Sciences of the United States of America, 98, 12814-12819.
Leibowitz,M.D., Sutro,J.B. & Hille,B. (1986) Voltage-Dependent Gating of
Veratridine-Modified Na Channels. Journal of General Physiology, 87, 25-46.
LeindersZufall,T., Shepherd,G.M. & Zufall,F. (1995) Regulation of Cyclic NucleotideGated Channels and Membrane Excitability in Olfactory Receptor-Cells by CarbonMonoxide. Journal of Neurophysiology, 74, 1498-1508.
LeindersZufall,T., Shepherd,G.M. & Zufall,F. (1996) Modulation by cyclic GMP of the
odour sensitivity of vertebrate olfactory receptor cells. Proceedings of the Royal Society
of London Series B-Biological Sciences, 263, 803-811.
LeindersZufall,T., Rand,M.N., Shepherd,G.M., Greer,C.A. & Zufall,F. (1997) Calcium
entry through cyclic nucleotide-gated channels in individual cilia of olfactory receptor
cells: Spatiotemporal dynamics. Journal of Neuroscience, 17, 4136-4148.
Leinders-Zufall,T., Ma,M., Zufall,F., (1999) Impaired odor adaptation in olfactory
receptor neurons after inhibition of Ca2+/calmodulin kinase II. J Neurosci.
19(14):RC19.
Lema,S.C. & Nevitt,G.A. (2001) Re-evaluating NADPH-diaphorase histochemistry as
an indicator of nitric oxide synthase: an examination of the olfactory system of coho
salmon (Oncorhynchus kisutch). Neuroscience Letters, 313, 1-4.
Lev-Ram,V., Mehta,S.B., Kleinfeld,D. & Tsien,R.Y. (2003) Reversing cerebellar longterm depression. Proceedings of the National Academy of Sciences of the United States
of America, 100, 15989-15993.
99

Reference List
Liberles,S.D. & Buck,L.B. (2006) A second class of chemosensory receptors in the
olfactory epithelium. Nature, 442, 645-650.
Lin,W., Margolskee,R., Donnert,G., Hell,S.W. & Restrepo,D. (2007) Olfactory neurons
expressing transient receptor potential channel M5 (TRPM5) are involved in sensing
semiochemicals. Proc.Natl.Acad.Sci.U.S.A, 104, 2471-2476.
Liu,M.Y., Chen,T.Y., Ahamed,B., Li,J. & Yau,K.W. (1994) Calcium-Calmodulin
Modulation of the Olfactory Cyclic Nucleotide-Gated Cation Channel. Science, 266,
1348-1354.
Lledo,P.M., Gheusi,G. & Vincent,J.D. (2005) Information processing in the mammalian
olfactory system. Physiological Reviews, 85, 281-317.
Lois,C. & Alvarezbuylla,A. (1994) Long-Distance Neuronal Migration in the Adult
Mammalian Brain. Science, 264, 1145-1148.
Lomvardas,S., Barnea,G., Pisapia,D.J., Mendelsohn,M., Kirkland,J. & Axel,R. (2006)
Interchromosornal interactions and olfactory receptor choice. Cell, 126, 403-413.
Lynch,J.W. & Lindemann,B. (1994) Cyclic Nucleotide-Gated Channels of Rat
Olfactory Receptor-Cells - Divalent-Cations Control the Sensitivity to Camp. Journal of
General Physiology, 103, 87-106.
Lynch,J.W. (1998) Nitric oxide inhibition of the rat olfactory cyclic nucleotide-gated
cation channel. Journal of Membrane Biology, 165, 227-234.
Malnic,B., Hirono,J., Sato,T. & Buck,L.B. (1999) Combinatorial receptor codes for
odors. Cell, 96, 713-723.
Marletta,M.A., Yoon,P.S., Iyengar,R., Leaf,C.D. & Wishnok,J.S. (1988) Macrophage
Oxidation of L-Arginine to Nitrite and Nitrate - Nitric-Oxide Is An Intermediate.
Biochemistry, 27, 8706-8711.
Mashukova,A., Spehr,M., Hatt,H. & Neuhaus,E.M. (2006) beta-arrestin2-mediated
internalization of mammalian odorant receptors. Journal of Neuroscience, 26, 99029912.
Matarredona,E.R., Murillo-Carretero,M., Moreno-Lopez,B. & Estrada,C. (2005) Role
of nitric oxide in subventricular zone neurogenesis. Brain Research Reviews, 49, 355366.
Matthews,H.R. & Reisert,J. (2003) Calcium, the two-faced messenger of olfactory
transduction and adaptation. Current Opinion in Neurobiology, 13, 469-475.
Menini,A. (1999) Calcium signalling and regulation in olfactory neurons. Current
Opinion in Neurobiology, 9, 419-426.
Michalakis,S., Reisert,J., Geiger,H., Wetzel,C., Zong,X.G., Bradley,J., Spehr,M.,
Huttl,S., Gerstner,A., Pfeifer,A., Hatt,H., Yau,K.W. & Biel,M. (2006) Loss of CNGB1
protein leads to olfactory dysfunction and subciliary cyclic nucleotide-gated channel
trapping. Journal of Biological Chemistry, 281, 35156-35166.
100

Reference List
MincGolomb,D., Yadid,G., Tsarfaty,I., Resau,J.H. & Schwartz,J.P. (1996) In vivo
expression of inducible nitric oxide synthase in cerebellar neurons. Journal of
Neurochemistry, 66, 1504-1509.
Mombaerts,P. (1999) Seven-transmembrane proteins as odorant and chemosensory
receptors. Science, 286, 707-711.
Moon,C., Jaberi,P., Otto-Bruc,A., Baehr,W., Palczewski,K. & Ronnett,G.V. (1998)
Calcium-sensitive particulate guanylyl cyclase as a modulator of cAMP in olfactory
receptor neurons. Journal of Neuroscience , 18, 3195-3205.
Moon,C., Simpson,P.J., Tu,Y., Cho,H. & Ronnett,G.V. (2005) Regulation of
intracellular cyclic GMP levels in olfactory sensory neurons. Journal of
Neurochemistry, 95, 200-209.
Moreno-Lopez,B., Noval,J.A., Gonzalez-Bonet,L.G. & Estrada,C. (2000)
Morphological bases for a role of nitric oxide in adult neurogenesis. Brain Research,
869, 244-250.
Moreno-Lopez,B.,
Romero-Grimaldi,C.,
Noval,J.A.,
Murillo-Carretero,M.,
Matarredona,E.R. & Estrada,C. (2004) Nitric oxide is a physiological inhibitor of
neurogenesis in the adult mouse subventricular zone and olfactory bulb. Journal of
Neuroscience, 24, 85-95.
Moro,M.A., De Alba,J., Leza,J.C., Lorenzo,P., Fernandez,A.P., Bentura,M.L., Bosca,L.,
Rodrigo,J. & Lizasoain,I. (1998) Neuronal expression of inducible nitric oxide synthase
after oxygen and glucose deprivation in rat forebrain slices. European Journal of
Neuroscience, 10, 445-456.
Morrison,E.E. & Costanzo,R.M. (1990) Morphology of the Human Olfactory
Epithelium. Journal of Comparative Neurology, 297, 1-13.
Muller,F., Bonigk,W., Sesti,F. & Frings,S. (1998) Phosphorylation of mammalian
olfactory cyclic nucleotide-gated channels increases ligand sensitivity. Journal of
Neuroscience, 18, 164-173.
Mukopadhyay,S., Xu,F., Sehgal,P.B. (2007) Aberrant cytoplasmic sequestration of
eNOS in endothelial cells after monocrotaline, hypoxia, and senescence: live-cell
caveolar and cytoplasmic NO imaging. Am J Physiol Heart Circ Physiol.
292(3):H1373-89.
Odell,T.J., Huang,P.L., Dawson,T.M., Dinerman,J.L., Snyder,S.H., Kandel,E.R. &
Fishman,M.C. (1994) Endothelial Nos and the Blockade of Ltp by Nos Inhibitors in
Mice Lacking Neuronal Nos. Science, 265, 542-546.
Oka,Y., Omura,M., Kataoka,H. & Touhara,K. (2004) Olfactory receptor antagonism
between odorants. Embo Journal, 23, 120-126.
Okere,C.O., Higuchi,T. & Kaba,H. (2000) Fos activation and upregulation of
nicotinamide adenine dinucleotide phosphate diaphorase in the rat pituitary by acute
capsaicin injection. Neuroscience Letters, 295, 73-76.
101

Reference List
Ozuyaman,B., Godecke,A., Kusters,S., Kirchhoff,E., Scharf,R.E. & Schrader,J. (2005)
Endothelial nitric oxide synthase plays a minor role in inhibition of arterial thrombus
formation. Thrombosis and Haemostasis, 93, 1161-1167.
Peppel,K., Boekhoff,I., McDonald,P., Breer,H., Caron,M.G. & Lefkowitz,R.J. (1997) G
protein-coupled receptor kinase 3 (GRK3) gene disruption leads to loss of odorant
receptor desensitization. Journal of Biological Chemistry, 272, 25425-25428.
Ponting,C.P., Phillips,C., Davies,K.E. & Blake,D.J. (1997) PDZ domains: Targeting
signalling molecules to sub-membranous sites. Bioessays, 19, 469-479.
Radomski,M.W., Palmer,R.M.J. & Moncada,S. (1987) Endogenous Nitric-Oxide
Inhibits Human-Platelet Adhesion to Vascular Endothelium. Lancet, 2, 1057-1058.
Reif,A., Schmitt,A., Fritzen,S., Chourbaji,S., Bartsch,C., Urani,A., Wycislo,M.,
Mossner,R., Sommer,C., Gass,P. & Lesch,K.P. (2004) Differential effect of endothelial
nitric oxide synthase (NOS-III) on the regulation of adult neurogenesis and behaviour.
European Journal of Neuroscience, 20, 885-895.
Restrepo,D., Okada,Y. & Teeter,J.H. (1993) Odorant-Regulated Ca2+ Gradients in Rat
Olfactory Neurons. Journal of General Physiology, 102, 907-924.
Romero-Grimaldi,C., Gheusi,G., Lledo,P.M. & Estrada,C. (2006) Chronic inhibition of
nitric oxide synthesis enhances both subventricular zone neurogenesis and olfactory
learning in adult mice. European Journal of Neuroscience, 24, 2461-2470.
Ronnett,G.V., Roskams,A.J. & Ingi,T. (1995) Gaseous messengers in olfaction.
Chemical Senses, 20, 249.
Roskams,A.J., Bredt,D.S., Dawson,T.M. & Ronnett,G.V. (1994) Nitric-Oxide Mediates
the Formation of Synaptic Connections in Developing and Regenerating Olfactory
Receptor Neurons. Neuron, 13, 289-299.
Roskams,A.J.I., Cai,X. & Ronnett,G.V. (1998) Expression of neuron-specific beta-III
tubulin during olfactory neurogenesis in the embryonic and adult rat. Neuroscience, 83,
191-200.
Rothberg,K.G.,
Heuser,J.E.,
Donzell,W.C.,
Ying,Y.S.,
Glenney,J.R.
&
Anderson,R.G.W. (1992) Caveolin, A Protein-Component of Caveolae Membrane
Coats. Cell, 68, 673-682.
Saha,R.N. & Pahan,K. (2006) Signals for the induction of nitric oxide synthase in
astrocytes. Neurochemistry International, 49, 154-163.
Samama,B. & Boehm,N. (1999) Inhibition of nitric oxide synthase impairs early
olfactory associative learning in newborn rats. Neurobiology of Learning and Memory,
71, 219-231.
Sanchez-Islas,E. & Leon-Olea,M. (2001) Histochemical and immunohistochemical
localization of neuronal nitric oxide synthase in the olfactory epithelium of the axolotl,
Ambystoma mexicanum. Nitric Oxide-Biology and Chemistry, 5, 302-316.
102

Reference List
Schleicher,S., Boekhoff,I., Arriza,J., Lefkowitz,R.J. & Breer,H. (1993) A BetaAdrenergic-Receptor Kinase-Like Enzyme Is Involved in Olfactory Signal Termination.
Proceedings of the National Academy of Sciences of the United States of America, 90,
1420-1424.
Schmachtenberg,O., Bicker,G. & Bacigalupo,J. (2001) NADPH diaphorase is
developmentally regulated in rat olfactory epithelium. Neuroreport, 12, 1039-1043.
Scholfield,C.N. (1988) Presynaptic Na/Ca Action-Potentials in Unmyelinated Axons of
Olfactory Cortex. Pflugers Archiv-European Journal of Physiology, 411, 180-187.
Schreiber,S., Fleischer,J., Breer,H. & Boekhoff,I. (2000) A possible role for caveolin as
a signaling organizer in olfactory sensory membranes. Journal of Biological Chemistry,
275, 24115-24123.
Scott,J.W. & Scott-Johnson,P.E. (2002) The electroolfactogram: A review of its history
and uses. Microscopy Research and Technique, 58, 152-160.
Serizawa,S., Ishii,T., Nakatani,H., Tsuboi,A., Nagawa,F., Asano,M., Sudo,K.,
Sakagami,J., Sakano,H., Ijiri,T., Matsuda,Y., Suzuki,M., Yamamori,T., Iwakura,Y. &
Sakano,H. (2000) Mutually exclusive expression of odorant receptor transgenes. Nature
Neuroscience, 3, 687-693.
Serizawa,S., Miyamichi,K., Nakatani,H., Suzuki,M., Saito,M., Yoshihara,Y. &
Sakano,H. (2003) Negative feedback regulation ensures the one receptor-one olfactory
neuron rule in mouse. Science, 302, 2088-2094.
Shaul,P.W., Smart,E.J., Robinson,L.J., German,Z., Yuhanna,I.S., Ying,Y.S.,
Anderson,R.G.W. & Michel,T. (1996) Acylation targets endothelial nitric-oxide
synthase to plasmalemmal caveolae. Journal of Biological Chemistry, 271, 6518-6522.
Shaul,P.W. & Anderson,R.G.W. (1998) Role of plasmalemmal caveolae in signal
transduction. American Journal of Physiology-Lung Cellular and Molecular
Physiology, 19, L843-L851.
Shaul,P.W. (2002) Regulation of endothelial nitric oxide synthase: Location, location,
location. Annual Review of Physiology , 64, 749-774.
Spehr,M., Wetzel,C.H., Hatt,H. & Ache,B.W. (2002) 3-Phosphoinositides modulate
cyclic nucleotide signaling in olfactory receptor neurons. Neuron, 33, 731-739.
Spehr,M., Gisselmann,G., Poplawski,A., Riffell,J.A., Wetzel,C.H., Zimmer,R.K. &
Hatt,H. (2003) Identification of a testicular odorant receptor mediating human sperm
chemotaxis. Science, 299, 2054-2058.
Spehr,M., Kelliher,K.R., Boehm,T., Leinders-Zufall,T. & Zufall,F. (2006) Parallel
processing of social cues by the main and accessory olfactory system. Chemical Senses,
31, E52.
Spehr,M., Spehr,J., Ukhanov,K., Kelliher,K.R., Leinders-Zufall,T. & Zufall,F. (2006)
Parallel processing of social signals by the mammalian main and accessory olfactory
systems. Cellular and Molecular Life Sciences, 63, 1476-1484.
103

Reference List
Spessert,R. & Layes,E. (1994) Fixation Conditions Affect the Intensity But Not the
Pattern of Nadph-Diaphorase Staining As A Marker for Neuronal Nitric-Oxide
Synthase in Rat Olfactory-Bulb. Journal of Histochemistry & Cytochemistry, 42, 13091315.
Stauss,H.M., Godecke,A., Mrowka,R., Schrader,J. & Persson,P.B. (1999) Enhanced
blood pressure variability in eNOS knockout mice. Hypertension, 33, 1359-1363.
Stone,J.R. & Marletta,M.A. (1994) Soluble Guanylate-Cyclase from Bovine Lung Activation with Nitric-Oxide and Carbon-Monoxide and Spectral Characterization of
the Ferrous and Ferric States. Biochemistry , 33, 5636-5640.
Stuehr,D.J. & Nathan,C.F. (1989) Nitric-Oxide - A Macrophage Product Responsible
for Cytostasis and Respiratory Inhibition in Tumor Target-Cells. Journal of
Experimental Medicine, 169, 1543-1555.
Tareilus,E., Noe,J. & Breer,H. (1995) Calcium Signals in Olfactory Neurons.
Biochimica et Biophysica Acta-Molecular Cell Research, 1269, 129-138.
Tarpey,M.M. & Fridovich,I. (2001) Methods of detection of vascular reactive species Nitric oxide, superoxide, hydrogen peroxide, and peroxynitrite. Circulation Research,
89, 224-236.
Tian,H.K. & Ma,M.H. (2004) Molecular organization of the olfactory septal organ.
Journal of Neuroscience, 24, 8383-8390.
Torroglosa,A., Murillo-Carretero,M., Romero-Grimaldi,C., Matarredona,E.R., CamposCaro,A. & Estrada,C. (2007) Nitric oxide decreases subventricular zone stem cell
proliferation by inhibition of epidermal growth factor receptor and phosphoinositide-3kinase/Akt pathway. Stem Cells, 25, 88-97.
Tsumamoto,Y., Yamashita,K., Takumida,M., Okada,K., Mukai,S., Shinya,M.,
Yamashita,H. & Mishima,H.K. (2002) In situ localization of nitric oxide synthase and
direct evidence of NO production in rat retinal ganglion cells. Brain Research, 933,
118-129.
Valentine,J.F., Tannahill,C.L., Stevenot,S.A., Sallustio,J.E., Nick,H.S. & Eaker,E.Y.
(1996) Colitis and interleukin 1 beta up-regulate inducible nitric oxide synthase and
superoxide dismutase in rat myenteric neurons. Gastroenterology, 111, 56-64.
Wagner,C., Godecke,A., Ford,M., Schnermann,J., Schrader,J. & Kurtz,A. (2000)
Regulation of renin gene expression in kidneys of eNOS-and nNOS-deficient mice.
Pflugers Archiv-European Journal of Physiology, 439, 567-572.
Wallerath,T., Godecke,A., Molojavyi,A., Li,H.G., Schrader,E. & Forstermann,U.
(2004) Dexamethasone lacks effect on blood pressure in mice with a disrupted
endothelial NO synthase gene. Nitric Oxide-Biology and Chemistry, 10, 36-41.
Wei,J., Wayman,G. & Storm,D.R. (1996) Phosphorylation and inhibition of type III
adenylyl cyclase by calmodulin-dependent protein kinase II in vivo. Journal of
Biological Chemistry, 271, 24231-24235.
104

Reference List
Wei,J., Zhao,A.Z., Chan,G.C.K., Baker,L.P., Impey,S., Beavo,J.A. & Storm,D.R.
(1998) Phosphorylation and inhibition of olfactory adenylyl cyclase by CaM kinase II in
neurons: a mechanism for attenuation of olfactory signals. Neuron, 21, 495-504.
Weiler,E. & Farbman,A.I. (1998) Supporting cell proliferation in the olfactory
epithelium decreases postnatally. Glia, 22, 315-328.
Wenisch,S., Andressen,C., Derouiche,A., Arnhold,S., Addicks,K. & Leiser,R. (2000)
Heme oxygenase-2 and nitric oxide synthase immunoreactivity of bovine olfactory
receptor neurons and a comparison with the distribution of NADPH-diaphorase
staining. Histochemical Journal, 32, 381-388.
Wetzel,C.H., Spehr,M. & Hatt,H. (2001) Phosphorylation of voltage-gated ion channels
in rat olfactory receptor neurons. European Journal of Neuroscience, 14, 1056-1064.
Wilson,R.I., Yanovsky,J., Godecke,A., Stevens,D.R., Schrader,J. & Haas,H.L. (1997)
Endothelial nitric oxide synthase and LTP. Nature, 386, 338.
Wilson,R.I., Godecke,A., Brown,R.E., Schrader,J. & Haas,H.L. (1999) Mice deficient
in endothelial nitric oxide synthase exhibit a selective deficit in hippocampal long-term
potentiation. Neuroscience, 90, 1157-1165.
Yan,C., Zhao,A.Z., Bentley,J.K., Loughney,K., Ferguson,K. & Beavo,J.A. (1995)
Molecular-Cloning
and
Characterization
of
A
Calmodulin-Dependent
Phosphodiesterase Enriched in Olfactory Sensory Neurons. Proceedings of the National
Academy of Sciences of the United States of America, 92, 9677-9681.
Yeh,D.C., Duncan,J.A., Yamashita,S. & Michel,T. (1999) Depalmitoylation of
endothelial nitric-oxide synthase by acyl-protein thioesterase 1 is potentiated by Ca2+calmodulin. Journal of Biological Chemistry, 274, 33148-33154.
Zelnickova,P., Faldyna,M., Ondracek,J., Kovaru,H., Kovaru,F. (2007) Ontogeny of
reactive nitrogen species production by blood phagocytes in pigs. Physiol Res.; [Epub
ahead of print]
Zhang,X.M. & Firestein,S. (2002) The olfactory receptor gene superfamily of the
mouse. Nature Neuroscience, 5, 124-133.
Zhao,H.Q. & Reed,R.R. (2001) X inactivation of the OCNC1 channel gene reveals a
role for activity-dependent competition in the olfactory system. Cell, 104, 651-660.
Zheng,X., Ning,G., Hong,D., Zhang,M. (2004) Nitric oxide imaging in neurons using
confocal microscopy. Methods Mol Biol. 279:69-80
Zhu,X.J., Hua,Y., Jiang,J., Zhou,Q.G., Luo,C.X., Han,X., Lu,Y.M. & Zhu,D.Y. (2006)
Neuronal nitric oxide synthase-derived nitric oxide inhibits neurogenesis in the adult
dentate gyrus by down-regulating cyclic AMP response element binding protein
phosphorylation. Neuroscience, 141, 827-836.
Ziegelstein,R.C., Xiong,Y.L., He,C.X. & Hu,Q.H. (2006) Expression of a functional
extracellular calcium-sensing receptor in human aortic endothelial cells. Biochemical
and Biophysical Research Communications, 342, 153-163.
105

Reference List
Zufall,F., Stengl,M., Franke,C., Hildebrand,J.G. & Hatt,H. (1991) Ionic Currents of
Cultured Olfactory Receptor Neurons from Antennae of Male Manduca-Sexta. Journal
of Neuroscience, 11, 956-965.
Zufall,F. (1996) Cyclic nucleotide-gated channels, nitric oxide, and neural function.
Neuroscientist, 2, 24-32.
Zufall,F. & LeindersZufall,T. (1997) Identification of a long-lasting form of odor
adaptation that depends on the carbon monoxide cGMP second-messenger system.
Journal of Neuroscience, 17, 2703-2712.
Zufall,F. & LeindersZufall,T. (1997) Identification of a long-lasting form of odor
adaptation that depends on the carbon monoxide cGMP second-messenger system.
Journal of Neuroscience, 17, 2703-2712.
Zufall,F. & Leinders-Zufall,T. (1998) Role of cyclic GMP in olfactory transduction and
adaptation. Olfaction and Taste Xii, 855, 199-204.
Zufall,F. (1999) Mechanism of odor adaptation in olfactory neurons. Journal of
Neurochemistry, 73, S162.
Zufall,F. & Leinders-Zufall,T. (2000) The cellular and molecular basis of odor
adaptation. Chemical Senses, 25, 473-481

106

Acknowledgements

Acknowledgements
The foremost thanks go to Prof. Dr. Dr. Dr. med. habil. Hanns Hatt who gave me the
possibility to study in his lab and provided me with help and good ideas, especially in
the last part of my work.
Special thank go also to my thesis advisors HD Dr. Christian H. Wetzel and Prof. Dr.
Lutz Pott. They always had an open ear for problems. I am most grateful for their
support during the course of this study. Christian brought his enthusiasm for research to
me. He was always there to talk about new ideas and complex questions. Working for
you I really learned a lot.
I also want to thank my collaboration partners from the Department of Analytical
Chemistry of the RUB, Dr. Sonnur Isik and Prof. Dr. Wolfgang Schuhmann, and the
Department of Cardiophysiology of the Heinrich-Heine University, Dr. Petra
Kleinbongard. Beside the great methods for NO-detection they also supported me with
loads of helpful ideas and enthusiasm.
Furthermore, I wish to thank the International Graduate School of Neuroscience for
their financial support during my PhD.
I am grateful to the people from the ‘Cellphys-Lab’ for creating a wonderful
worklplace. Special thanks go to Nicole Schöbel and Matthias Lübbert. I really
appreciated that you were always able to uplift me, when I needed it most. I warmly
thank Jon Barbour, Julia F. Dörner and Günther Gisselmann for their support and their
help in matters of molecular biology and proteomics. Special thanks go to Heike
Benecke. She kept constantly pushing me to go on. I really appreciate that.
Many thanks go to all the technical assistants as well as Thomas Lichtleitner and Ulrike
Thomes. They are the ones that keep the lab running. I am especially thankful for the
support from W. Grabowski who helped perform the EOG-studies and H. Bartel, the
wizard of application.
I warmly thank my friends outside the University, for always being there for me in
times of joy and times of sorrow.
Finally I thank my family for their love and support. You give me the strength I need to
succeed in everything I do.
To Markus: I love you and always will!

107

Curriculum vitae

Curriculum vitae
Personal Data:
Name:
Address:
Telephone:
e-mail:
Date of birth:
Place of birth:
Nationality:

Daniela Brunert
Kleiberweg 17/ 44269 Dormund
0231/484185
daniela.brunert@rub.de
25.1.1979
Dortmund, Germany
German

Education:
1985 - 1989:
1989 - 1998:

Busenberg-Grundschule Dortmund
Phoenix Gymnasium Dortmund

Academic Education:
1998-2003
Ruhr-University of Bochum, Department of Cell Physiology
Diploma in Biology
Title of Diploma Thesis:
„Modulation of the signal transduction in olfactory receptor neurons of
vertebrates“
Supervisor: Prof. Dr. Dr. Dr. Hatt
since 01.11.2003
PhD work at the Department of Cell Physiology supervised by
HD Dr. Christian H. Wetzel
Title of PhD-Thesis:

„Molecular mechanisms of signal transduction in chemosensory
neurons of mice“
since 01.11.2004
Scholarship of the International Graduate School of Neuroscience (IGSN)

Extracurricular courses:
Summer 1998

practical course (6 weeks) in molecular biology at the Max-Planck-Institute
for Molecular Physiology in the working group of Dr. Christian Hermann
dealing with the Ras-Protein in order to get experience in laboratory work

Languages:
German
English
French
Italian

fluent in speaking and writing
fluent in speaking and writing
basic knowledge
basic knowledge

108

Curriculum vitae
Computer Literacy:
• Experience in handling Word, Excel, Igor, Photoshop, Powerpoint and Coreldraw
• Experience in handling common data acquisition and analysis – software for patch clamp
and calcium imaging

Teaching experience:
-Supervision of groups of students in practical courses (since 2003):
Course of Animal Physiology
Course in Cell Biology
dealing with heart, nerve and muscle physiology
-Lecture:

Theoretical background of heart physiology and electrocardiogram
measurements (since 2005):

Hobbies:
Sports (artistic gymnastics, jogging, hiking, cycling)

Voluntary Service:
1995-1997
since 1998

Trainer of a childrens gymnastics group at TuS Borussia Höchsten
Volunteer in the German Red Cross

109

Curriculum vitae

Publications
Paper
Wetzel CH, Brunert D, Hatt H.
Cellular mechanisms of olfactory signal transduction
Chem. Senses. 2005; 30 Suppl 1:i321-i322
Barbour J, Neuhaus EM, Stoepel N, Mashukova A, Brunert D, Sitek B, Stühler K,
Meyer H, Hatt H and Warscheid B
Novel Insight into Stimulus-Induced Plasticity of the Olfactory Epithelium in
Mus Musculus by Quantitative Proteomics
submitted to Molecular and Cellular Proteomics (MCP)
Brunert D, Isik S, Benecke H, Schuhmann S, Hatt H, Wetzel CH
The epithelial isoform of nitric oxide synthase (eNOS) plays a role in signal
transduction in murine olfactory sensory neurons
in preparation

Talks
Brunert D, Isik S, Schuhmann S, Hatt H, Wetzel CH
Molecular mechanisms of the signal transduction in chemosensory neurons of
mice
16. Neurobiologischer Doktorandenworkshop, Kaiserslautern, June 2-4, 20

110

Curriculum vitae
Published Abstracts
Brunert D, Isik S, Schuhmann W, Hatt H, Wetzel CH
New players in olfactory perception: On the role of nitric oxide
Keystone Symposium, Chemical Senses: From Genes to Perception, January
21-25, 2007
Brunert D, Isik S, Schuhmann W, Hatt H, Wetzel CH
Investigations on the role of nitric oxide in murine peripheral olfaction
17th congress of the European Chemoreception Research Organization
(ECRO), September 4-8, 2006
Brunert D, Isik S, Schuhmann W, Hatt H, Wetzel CH
Investigations on Presence and Function of Nitric Oxide in the Murine
Olfactory System
Association for Chemoreception Sciences Annual Meeting VXXIII April 2630, 2006
Brunert D, Kleinbongard P, Klem M, Hatt H, Wetzel CH
Investigations on Presence and Function of Nitric Oxide in the Olfactory
System of Mice
Association for Chemoreception Sciences Annual Meeting VXXII April 1317, 2005
Brunert D, Kleinbongard P, Klem M, Damann N, Hatt H, Wetzel CH
Investigations on Presence and Function of Nitric Oxide in the Peripheral
Olfactory System of Mice
30. Göttinger Neurobiologentagung und 6. Jahrestagung der
Neurowissenschaftlichen Gesellschaft, Göttingen, Feb 17-20, 2005-05-02
Brunert D, Kleinbongard P, Klem M, Damann N, Hatt H, Wetzel CH
Investigations on Presence and Function of Nitric Oxide in the Peripheral
Olfactory System of Mice
15. Neurobiologischer Doktorandenworkshop, Marburg, June 18-20, 2004
111

Curriculum vitae
Brunert D, Hatt H, Wetzel CH
Characterization of olfactory receptor neurons from the transgenic mouse line
UbI7
Olfactory Bioresponse III, Dresden, Dec 2-5, 2003

112

