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Studies on the Mechanism of Cell Death in the Olfactory Mucosa

INTRODUCTION

Th e nasal passages are constantly exposed to both air- and bloodborne foreign 
compounds and over the years an increasing number of drugs and chemicals have 
been reported to induce damage at this site. Particularly the olfactory mucosa has 
been demonstrated to be susceptible to a variety of compounds. Th e high metabolic 
capacity in this tissue is suggested to play a critical role for the toxicity and 
carcinogenicity reported. Th e balance between metabolic pathways giving rise to 
reactive intermediates and detoxifi cation pathways is highly relevant for the outcome 
of toxicity. Knowledge of tissue-selective enzyme expression and bioactivation of 
xenobiotics is therefore crucial in the risk assessment of drugs and chemicals. 

In this thesis the consequences of bioactivation of substituted dichlorobenzenes 
in the rodent olfactory mucosa have been investigated. Th is group of compounds 
have gained attention due to their tissue-selective binding. Mechanisms underlying 
the tissue-selective alterations have been studied, and the relationship between 
expression of xenobiotic-metabolising enzymes, metabolic activation, protein 
adduction, glutathione depletion, stress response, organelle disruption and cell 
death is discussed. 
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BACKGROUND

Metabolism-dependent toxicity
All humans and wildlife are constantly exposed to foreign compounds (xenobiotics) 
such as drugs, environmental contaminants, industrial chemicals and pesticides. 
Many of these substances are more or less lipophilic and are accumulated in lipid 
rich cell membranes and fatty tissues and may remain in the body for several years. 
As protection, these molecules are converted by enzymes into more water soluble 
and less reactive products, facilitating the removal from the cell. Th is intracellular 
defence is called metabolism or biotransformation. However, occasionally the 
detoxifi cation fails and the compounds are converted into electrophilic molecules 
that are more reactive than the parent compound. 

Tissue-selectivity
Although the liver is the most frequent target-organ for metabolism-dependent 
toxicity, expressing a variety of xenobiotic-metabolising enzymes (Jaeschke et al. 
2002), there are many examples of chemicals that preferentially target extrahepatic 
organs regardless of route of administration. Tissue-selective toxicity is infl uenced 
by several factors, for example uptake, distribution and retention of the compound, 
but also tissue-selective expression of receptors, transcription factors, xenobiotic-
metabolising enzymes and defi ciencies in detoxifi cation pathways. Some xenobiotics 
are metabolised in the liver before they are further transferred to other organs where 
they exert toxicity, either directly or by biotransformation in the target tissue. 
However, the in situ metabolic activation of chemicals into reactive intermediates 
plays an important role in tissue-selective toxicity. Individual organs have diff erent 
xenobiotic-metabolising enzyme patterns, which are usually expressed in a cell-
specifi c manner. Knowledge of regional and cell-specifi c expression of xenobiotic-
metabolising enzymes and detoxifi cation pathways are crucial for the prediction of 
metabolism-dependent tissue-selective toxicity. In order to achieve this goal, the 
underlying mechanisms of toxicity have to be elucidated. 

Mechanisms for tissue-selective toxicity have been investigated thouroghly for 
several compounds. For example, the DDE metabolite 3-methylsulphonyl-DDE 
(3-MeSO

2
-DDE) induces degeneration and necrosis in the zona fasciculata in the 

adrenal gland. Th e damage is suggested to be related to local bioactivation by the 
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mitochondrial CYP11B1 (Lund et al. 1988; Lindhe et al. 2001; Lindhe et al. 2002). 
4-Ipomeanol, a toxin derived from sweet potatoes infected with the fungus Fusarium 
solani, binds covalent to Clara cells and type II epithelial cells in the lung. Th e cell-
specifi c binding and damage is explained by the cell-specifi c expression of CYP4B1 
(Boyd 1977; Becher et al. 1992; Verschoyle et al. 1993; Plopper et al. 1994; Baer et 
al. 2005). 

Th is thesis focuses on the olfactory mucosa, a tissue frequently associated with 
chemically induced lesions. Th e toxicity and carcinogenicity at this site is often 
independent of the route of administration. Th ere are several examples of olfactory 
toxicants related to in situ bioactivation, and the enzymes responsible are investigated 
(Vollrath et al. 1986; Brittebo 1997; Th ornton Manning and Dahl 1997; Genter et 
al. 1998; Ding and Kaminsky 2003; Larsson et al. 2003; Tyden et al. 2004). Th ese 
toxicants have diff erent chemical structures and includes compounds such as; NNK 
[4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone], the xylocaine metabolite 2,6-
xylidine, the antithyroid drug methimazole, }}’-imino-diproprionitrile (IDPN), 
coumarin, 3-methylindole and afl atoxin (Brittebo et al. 1983; Adams et al. 1988; 
Larsson and Tjalve 1988; Van Benthem et al. 1991; Genter et al. 1994; Bereziat et 
al. 1995; Larsson and Tjalve 1995; Putt et al. 1995; Tyden et al. 2004). 

Th e olfactory mucosa as a target tissue

Morphology and function
Th e olfactory mucosa is part of the complex olfactory system responsible for the sense 
of smell. Th e nasal cavity, where the olfactory mucosa is situated, is divided by a 
cartilaginous septum in two equal halves consisting of a number of ethmoturbinates 
that enlarge the area of olfaction, Figure 1. 

DM

ET

S

LR
DR

FIGURE 1. Schematic illustration of a frontal section of the rat nasal cavity at level III according to 
Young (1981). DR - dorsomedial region, LR - lateral region, DM - dorsal meatus, ET - ethmoturbi-
nates, S - septum. Arrows indicate the transition zone between the olfactory and respiratory epithe-
lium. Picture modifi ed from Mery et al. (1994).
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Th ese ethmoturbinates are lined with diff erent types of epithelia. Th e olfactory 
and respiratory epithelia are situated in the posterior part of the nasal cavity whereas 
the squamous and transitional epithelia are situated in the anterior part. Th e 
olfactory mucosa is a heterogeneous tissue consisting of a variety of neuronal and 
nonneuronal cells as illustrated in Figure 2. Th e two main nonneuronal cell types 
are the Bowman’s glands and sustentacular cells (supporting cells). Th e Bowman’s 
glands contribute to the composition of the mucus covering the lumenal surface and 
the sustentacular cells are suggested to regulate the ionic composition of this mucus. 
Th e mucus protects the epithelial surface from drying, extreme temperatures, 
particles and probably also infl uence the interaction of diff erent stimulus with the 
olfactory receptors (Farbman 1994b). 

All odour molecules are recognised by a specifi c combination of olfactory 
receptors situated on the surface in the nasal cavity. Th ese combinatory signals are 
transferred through the olfactory neurons to the glomeruli of the olfactory bulb 
where a specifi c “odour pattern” is formed. Information from the activated receptors 
is then transferred further into the brain, and the signals are interpreted to the 
sensation of a specifi c smell. Because of this combinatory coding it is possible to 
distinguish about ten thousand diff erent odours although the number of receptors 
is much less, about one thousand (Axel 1995; Wong et al. 2002; Buck 2004). Th e 
importance of olfaction varies depending on species. For instance, in rodents the 
sense of smell is critical for fi nding food and a partner and the olfactory mucosa 
occupies a much larger area than in humans where the sense of smell is less critical 
(Farbman 1994a). However, early in life the sense of smell is important also for 
humans locating the mothers nipple’s and in the bonding between mother and 
infant (Farbman 1990; Farbman 1994a).

Some unique features have been identifi ed for the olfactory mucosa. First, the 
olfactory neurons are continuously regenerated throughout life. Th ese new olfactory 
neurons are derived from the globose basal cells, which are considered to be stem 
cells for olfactory neurons (Farbman 1990; Uraih and Maronpot 1990; Calof et al. 
1998; Schwob 2002; Beites et al. 2005). Damage, by for example chemical insult, in 
the neuroepithelium can be repaired this way (Matulionis 1976; Herzog and Otto 
1999; Bergman et al. 2002). Secondly, the olfactory neurons are in direct contact 
with both the external environment and the brain, as their dendrites project on 
the nasal cavity surface and their axons project into the olfactory bulb where they 
synapse with second order neurons. Interestingly, this route provides a portal of 
entry to the brain that circumvents the blood-brain barrier. Th is pathway could be 
used for drugs to target the brain and is an increasing area of research (Mathison 
et al. 1998; Illum 2000; Minn et al. 2002). For example, dopamine, morphine and 
some carboxylic acids, are transferred along the olfactory pathway to the olfactory 
bulb (Eriksson et al. 1999; Dahlin et al. 2000; Westin et al. 2005). 
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FIGURE 2. Schematic illustration of the diff erent cell types in the olfactory mucosa. N - Olfactory 
neurons at diff erent stages of maturation, D - Dendritic knob, C - Receptor-containing cilia, Su 
- Sustentacular cell, Bg - Bowman’s gland, Bgd - Bowman’s gland duct, Gbc - Globose basal cell, 
Hbc - Horizontal basal cell, Ax - Axon bundle, Bv - Blood vessel.

Expression of xenobiotic-metabolising enzymes
Th e olfactory mucosa harbours a wide variety and high expression of xenobiotic-
metabolising enzymes (Brittebo et al. 1981; Hadley and Dahl 1982; Reed 1993) 
and Ding and Kaminsky (2003) refer to the olfactory mucosa as a “metabolic hot 
spot”. Among the diff erent cell types in this tissue the Bowman’s gland cells and 
sustentacular cells express the highest levels of xenobiotic-metabolising enzymes 
(Getchell et al. 1993; Th ornton Manning and Dahl 1997; Th ornton-Manning et al. 
1997). Th e high metabolic activity is believed to be of importance for the clearance 
of odorant signals, but also for protection of the brain and respiratory tract from 
foreign compounds (Reed 1993; Th ornton Manning and Dahl 1997; Ling et al. 
2004). For example CYP, carboxyl esterase, aldehyde dehydrogenase, glutathione-
S-transferase (GST), epoxide hydrolase and UDP-glucuronosyl transferase are 
expressed in this tissue (Reed 1993; Th ornton Manning and Dahl 1997). Described 
below are some xenobiotic-metabolising enzymes considered of particular importance 
for metabolism-dependent toxicity in the olfactory mucosa.
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Cytochrome P450
Cytochrome P450 (CYP) is a large superfamily of phase I enzymes involved in the 
metabolism of both endogenous and exogenous compounds. Th is superfamily is 
divided into families and subfamilies according to their protein sequence homology 
(Nelson et al. 1996). CYPs are membrane bound haemoproteins located mainly 
in the endoplasmic reticulum (ER) but are also present in the mitochondria. Th e 
catalytic activity of microsomal (ie ER) CYP is dependent on electron transfer from 
NADPH via NADPH cytochrome P450 reductase or cytochrome b5 (Guengerich 
1991). CYP1, CYP2, CYP3 and CYP4 are the major families catalysing the 
biotransformation of xenobiotics (Parkinson 1996). 

Th e liver has the highest total CYP content, but extrahepatic tissues usually have 
unique CYP patterns expressing tissue-specifi c CYPs or high levels of a certain 
CYP making the tissue vulnerable for in situ bioactivation of xenobiotics (Ding and 
Kaminsky 2002). Notably, the olfactory mucosa belongs to the extrahepatic tissues 
in mammals that express the highest amounts of CYPs. For example, in rat the 
CYP content in the olfactory mucosa is fi ve times higher than in the neighbouring 
respiratory mucosa (Dahl 1988). In microsomal fractions of rat liver the CYP 
content is about 0.22-0.92 nmol CYP/mg protein, whereas the olfactory mucosa 
harbours about 0.16 nmol CYP/mg protein. However, the NADPH cytochrome 
P450 reductase:CYP ratio is higher in the olfactory mucosa than in the liver (1:2-1:3, 
1:11-1:15, respectively), indicating a higher capacity of electron fl ow contributing 
to the high metabolic capacity in this tissue (Reed et al. 1986). Many xenobiotic-
metabolising CYPs have been detected in the olfactory mucosa, see Table 1. Two 
of these enzymes have been demonstrated to be of particular importance in the 
biotransformation of xenobiotics, CYP2A5 and CYP2G1, which together constitute 
more than 30 % of the total CYP content in the mouse olfactory mucosa (Ling et 
al. 2004). 

Several studies have demonstrated a low inducibility of CYPs in the olfactory 
mucosa and common hepatic CYP inducers do not alter the expression in this 
tissue (Ling et al. 2004). Th is may be the case especially for the highly abundant 
CYP2A and CYP2G1. CYP1A1, CYP1A2, CYP2E1 and CYP2J have, however, 
been reported to be inducible in the olfactory mucosa (Bond 1983; Ding and Coon 
1990; Voigt et al. 1993; Wardlaw et al. 1998; Xie et al. 2000; Wang et al. 2002). 
Th e reason for the low inducibility is suggested to be due to a constant exposure of 
airborne xenobiotics in the olfactory mucosa making the CYPs already expressed at 
a maximum level (Ling et al. 2004).
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TABLE 1. 

Cytochrome P450’s (CYPs) that are expressed in the olfactory mucosa 

CYP Species References

CYP1A1 Rat (Foster et al. 1986; Voigt et al. 1993; Minn et al. 2005)
CYP1A2 Rat, Mouse, Rabbit (Gillner et al. 1987; Sabourin et al. 1988; Deshpande et 

al. 1999; Gu et al. 1999; Minn et al. 2005)
CYP1B1 Human (Zhang et al. 2005)
CYP2A1 Rat (Minn et al. 2005)
CYP2A3 Rat (Chen et al. 1992)
CYP2A4 Mouse (Su et al. 1996)
CYP2A5 Mouse (Walters et al. 1992; Su et al. 1996; Gu et al. 1999) 
CYP2A6 Human (Su et al. 1996; Koskela et al. 1999)
CYP2A10 Rabbit (Peng et al. 1993)
CYP2A11 Rabbit (Peng et al. 1993)
CYP2A13 Human (Koskela et al. 1999)
CYP2B1 Rat (Voigt et al. 1985; Deshpande et al. 1999)
CYP2B2 Rat (Deshpande et al. 1999)
CYP2B6 Human (Gu et al. 2000)
CYP2B9 Mouse (Gu et al. 1999)
CYP2B10 Mouse (Gu et al. 1999)
CYP2B13 Mouse (Gu et al. 1999)
CYP2C11 Mouse, Rat (Deshpande et al. 1999; Gu et al. 1999)
CYP2E1 Rat, Mouse, Rabbit, Human (Ding et al. 1986; Longo et al. 1993; Zhang et al. 2005) 

Genter et al 1994, Emeigh Hart et al 1995, 
CYP2F1 Human (Zhang et al. 2005)
CYP2G1 Rat, Mouse, Rabbit, Human (Nef et al. 1989; Ding et al. 1991; Walters et al. 1992; 

Sheng and Ding 1996; Gu et al. 1999; Sheng et al. 2000)
CYP2J2 Human (Gu et al. 2000)
CYP2J4 Rat (Zhang et al. 1997)
CYP3A2 Rat (Deshpande et al. 1999)
CYP3A4 Human (Yokose et al. 1999)
CYP3A11 Mouse (Gu et al. 1999)
CYP3A13 Mouse (Gu et al. 1999)
CYP3A16 Mouse (Gu et al. 1999)
CYP4B1 Human (Zhang et al. 2005)

CYP2A
Th e CYP2A subfamily catalyses the biotransformation of several protoxicants and 
procarcinogens commonly found in the environment (Lang and Pelkonen 1999). 
In particular, the mouse CYP2A5, the orthologous rat CYP2A3 and human 
CYP2A6 and CYP2A13 seem to have a major role in bioactivation processes 
in the olfactory mucosa. For example, coumarin is a well known substrate for 
CYP2A5 and CYP2A6 and also an olfactory toxicant (Zhuo et al. 1999; Pelkonen 
et al. 2000). CYP2A5 also catalyses the biotransformation of the potent olfactory 
toxicant dichlobenil, the tobacco specifi c procarcinogen and olfactory toxicant 
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NNK [4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone] and the procarcinogens 
afl atoxin B1 and N-nitrosodiethylamin (Larsson and Tjalve 1995; Liu et al. 1996; 
Gu et al. 1998; Felicia et al. 2000). 

In human nasal mucosa there is a high expression of CYP2A13 whereas the 
expression of CYP2A6 is low compared to the liver (Getchell et al. 1993; Fernandez-
Salguero and Gonzalez 1995; Koskela et al. 1999; Ding and Kaminsky 2003). Rat 
CYP2A3 is highly expressed in the olfactory mucosa whereas no expression has been 
detected in the liver (Bereziat et al. 1995; Th ornton-Manning et al. 1997; Gu et al. 
1998).

Th e mouse CYP2A5 is predominantly expressed in the olfactory mucosa (Su 
et al. 1996). Th e coumarin-7-hydroxylation activity in the olfactory mucosa of 
C57Bl mice is about 37 (females) and 68 (males) times higher in the olfactory 
mucosa than in the liver (Su et al. 1996). CYP2A5 is induced in the liver by 
several toxicants and is regulated both transcriptionally and posttranscriptionally. 
For example phenobarbital stimulates the transcription while pyrazole induces the 
protein heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), which stabilizes 
the mRNA and increases the expression of CYP2A5 by prolonged mRNA half-life 
(Th ulke-Gross et al. 1998; Raff alli-Mathieu et al. 2002; Glisovic et al. 2003). In 
addition, it was recently reported that TCDD induces CYP2A5 in mice hepatocytes 
by an AHR-dependent mechanism (Arpiainen et al. 2005). Th e potential induction 
of this enzyme in the olfactory mucosa is not known. 

CYP2G1
CYP2G1 is suggested to be of importance for the olfactory chemosensory system and 
is active toward several sex steroids such as testosterone, progesterone and oestradiol 
(Hua et al. 1997; Ling et al. 2004). Th is enzyme is also reported to be involved in 
the bioactivation of some nasal toxicants, such as coumarin, acetaminophen and 
dichlobenil (Genter et al. 1998; Gu et al. 1998; Zhuo et al. 1999). CYP2G1 is 
olfactory-specifi c and high levels of this enzyme has been found in mammals such 
as rats, mice and rabbits, however, the two alleles found in humans contain loss-
of-function mutations (Sheng et al. 2000; Zhuo et al. 2001). Within the olfactory 
mucosa CYP2G1 is localised to the Bowman’s glands and sustentacular cells in the 
dorsomedial region (Chen et al. 1992). 

Glutathione-S-transferase
Glutathione-S-transferase (GST) is a family of phase II enzymes, for example 
involved in the conjugation of glutathione (GSH) to electrophilic molecules but is 
also suggested to be involved in the termination of odorant signals (Ben-Arie et al. 
1993). 

Th e GSTs are divided in four major classes, alpha, mu, pi and theta, and several 
subclasses. Th e GSTs are both cytosolic and membrane bound. Histochemical 
expression of several GSTs have been demonstrated in the olfactory mucosa of 
rodents (Banger et al. 1994; Genter et al. 1995; Whitby-Logan et al. 2004). Th ese 
enzymes are generally distributed throughout the entire olfactory mucosa. In more 
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detail, the alpha class is localised in the sustentacular cells and the Bowman’s glands 
and is evenly distributed throughout the epithelium. Th e mu class is confi ned to the 
Bowman’s glands and the basal cells or foot processes of the sustentacular cells and 
is distributed throughout the epithelium with more intense expression in the lateral 
parts. Th e GST pi class is localised in the Bowman’s glands but also in nerve bundles 
and olfactory receptor neurons and is distributed throughout the olfactory mucosa 
with little variation in intensity (Whitby-Logan et al. 2004). 

Epoxide hydrolase
Epoxides are reactive electrophilic species often formed from arene and alkene 
derivatives in the bioactivation by several oxygenase isozymes, the most important 
are the CYP enzymes. Th e epoxide hydrolases have a broad substrate specifi city and 
catalyse the hydration of electrophiles and regulate the physiological function of 
epoxides as signalling molecules (Arand et al. 2003). In contrast to CYP, the olfactory 
mucosa epoxide hydrolases are preferentially localised in the lateral region of the 
olfactory mucosa and are mainly confi ned to the apical parts of the sustentacular 
cells (Genter et al. 1995). Th e reason for the diff erent expression of epoxide hydrolase 
and CYP is not known, but could have implications for chemically induced toxicity 
in the olfactory region. 

Toxicological consequences of metabolic activation

Protein adduction
Th e most important feature for formation of adducts is a low electron density centre 
in a molecule (electrophile) that can be attacked by a molecule with a high electron 
density centre (nucleophile), resulting in an irreversible binding. Electron-defi cient 
reactive intermediates can form adducts at nucleophilic sites on proteins, DNA, 
RNA and lipids (Yang et al. 2005). Th ere are several reports associating protein 
adduction with toxicity, however, the toxicological consequences of covalent binding 
to proteins are not fully understood. Th e extent of covalent binding, the biochemical 
role of the bound protein and detoxifi cation pathways have impact on the outcome 
of toxicity. It is important to point out that not all covalent bonds to proteins are 
toxicologically relevant. 

Th e complexity of protein adduction in toxicology can be illustrated by the 
mechanism of cell death for the analgesic drug acetaminophen, APAP (N-acetyl-
p-aminophenol), which has been thoroughly studied. Both APAP and its non-toxic 
structural analogue AMAP (N-acetyl-m-aminophenol) have been demonstrated to 
bind covalently to proteins (Roberts et al. 1990). Th e mechanism for the hepatotoxicity 
by APAP is based on the bioactivation of this compound by CYP2E1, 1A2 and 3A4 
into N-acetyl-p-benzo-quinoneimine (NAPQI). Th is reactive quinoneimine binds 
covalently to proteins in hepatocytes in the centrilobular region and the adducts 
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are co-localised with the damage (Roberts et al. 1991). Mitochondrial proteins are 
suggested to be the primary targets (Nelson 1990), initiating oxidative stress leading 
to depletion of ATP and fi nally to cell death (Jaeschke and Bajt 2005). APAP can 
be detoxifi ed by GSH and there is a correlation between an increase in covalent 
binding and GSH-depletion (Rashed et al. 1990; James et al. 2003). Th e non-toxic 
analogue AMAP is also bioactivated in hepatocytes but the time-course of binding is 
diff erent for the two compounds. Moreover, the protein adducts formed by AMAP 
are mainly confi ned to microsomal and cytosolic proteins. Th e hepatic GSH levels 
are not depleted to the same extent as for APAP, and AMAP is also known to be a 
mechanism-based inhibitor of CYP2E1 (Rashed et al. 1990; Salminen et al. 1998). 
Th e reason for the lack of toxicity by AMAP is suggested to be due to binding to less 
critical proteins (Roberts et al. 1990). Several proteins bound to APAP have been 
identifi ed, however most of them are cytosolic and no proteins have been assigned 
as target proteins responsible for the toxicity (James et al. 2003). Protein adduction 
is probably not the only mechanism for APAP-derived toxicity, the GSH depletion 
and formation of reactive oxygen species (ROS) are also detrimental for the cell 
(Manov et al. 2002; James et al. 2003). 

Glutathione depletion
GSH is a tripeptide consisting of glutamate, cysteine and glycine. GSH has an 
essential role as regulator of the cell redox state and also a major role as a scavenger 
that conjugates with electrophilic compounds non-enzymatically or via the GSTs 
(Ketterer et al 1988). Th e GSH-conjugates are then exported from the cell by the 
multidrug resistance proteins MRP1 and MRP2 (Keppler et al. 1998). Th e GSH 
concentration, rate of synthesis and rate of turnover diff er depending on tissue and 
these factors are of importance for the outcome of toxicity. 

GSH keeps the cytosolic environment at a reduced state, with a ratio of GSH/
GSSG normally between 30:1 to 100:1. Th e redox state environment in the ER 
is more oxidising (1:1 to 3:1) which is of importance for the formation of protein 
disulphide bonds (Hwang et al. 1992; Frand et al. 2000). Disulphide bonds are 
formed in the ER and are mainly confi ned to secretory proteins in the extracellular 
environment. Th e role of GSSG as a primary source for disulphide bond formation 
in vivo has for a long time been suggested. In addition, the transfer of oxidising 
equivalents between proteins has recently been proposed (Frand et al. 2000; Molteni 
et al. 2004). 

Several electrophiles target cysteine residues and there is a correlation between 
depletion of GSH and increase in covalent binding. Pre-treatment with the GSH-
depleting agents phorone or buthionine sulfoximine (BSO) have for example 
increased the toxicity of several compounds in the olfactory mucosa (Brittebo et al. 
1992; Chamberlain et al. 1998; Bahrami et al. 2000b) indicating the relevance of 
GSH in the protection for chemical toxicity. In addition to an increase in covalent 
binding, excessive GSH depletion also leads to disruption of cellular redox balance. 
As a result, there is an increase in ROS that can cause mitochondrial damage followed 
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by ATP depletion and cell death if the up-regulation of stress-related proteins is 
insuffi  cient.

Th e cellular stress response 

Heat shock proteins
Activation of stress responses is essential for cells to maintain homeostasis and usually 
protects against toxic insult leading to cell death. Th e cytosolic heat shock proteins 
(Hsp) are molecular chaperones involved in the folding of proteins, resulting in 
correct functional three-dimensional confi gurations. Hsps are for example induced 
by high temperature, hypoxia, oxidative stress and chemical insult (Samali and 
Orrenius 1998). At normal physiological conditions Hsps are expressed at low levels 
in the cytosol. An increased amount of misfolded proteins rapidly increases the 
expression of Hsp, that bind and refold damaged proteins. As the stress levels are 
increased, the system is overwhelmed and apoptosis is activated (Parcellier et al. 
2003). Th e Hsps are often used as molecular biomarkers for toxicity, however since 
they are induced by so many diff erent factors, the induction does not give any direct 
clues about the mechanism of toxicity. 

Th e Hsp70 family is expressed in the dorsomedial and lateral parts of the olfactory 
mucosa of rats (Simpson et al. 2004). Th e localisation is concentrated to the neural 
bundles, sustentacular cells, basal cells, Bowman’s glands and scattered neurons in 
the epithelium. In contrast, Hsp70 is not expressed in the respiratory epithelium. 
Th e diff erential expression in these two tissues is suggested to be due to the high 
metabolic capacity of the olfactory mucosa and the need for molecular chaperones 
(Simpson et al. 2004). Inhalation of high levels of some odorants induces a rapid 
up regulation of Hsp70 and Hsp25 in the Bowman’s glands and sustentacular cells 
(McMillan Carr et al. 2001). Th e recovery of olfactory mucosa explants from sub-
lethal heat shock in vitro has also been demonstrated to involve Hsp72 (Simpson et 
al. 2004). However, no changes in Hsp70 expression were detected in sustentacular 
cells or in Bowman’s glands six weeks following exposure to the olfactory toxicant 
methyl bromide (McMillan Carr et al. 2004). In addition, the induction of Hsp70 in 
the olfactory mucosa in vivo after chemical insult with carbon tetrachloride (CCl4) 
is slow and moderate and is not considered a sensitive biomarker for initial toxicity 
in this tissue (Simpson et al. 2005).

Th e ER stress response
Th e ER has a major function in protein synthesis and folding but also in maintaining 
Ca2+ homeostasis in the cell, working in close association with the mitochondria. 
Molecular chaperones in the ER facilitate a proper protein folding and chemical 
insult is known to stimulate the transcription of chaperones via several diff erent 
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pathways, including decrease in Ca2+, disruption of disulphide bonds, glycosylation 
inhibition and inhibition of protein export (Lodish and Kong 1990; Price 1992; 
Liu et al. 1997; Benedetti et al. 2000). As a result, the induction of chaperones 
secures protein folding and maintains Ca2+ homeostasis in the ER, thus protecting 
against cell injury. At the same time the protein folding demand is decreased, 
protein synthesis is inhibited and the unfolded proteins are eliminated from the ER 
to the cytosol and degraded by proteasomes, a process termed, the ER associated 
protein degradation (ERAD) pathway. Moreover, the ER expands in order to dilute 
the unfolded protein load. All these events are together referred to as the unfolded 
protein response (UPR) (Welihinda et al. 1999; Rutkowski and Kaufman 2004). 

One of the most abundant ER chaperones is the glucose regulated protein 78 
(Grp78), also known as BiP. Grp78 is a regulator of the activation of ER stress 
signal transducers. Under normal physiological conditions Grp78 is associated to 
the stress sensor proteins IRE1, ATF6 and PERK. When accumulation of unfolded 
proteins occurs these stress sensors are dissociated from Grp78 and UPR is activated 
(Rutkowski and Kaufman 2004). Since Grp78 is induced at a transcriptional level 
it could be a good biomarker for ER stress. Chemicals that perturb ER protein 
folding have been demonstrated to induce Grps (Lee 1992; van De Water et al. 
1999). For instance, induction of Grps have been demonstrated to protect against 
iodoactamide (IDAM) induced necrosis in renal epithelial cells (van De Water et 
al. 1999). Moreover, the hepatotoxicant troglitazone has recently been suggested 
to target ER and induce Grp78 in a human hepatoma cell line (Maniratanachote 
et al. 2005). It is important to note that an overwhelmed stress response, where 
the chaperones fail to correct folding defects, can lead to an overload of Ca2+. Th is 
may directly trigger apoptotic signals or result in collapse of the mitochondrial 
membrane potential, increase in ROS and activation of apoptotic signalling leading 
to cell death (Berridge 2002). So far no studies have been conducted on the ER 
stress response after chemical insult in the olfactory mucosa.

Mechanisms of cell death

Th e execution of the cell
Cell death is a major endpoint in toxicology. Th ere are several diff erent mechanisms 
for the execution of a cell and in the literature they are traditionally divided in two 
major groups; programmed cell death and necrosis. Necrosis is sometimes referred 
to as oncosis due to the swelling that usually accompanies this type of cell death. 
Th e word necrosis is then used to describe the fi nal execution of the cell for both 
programmed cell death and oncosis (Majno and Joris 1995). In this thesis the term 
necrosis will be used in the traditional way. Th e morphological signs of necrosis 
are electron lucent chromatin, blebbing on the cell surface and swelling of the cell 
accompanied by infl ammation. Several types of programmed cell death have been 
identifi ed, but the best studied is apoptosis. Th e common morphological signs 
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for apoptosis are condensation of chromatin, shrinkage of the cell, formation of 
apoptotic bodies and phagocytosis. Th ese features usually take place without an 
infl ammatory response (Raff ray and Cohen, 1997). 

Th e literature of today highlights the complexity and diversity of cell death 
that previously in some cases was too simplifi ed. Overlapping cell death pathways 
initiated by a single stimulus seem to be the rule rather than the exception (Leist 
and Jaattela 2001). Programmed cell death can for example occur without the usual 
morphological signs of condensation of chromatin and initial cell death signals for 
apoptosis can eventually lead to execution by necrosis (Schwab et al. 2002). Th e 
best way to identify the mode of cell death after chemical insult would therefore be 
a combination of morphological evaluation and biochemical markers. Th e switch 
from apoptosis to secondary necrosis is regulated by the energy status of the cell. Th e 
full execution of apoptosis requires ATP and if the ATP pools are depleted the cell is 
instead forced to terminate via necrosis (Nicotera and Melino 2004). 

Role of caspases in cell death
Th ree major apoptotic signalling pathways are described in the literature, the death-
receptor pathway, the mitochondrial pathway and the ER pathway (Figure 3). In 
all these signalling pathways, activation of caspases plays a critical role. Caspases 
are a group of cysteine-aspartate proteases divided into initiator caspases, including 
caspases-2, -8, -9, -10 and -12 and eff ector caspases including caspases-3, -6 and -7. 
Th ere are also caspases involved in infl ammation, for instance processing cytokines; 
including caspases-1, -4, -5, -11 and -13. Caspases are expressed as inactive 
proenzymes and the downstream eff ector caspases are cleaved and activated by the 
upstream initiator caspases. Th e initiator caspases are activated by several diff erent 
interactions deciding the initial cell death pathway (Hengartner 2000; Blatt and 
Glick 2001; Abraham and Shaham 2004). 

Th e death receptor pathway is activated by ligands to diff erent death receptors, 
the most well studied are Fas and TNF, these interactions initiates several death 
domain signals activating caspase-8, followed by activation of the eff ector caspase-
3 leading nuclear degradation and execution of the cell (Shakibaei et al. 2005). 
Th e mitochondrial pathway involves the activation of pro-apoptotic members of 
the Bcl-2 family (for example Bax, Bak and Bid), initiating release of cytochrome 
c from the mitochondria. In an ATP-dependent process, cytochrome c forms 
together with Apaf-1 and procaspase-9 the so-called apoptosome that activates 
caspase-3 (Ferri and Kroemer 2001; Orrenius 2004). Th e recently identifi ed 
regulator of apoptosis, the ER pathway, is activated by ER stress and involves two 
major pathways, the transcriptional pathway initiating pro-apoptotic signals by 
activation of the transcription factor GADD153/ CHOP and the caspase dependent 
pathway involving the ER-specifi c caspase-12. Ca2+ release from the ER activates 
the protease calpain that cleaves and activates caspase-12, which in turn activates 
caspase-9 followed by activation of the eff ector caspase-3 (Figure 4) (Groenendyk 
and Michalak 2005).
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FIGURE 3. Th ree major signalling pathways for apoptosis, the death receptor pathway, the mito-
chondrial pathway and the ER pathway.

Initial activation of caspases can also lead to execution by necrosis. For example, 
as caspases may inactivate the plasma membrane Ca2+ transport system by binding 
to Ca2+ pumps, the cells may suff er from Ca2+ overload leading to plasma membrane 
lysis (Schwab et al. 2002). Caspases have also been demonstrated to be inactivated 
by electrophilic compounds with an affi  nity to GSH. Th e chemical acrolein has 
been suggested to inactivate caspases due to binding to the thiol at the catalytic site 
of the protein (Kern and Kehrer 2002) and may therefore prevent apoptotic cell 
death. 

Apoptosis has an important role in the continuous regeneration of olfactory 
neurons throughout life and activation of caspase-3 and -9 has been detected under 
normal physiological conditions in scattered olfactory neurons (Suzuki and Farbman 
2000; Cowan et al. 2001). No studies on caspase activation in the olfactory mucosa 
after chemical insult have been reported.

Eff ects of substituted dichlorobenzenes in the olfactory 
mucosa
One group of compounds that have gained attention due to their tissue-selective 
eff ects in the olfactory mucosa are the substituted dichlorobenzenes. Several 
chlorinated benzenes have previously been identifi ed as olfactory toxicants in rodents, 
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for example the herbicide dichlobenil, 2,6-dichlorobenzamide, 2,6-dichlorophenyl 
methylsulphone, alachlor and chlorthiamid (2,6-dichlorothiobenzamide) (Brandt 
et al. 1990; Brittebo et al. 1991; Eriksson and Brittebo 1991; Ashby et al. 1996; 
Bahrami et al. 1999). Quantitative structure-activity relationship (QSAR) analysis 
by (Carlsson et al. 2004) have confi rmed that 2,6-dichlorinated benzene derivatives 
with a large, polar and strongly electron withdrawing substituent in the primary 
position are potential olfactory mucosa toxicants. In contrast, their 2,5-chlorinated 
isomers have not been associated with any major changes at this site (Bahrami et al. 
1999; Carlsson et al. 2004).
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FIGURE 4. Chemical structures of the olfactory toxicants (A) 2,6-dichlorobenzonitrile (dichlo-
benil), (B) 2,6-dichlorophenyl methylsulphone (2,6-diClPh-MeSO2) and the non-toxic (C) 2,5-
dichlorophenyl methylsulphone (2,5-diClPh-MeSO2).

Dichlobenil
Th e tissue-selective eff ects of the herbicide dichlobenil (Figure 4) are well 
documented. For instance, autoradiographic studies revealed an irreversible binding 
of metabolites in the Bowman’s glands of the olfactory mucosa (Brandt et al. 
1990). Histopathological studies demonstrated a decrease in periodic acid Schiff  
(PAS) reaction, a marker for glycoproteins and necrosis of the Bowman’s glands 
in the dorsomedial region of the olfactory mucosa (Brandt et al. 1990; Eriksson 
and Brittebo 1991). Four hours after an ip injection of a single dose of 25 mg/kg 
there is swelling of ER and cell membrane disruption in these glands (Mancuso 
et al. 1997). Secondary to the damages, the olfactory epithelium in this region is 
sloughed off  and replaced by a new respiratory-like epithelium and in addition there 
is an extensive fi brosis in the lamina propria (Brandt et al. 1990; Mancuso et al. 
1997). Moreover, no regeneration of the neuroepithelium or the Bowman’s glands 
can be observed in this region. (Bergman and Brittebo 1999) also demonstrated an 
increase in glial fi brillary acidic protein (GFAP) in the olfactory bulb two weeks 
after dichlobenil treatment. Th is induction is considered to be secondary to the 
lesions in the olfactory mucosa (Bergman and Brittebo 1999). 

Th e dichlobenil-induced damage in the olfactory mucosa is related to an 
extensive CYP-mediated bioactivation (Eriksson and Brittebo 1991; Brittebo et al. 
1992; Eriksson and Brittebo 1995). It is suggested that dichlobenil is bioactivated to 
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an epoxide catalysed by both CYP2A5 and CYP2G1 (Bakke et al. 1988; Gu et al. 
1998). Th is electrophilic epoxide is proposed to bind covalently to proteins, deplete 
GSH and fi nally lead to cell death. 

2,6-Dichlorophenyl methylsulphone
Th is potent olfactory toxicant (Figure 4) belongs to the aryl methylsulphones 
(MeSO2) that are metabolites commonly formed from chlorinated hydrocarbons 
such as PCB, DDT and chlorinated benzenes. MeSO2-metabolites have attracted 
interest due to their persistence in biota and their tissue-selective and cell-specifi c 
irreversible binding in rodents (Brandt and Bergman 1987). 

Studies by (Bahrami et al. 1999) have demonstrated an extensive irreversible 
binding induced by 2,6-dichlorophenyl methylsulphone (2,6-diClPh-MeSO2) in 
the Bowman’s glands of the olfactory mucosa. Autoradiography and histopathology 
studies in vivo have demonstrated a decreased binding and toxicity after pretreatment 
with the CYP-inhibitor metyrapone and an increased binding and toxicity after 
pretreatment with the GSH-depleting agent phorone (Bahrami et al. 2000b). Twenty-
four hours after a single ip injection (8-16 mg/kg) in mice the dorsomedial part of 
the olfactory region shows a necrotic morphology. Later on, metaplastic remodelling 
of the olfactory mucosa with permanent loss of the olfactory epithelium occurs. 
Ossifi cation and polyp formation are frequently found following single ip injections 
of higher doses (16-65 mg/kg). A long-lasting but transient increase of GFAP 
in the olfactory bulb is also demonstrated (Bahrami et al. 2000a). Carlsson and 
coworkers studied the eff ects of this toxicant on spontaneous behaviour, measuring 
the locomotion, rearing and total activity using the radial arm maze (RAM) test, 
measuring visual dependent learning and working memory, and the Morris water 
maze (MWM) test, measuring learning and working memory independently of 
vision. Th ese studies demonstrated an increase in spontaneous behaviour, still 12 
weeks after treatment, and impaired performance in the RAM test (Carlsson et al. 
2002). Th e initial ultrastructural changes by this toxicant have not been studied. 

2,5-Dichlorophenyl methylsulphone
2,5-Dichlorophenyl methylsulphone (2,5-diClPh-MeSO2) (Figure 4) is a metabolite 
of the moth repellent 1,4-dichlorobenzene (Kimura et al. 1979). In contrast to its 
2,6-dichloro-isomer, 2,5-diClPh-MeSO2 does not cause any major morphological 
changes in the olfactory region even following a high single dose (130 mg/kg) in 
mice (Bahrami et al. 1999). Tape-section autoradiography have, however, revealed 
that this substance also binds to the olfactory tissue (Bahrami et al. 1999). 
Behavioural studies have shown an increased but transient spontaneous behaviour 
two weeks after treatment. However, no GFAP-induction in the olfactory bulb has 
been observed (Bahrami et al. 2000a). 
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AIMS OF THE PRESENT STUDY

Th e nasal passages are constantly exposed to both air- and bloodborne foreign 
compounds. In particular, the olfactory mucosa is demonstrated to be susceptible 
to several chemicals and the high expression of xenobiotic-metabolising enzymes at 
this site is suggested to play an important role for the toxicity. Th e overall objective 
of this thesis was to investigate events underlying early tissue-selective damage in 
the olfactory system in rodents using the olfactory toxicant 2,6-diClPh-MeSO2 
as a model compound. Comparative studies were performed with the non-toxic 
2,5-chlorinated isomer, and the reasons for the strikingly diff erent toxicity were 
investigated. Th e following factors and consequences of metabolic activation in the 
olfactory mucosa are discussed:

• CYP expression
• Protein adduction
• Glutathione depletion
• Stress response
• Organelle disruption 
• Cell death signalling
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COMMENTS ON METHODOLOGY

As mentioned before, the olfactory mucosa is a heterogeneous tissue consisting of 
several diff erent cell types. It is of importance to take this into consideration in 
the selection of methods for studying this tissue. In biochemical assays performed 
with homogenized tissues the biological alterations that comprise a small percentage 
of the total tissue will be diluted. Th is needs to be highlighted and could indeed 
lead to false negative data and incorrect interpretation of results, if the diff erences 
between control and treated tissue are small. Morphological methods were therefore 
used to examine the cell-specifi c expression of mRNA and protein and to elucidate 
the cellular and ultrastructural damage induced by substituted dichlorobenzenes in 
the olfactory mucosa of rodents. A combination of morphological evaluation and 
identifi cation of biochemical markers is important when investigating the mode of cell 
death, since initial apoptotic signals eventually can lead to termination by necrosis. 
Below is a general description of the methods used. For complete information of the 
materials and methods the reader is referred to the separate publications. 

Morphological studies
For all morphological studies (except transmission electron microscopy) the entire 
nasal region was dissected, gently fl ushed through the nasopharyngeal duct and 
fi xed in 4% phosphate-buff ered formaldehyde (pH 7.4). Th e fi xed nasal regions were 
decalcifi ed in a formaldehyde solution containing Na2-EDTA (5.5%) for 2 weeks 
and embedded in paraffi  n. Transversal tissue sections (5 µm) of the nose were taken 
on levels III and IV according to the system of Young (1981). 

Histopathology (Papers II, III)
Th e Bowman’s glands in the olfactory mucosa contain secretory glycoproteins that 
are specifi cally stained with periodic acid Schiff  (PAS). A decreased level of PAS-
stainable glycoproteins in the Bowman’s glands has previously been observed in mice 
given low doses of olfactory toxicants, suggesting that loss of secretory glycoproteins 
may be a sensitive marker for a disturbed function in this cell type (Brittebo 1997). 
PAS was therefore used for histopathological studies of Bowman’s glands. 
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Immunohistochemistry (Papers I, III)
Tissue sections of the nasal region were deparaffi  nized with xylene and hydrated 
through a graded alcohol serie (99.5%, 95%, and 70%). After subsequent washes 
with phosphate-buff ered saline (PBS) and 3% Triton X-100 in PBS (PBS-T), the 
sections were incubated for 30 minutes with 1% H2O2 in PBS-T in order to quench 
endogenous peroxidase activity. Th e slides were placed in citrate buff er (10 mM) 
followed by antigen retrieval using a microwave oven. Non-specifi c bindings were 
blocked with 4% BSA in PBS for 1 hour. Th e sections were then incubated with 
primary antibody overnight at 4°C in a humidifi ed chamber. Th e following day 
the sections were rinsed and washed in PBS and PBS-T. Th e sections were then 
incubated for 1 hour with biotinylated secondary antibody (1:500) and for 30 
minutes with ABC. For development the sections were incubated with Vector VIP 
substrate kit for peroxidase. Th e sections were mounted in Pertex mounting medium 
and examined and photographed in an Olympus BH-2 microscope. All samples 
were stained on at least two separate occasions.

Antibodies used
Th e primary antibodies were diluted 1:700 for CYP2A5 1:1200 for Grp78, 1:200 
for caspase-3 and 1:50 for caspase-12. No staining was observed in the negative 
controls, which were obtained by omission of primary antibody. Th e CYP2A5 
antibody also recognizes CYP2A4, however if it also cross react with CYP2A12 
is not known. Th ese isoforms are reported to be expressed at much lower levels 
than CYP2A5 in the olfactory mucosa (Ding et al. 1996) and would therefore only 
contribute to the antibody staining to a minor extent. Gu et al. (1998) have reported 
that several antibodies against CYP2A5 also react with CYP2G1. However, the 
interaction with CYP2G1 has not been determined for the antibody used in this 
thesis. According to the manufacturer the caspase-3 antibody does not cross react 
with full length caspase-3 or any other cleaved caspases. Th e caspase-12 antibody 
recognizes endogenous levels of full-length caspases-12 and its cleaved product. It 
does not cross react with other caspases. Th e Grp78 antibody does not recognize the 
closely related Hsp70.

In Situ hybridisation (Paper I)
In situ hybridisation was carried out on paraffi  n sections of the nasal region following 
the protocol described by Wilkinson (1992). In brief, the sections were dewaxed and 
rehydrated, and then pre-treated with proteinase K (10 µg/ml in PBS) for 7 minutes. 
After fi xation in 4% paraformaldehyde in PBS, the sense and antisense probes, 
diluted in hybridisation buff er, (50% formamide, 5x SSC, 50 µg/ml yeast RNA, 1% 
SDS and 50 µg/ml heparin) were added. After hybridisation over night at 65°C, the 
sections were washed in 4x SSC, followed by washes in 50% formamide, 5x SSC, 
1% SDS and in 50% formamide and 2x SSC at 65°C. Sections were fi nally washed 
in 25 mM Tris-HCl, pH 7.5 containing 140 mM NaCl and 1% Tween-20. Th e pre-
treatment and application of the alkaline-phosphatase-conjugated Fab fragments 
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of sheep anti-DIG antibodies, as well as the colour development, were performed 
according to the manufacturer’s recommendation (Roche Diagnostics Scandinavia 
AB, Bromma, Sweden). After colour development, the sections were washed in PBS, 
dehydrated in 99.5% ethanol, cleared with xylene, and mounted in Pertex. Sections 
were hybridised with the sense probe of CYP2A5 as negative control.

Primers used
Th e primers for the antisense probe used was 5’-TAATACGACTCACTATAGG
GAGATGCCATA-3’ and 5’-ACCGCCACCATGCTGACCTCA-GGA-3’ and 
the primers for the sense probe were 5’-TAATACGACTCACTATAGGGAGAA
TGCTTGACCTCAGGACTCCT-3’ and 5’-TGCCATAAATAATATCTACT-3’. 
Th ese primers bind to the nucleotides 1670-1689 (T7 primers) and 1456-1475 of 
the CYP2A5 cDNA (Squires and Negishi 1988).

Light microscopic autoradiography (Paper II)
A non-toxic dose of 2,6-diClPh-MeSO2 was used in order to avoid marked cellular 
changes and possible leakage of labelled protein adducts. Tissue sections from the 
nasal region were extracted in graded series of ethanol and xylene before being 
dipped in liquid fi lm emulsion (NTB-2). After eight weeks of exposure, the fi lm was 
developed and the sections were stained with toluidine blue or haematoxyline and 
eosine (HE). Since the tissue sections were stepwise extracted with organic solvents 
the distribution of silver grains represent the localisation of fi rmly bound radioactive 
adducts.

Transmission electron microscopy (TEM) (Paper IV)
Ultrastructural changes were studied by TEM. Th e entire nasal region was dissected, 
gently fl ushed through the nasopharyngeal duct and fi xed overnight in ice-cold 
phosphate-buff ered formaldehyde/glutaraldehyde solution containing Na2-EDTA 
(5.5%) for one week. After decalcifi cation thin slices were cut at the second palatal 
ridge (level III) according to Young (1981). Th e slices were rinsed in three changes 
of phosphate-buff ered formaldehyde/glutaraldehyde (pH 7.4) for a total of 30 min. 
Furthermore, the slices were treated with osmium tetroxide (1%, 2 hours at 4ºC), 
rinsed in PBS, dehydrated in series of ethanol, treated with acetone, and fi nally 
embedded on silicon plates in plastic resin (TAAB 812). Sections (2 µm) were 
cut and stained with methylene blue to verify the area of examination (the dorsal 
meatus) in a light microscope. Ultrathin sections (50 nm) where then cut with a 
diamond knife. Th e sections were placed on copper grids and counterstained with 
uranyl acetate (4%, 30 min) and lead citrate (0.1 M, 5 min) and examined in a 
transmission electron microscope. 
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Biochemical studies

Preparation of microsomes and S9 fractions (Papers II, IV)
In NMRI mice the olfactory mucosa and pieces of the livers were dissected and 
respective tissue was pooled and homogenized in ice-cold KCl (1.15 %) and 
centrifuged at 9 000 xg for 10 min for S9-fractions and the remaining supernatant 
were collected and centrifuged at 100 000 xg for 60 min for microsome fractions. 
In DBA/2J mice microsome fractions were obtained by centrifugation of tissue 
homogenate at 12 000 xg for 20 min, the resulting supernatants were collected 
and centrifuged at 100 000 xg for 60 min. Th e pellets were dissolved in ice-cold 
potassium phosphate buff er, pH 7.4 or in ice-cold 0.5 M Tris buff er, pH 7.5, and 
sampled for protein determination according to the method of Lowry et al. (1951) 
using bovine serum albumin as standard and stored at -70°C until use. Most of 
the in vitro studies were conducted using tissue homogenates from rats, in order to 
decrease the number of animals.

Yeast cells (Saccharomyces cerevisiae) (Paper IV)
Recombinant yeast cells expressing mouse CYP2A5 or human CYP2A6 and wild type 
yeast cells were grown in cell medium containing yeast nitrogen base without amino 
acids, glucose and histidine. After full growth they were centrifuged, resuspended in 
cell medium containing 20 % glycerol and stored at -70°C until use. Th e yeast cell 
expression of CYP2A5 and CYP2A6 had been confi rmed previously (Pelkonen et 
al. 1994) and was monitored by addition of the CYP2A5/6 substrate coumarin and 
subsequent determination of the fl uorescent metabolite 7-hydroxycoumarin.

Th e pellets from the yeast cell culture were thawed and incubated for 90 min in 
30°C in zymolyase buff er and zymolyase 100-T. After zymolyase digestion the cells 
were centrifuged, rinsed in zymolyase buff er, sonicated for 5 x 1 min and centrifuged 
at 10 000 xg for 20 min. Th e resulting supernatant was collected and centrifuged at 
100 000 xg for 60 min. Th e pellets were resuspended in potassium phosphate buff er, 
pH 7.4 containing 20 % glycerol, and the obtained microsomes were sampled for 
protein determination and stored at -70°C until use. Th e protein concentration was 
determined as described above. 

Metabolic activation and covalent binding (Papers II, IV)
Covalent protein binding was determined according to the method of Wallin et 
al. (1981) with a few modifi cations as follows. Incubations were made in capped 
tubes containing 50-100 Hg protein from the olfactory mucosa, liver or yeast cells, 
a NADPH-generating system (5 mM MgCl2, 5 mM glucose 6-phosphate, 0.06 U 
glucose 6-phosphate dehydrogenase, and 1 mM NADP+), 100 mM Tris buff er (pH 
7.5) or phosphate buff er 100 mM (pH 7.4) and radiolabelled substance dissolved 
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in 2.5 Hl dimethyl sulphoxide (DMSO) in a fi nal volume of 100 Hl. Th e eff ects of 
diff erent CYP inhibitors and substrates on the covalent binding were investigated. 
Vials kept on ice were used as negative controls. Th e incubations were stopped by 
placing the vials on ice and transferring 80 Hl of the incubation mixture to a glass 
microfi bre fi lter paper (Whatman GF/C, diameter 25 mm). Each fi lter paper was 
extracted in 10 ml solvent with occasional agitations, once in 95 % ethanol, twice 
in methanol, twice in acetone and once in n-heptane. Each wash lasted for 10 min. 
Th is was done to remove unbound parent compound and metabolites. Th e fi lters 
were then dried at room temperature. Ultima Gold™ (Packard instrument Co, USA) 
was added and the emittence of radioactivity from the samples was counted in a 
liquid scintillator analyser (Tri-Carb 1900CA, Packard instrument Co.).

Analysis of kinetic data
Apparent Km and Vmax values for covalent binding were estimated by fi tting the 
observed velocity (pmol/min/mg protein) versus the substance concentrations to 
the Michaelis-Menten equation using the software program GraphPad Prism 3.0. 
Statistical analysis were made using two-tailed, unpaired t-test and a value of P < 
0.05 was considered signifi cant. 

NP-SH determination in vivo (Paper IV)
Th e olfactory mucosa and samples of the liver were rapidly excised. Tissues from 
two animals were pooled and homogenised in ice-cold Na2-EDTA. Nonprotein 
sulphydryls (NP-SH) concentrations were then determined by the method of Sedlak 
and Lindsay (1968). Protein concentrations were determined as described above. 
Results were analysed by two-tailed, unpaired t-test and a value of P < 0.05 was 
considered signifi cant. 

Animals
Th e animal studies were conducted in accordance to the guidelines of the Swedish 
National Board for Laboratory Animals (CFN) policy. In addition, the studies were 
approved by the local Ethics Committee for Animal Research. Male and female 
NMRI mice and female Sprague-Dawley rats were obtained from B&K Universal 
(Stockholm, Sweden). In addition, male DBA/2J mice were obtained from Möllegaard 
(Denmark). All animals were acclimatized for at least 5-7 days in the animal facility 
before experiment or direct anaesthetization followed by exsanguination and housed 
at a temperature of 22 °C, with a 12 hour light/dark cycle and were given a standard 
pellet diet and tap water ad libitum.
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RESULTS AND DISCUSSION

Expression of CYP2A5 in the olfactory mucosa (Paper I) 
A detailed mapping of the mouse CYP2A5 mRNA and protein was performed in 
the olfactory mucosa of mouse in order to identify the cell-specifi c expression in 
normal and damaged tissue. 

Both immunohistochemical and in situ hybridisation studies in NMRI 
mice revealed a regional localisation of CYP2A5 in the olfactory mucosa with 
a predominant expression in the dorsomedial region, including the tips of the 
ethmoturbinates. Th e expression was cell-specifi c with the protein localised in the 
acini and excretory ducts of the Bowman’s glands, the apical parts of the sustentacular 
cells and in the basal part of the olfactory epithelium, most likely corresponding to 
the foot processes of the sustentacular cells (Table 2, Figure 5). Interestingly, no 
CYP2A5 mRNA expression was observed in the foot processes of sustentacular cells 
suggesting a transfer of CYP2A5 protein from the apical part to the basal part of the 
sustentacular cells. Apart from this, there was an identical localisation of CYP2A5 
mRNA and protein indicating a pretranslational regulation of the expression of the 
enzyme. In contrast, no or only weak expression of CYP2A5 mRNA and protein 
was detected in the nasal respiratory mucosa. Th e cell-specifi c expression pattern of 
CYP2A5 revealed in this study indicates that diff erent cells have diff erent abilities 
to bioactivate toxicants. Interestingly, several olfactory toxicants have been reported 
to damage cell types expressing this enzyme (Brandt et al. 1990; Genter et al. 1998; 
Bahrami et al. 2000b). 

Eff ects of CYP2A5 inducers in the olfactory mucosa
Th e eff ects of two hepatic CYP2A5 inducers, phenobarbital (a single ip injection 
of 80 mg/kg) and pyrazole (three consecutive daily ip injections of 180 mg/kg), 
were investigated in the olfactory mucosa of DBA/2J mice. Neither pyrazole nor 
phenobarbital altered the expression pattern of CYP2A5 in the olfactory mucosa or 
damaged this tissue. Previous studies have indicated that the induction of hepatic 
CYP2A5 is related to the hepatotoxic eff ects rather than the compound per se 
(Camus-Randon et al. 1996; Gilmore et al. 2003). Th e lack of CYP2A5-induction 
and damage by these compounds in the olfactory mucosa is in concordance with 
this suggestion. On the other hand, the reason for the lack of induction may also be 
due to a low general inducibility reported for CYPs in the olfactory mucosa (Ling 
et al. 2004).
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TABLE 2 

Summary of CYP2A5 expression in the dorsomedial region of the olfactory mucosa in 
NMRI mice1 

Structure CYP2A5 protein CYP2A5 mRNA

Sustentacular cells
Apical part
Foot process

+++
++

+++
-

Bowman’s glands
Excretory ducts
Acini

++
++

+++
+++

Olfactory neurons - -
Basal cells - -
Axon bundles - -

1 +++ intense staining, ++ moderate staining + weak staining - no staining

B

Bg

Su

A

Bg
Su

FIGURE  5. Cellular localisation of CYP2A5 (A) protein and (B) mRNA in the dorsal meatus of 
the mouse olfactory mucosa.

Eff ects of olfactory toxicants on the CYP2A5 expression
Th e two olfactory toxicants dichlobenil and methimazole were used to evaluate 
the CYP2A5 expression in damaged mice olfactory mucosa. Th e olfactory damage 
induced by methimazole is reversible, whereas the olfactory damage induced by 
dichlobenil is persistent. Four days after two separate ip injections on days 0 and 
3 with dichlobenil (25 mg/kg) or methimazole (50 mg/kg) there was a distinct 
CYP2A5 expression in the disorganized epithelium. No expression in the damaged 
Bowman’s glands in the lamina propria was, however, observed. Two weeks following 
treatment with methimazole the neuroepithelium remained thin and disorganized 
in the dorsomedial part. CYP2A5 was expressed in the sustentacular cells in the 
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restored parts of the olfactory mucosa as well as in columnar cells in the disorganized 
epithelium. Th e expression of CYP2A5 in the regenerated Bowman’s glands was 
similar to that in the controls, confi rming that methimazole-induced eff ects at this 
site are reversible. In contrast, two weeks after treatment with dichlobenil there 
was an expression of CYP2A5 in the atypical respiratory-like epithelium and in 
invaginations of the epithelium into the lamina propria, whereas no expression was 
observed in the fi brotic lamina propria. 

Th e sustentacular cells have been suggested to originate from both the Bowman’s 
glands and basal cells in an olfactory mucosa recovering from a toxic insult (Huard 
et al. 1998). In this study no intact Bowman’s glands were present in the fi brotic 
lamina propria, indicating that these glands are not likely progenitor cells for the 
respiratory-like epithelium. Th ese cells more likely originated from undamaged 
basal cells. In addition, as the respiratory epithelium of vehicle-treated mice showed 
negligible expression of CYP2A5, it seem less likely that the CYP2A5 expressing 
cells in the respiratory-like epithelium are related to the columnar cells in the normal 
respiratory epithelium. Notably, these results indicate that both the damaged and the 
regenerated atypical olfactory epithelium have ability to biotransform chemicals. 

Metabolic activation of 2,6-diClPh-MeSO2 and 2,5-diClPh-
MeSO2 (Papers II, IV)
Previous tape-section autoradiograms in mice have demonstrated a similar 
localisation pattern of 2,6-diClPh-MeSO2 and its 2,5-chlorinated isomer in the 
olfactory mucosa. However, they are strikingly diff erent in their toxicity and the 
reasons are poorly understood. Th e 2,6-diClPh-MeSO2-induced toxicity in the 
olfactory mucosa has been suggested to be due to a local metabolic activation of 
the compound in the olfactory mucosa but no in vitro studies have been performed 
previously (Bahrami et al. 1999; Bahrami et al. 2000b). To further elucidate the 
mechanisms for toxicity of these compounds the metabolic activation and covalent 
binding were investigated.

Covalent binding in vitro
A high level of time- and concentration dependent covalent binding of radiolabelled 
2,6-diClPh-MeSO2 was found in olfactory rat microsomes and mice S9-fractions. In 
contrast, only a low covalent binding was observed following incubation with 2,5-
diClPh-MeSO2 demonstrating that this isomer was not metabolised to a reactive 
intermediate (Figure 6). Several 4-methyl-sulfonyl-PCBs with chlorine substituents 
in 2,5-position binds reversibly to specifi c ligand-binding proteins in rodent airways 
and kidney (Brandt et al. 1985; Lund and Lund 1995). Conceivably, the selective 
binding of 2,5-diClPh-MeSO2 in the olfactory mucosa of mice in vivo could be due 
to an association of this isomer with a ligand-binding protein residing at this site 
(Dear et al. 1991).
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No signifi cant covalent binding to liver microsomes or liver S9-fractions of 2,6-
diClPh-MeSO2 or 2,5-diClPh-MeSO2 were observed (Figure 6). Th e diff erential 
covalent binding in the olfactory mucosa and liver of 2,6-diClPh-MeSO2 implies 
that enzymes predominantly expressed in the olfactory mucosa are responsible for 
the bioactivation of this substance. 

Role of CYP in the bioactivation of 2,6-diClPh-MeSO2

Addition of the CYP inhibitors metyrapone and tranylcypromine to rat olfactory 
microsomes and S9-fractions abolished the covalent binding, confi rming a CYP-
catalysed metabolic activation of 2,6-diClPh-MeSO2. To investigate the role of 
specifi c CYPs in the bioactivation of 2,6-diClPh-MeSO2, covalent binding studies 
were conducted using hepatic microsomes from pyrazole-treated DBA/2J mice 
(Figure 6). Pyrazole is known to increase the hepatic expression of CYP2A4, 2A5, 
2E1 and 2J (Juvonen et al. 1987; Su et al. 1998; Xie et al. 2000). Th e results revealed 
a highly increased covalent binding to hepatic microsomes in pyrazole-treated mice 
compared to vehicle-treated controls. Th is demonstrates that pyrazole-inducible 
hepatic CYPs can bioactivate 2,6-diClPh-MeSO2. Addition of the CYP2E1 substrate 
chlorzoxazone to the pyrazole-treated liver microsomes markedly decreased the 
covalent binding, suggesting that CYP2E1 may bioactivate 2,6-diClPh-MeSO2. 
However, since chlorzoxazone did not signifi cantly change the covalent binding of 
2,6-diClPh-MeSO2 to olfactory S9-fractions, the contribution of CYP2E1 in the 
bioactivation of 2,6-diClPh-MeSO2 in the olfactory mucosa appears negligible. 
Furthermore, the liver normally expresses relatively high levels of CYP2E1 and if 
this CYP form bioactivates 2,6-diClPh-MeSO2, hepatic damage would be expected. 
No such lesions in the liver of non-induced animals have been observed.

Th e olfactory toxicants dichlobenil and coumarin are metabolised by CYP2A5 
and CYP2G1 in the mouse olfactory mucosa (Gu et al. 1998). Addition of these 
substrates to the in vitro incubations with rat olfactory microsomes or mice S9-
fractions reduced the covalent binding of 2,6-diClPh-MeSO2, suggesting that these 
CYP forms may be involved in the bioactivation of this compound. 

To support the role of CYP2A5 in the metabolic activation of 2,6-diClPh-MeSO2, 
recombinant yeast cells expressing mouse CYP2A5 were used. Th e marked covalent 
binding detected confi rms that 2,6-diClPh-MeSO2 is bioactivated by this enzyme 
into a reactive intermediate. In recombinant yeast cell microsomes expressing 
human CYP2A6, the bioactivation of 2,6-diClPh-MeSO2 was less prominent than 
for CYP2A5 but higher compared to wild type yeast (Figure 6). 
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FIGURE 6. Covalent binding of 2,6-diClPh-14C-MeSO2 and 2,5-diClPh-14C-MeSO2. (A) Covalent 
binding of 2,6-diClPh-14C-MeSO2 in mouse olfactory and liver S9-fractions, (B) covalent binding 
of 2,6-diClPh-14C-MeSO2 and 2,5-diClPh-14C-MeSO2 to rat olfactory microsomes, (C) Covalent 
binding to pyrazole-treated or vehicle-treated mouse liver microsomes and (D) covalent binding to 
recombinant yeast cell microsomes expressing CYP2A5 or CYP2A6 or wild type yeast cell micro-
somes. All incubations were performed in capped tubes containing a NADPH-regenerating system 
at 37°C for 30 min, controls were kept on ice. 

Cellular localisation of 2,6-diClPh-MeSO2-derived adducts
To determine the cellular sites of bioactivation for 2,6-diClPh-14C-MeSO2 light 
microscopic autoradiography was performed in rats (Figure 7). 2,6-DiClPh-
MeSO2-derived adducts were preferentially present in the dorsomedial region of 
the rat olfactory mucosa and more specifi cally localised to the Bowman’s glands 
24 hours after an ip injection of a nontoxic dose (1 mg/kg) of 2,6-diClPh-14C-
MeSO2. Notably, no adducts were observed in the olfactory epithelium. Th ese results 
are in agreement with previous in vivo studies in mice (Bahrami et al. 2000b). 
Interestingly, as described above, both Bowman’s glands and sustentacular cells do 
express CYP2A5. Th e reason for the lack of adduct formation in the sustentacular 
cells is presently not understood but could be due to competing metabolic pathways 
in this cell type or a rapid detoxifi cation of reactive intermediates and higher levels 
of GSH, conjugating the reactive metabolite. Th ese fi ndings demonstrate that the 
2,6-diClPh-MeSO2-activating enzyme resides in the Bowman’s glands.
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FIGURE 7. Light microscopic autoradiograms showing the localisation of adducts in the Bowman’s 
glands in the dorsal meatus of the rat olfactory mucosa after a single ip injection of 2,6-diClPh-14C-
MeSO2 (1 mg/kg), (A) - bright fi eld, toluidine blue stained (B) - dark fi eld. In rat pretreated with 
the GSH-depleting agent phorone the binding of 2,6-diClPh-14C-MeSO2 is markedly increased (C) 
- bright fi eld, toluidine blue stained (D) - dark fi eld.
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FIGURE 8. Non-protein sulphydryl (NP-SH) levels in the (A) olfactory mucosa and (B) liver, 1 
and 4 hours after a single ip injection of 2,6-diClPh-MeSO2 in mice. Signifi cant diff erence between 
control and treated groups is demonstrated in the olfactory mucosa, (1 h: p < 0.05; 4 h: p < 0.01) 
while no signifi cant diff erence between control and treated groups is observed in the liver. 
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Role of GSH in the detoxifi cation of 2,6-diClPh-MeSO2

GSH plays an important role in the detoxifi cation of reactive intermediates as it 
conjugates with electrophilic compounds. Depletion of GSH can lead to both an 
increase in protein adduction and ROS production, which could be detrimental for 
the cell. Th e role of GSH in the 2,6-diClPh-MeSO2 induced olfactory damage was 
therefore examined. 

In rat pretreated with the GSH-depleting agent phorone, light microscopic 
autoradiography revealed a markedly higher level of 2,6-diClPh-MeSO2 derived 
adducts in the Bowman’s glands than in non-pretreated rats. Th is observation is in 
agreement with a previous report showing that pretreatment with phorone increases 
the toxicity of 2,6-diClPh-MeSO2 in the olfactory mucosa of mice (Bahrami et 
al. 2000b). Th e present in vivo studies on the NP-SH levels demonstrated a 
signifi cant depletion of NP-SH in mouse olfactory mucosa following a single dose 
of 2,6-diClPh-MeSO2 (32 mg/kg). No similar reduction was observed in the liver, 
confi rming the tissue-selectivity of this compound (Figure 8). A concentration-
dependent reduction of covalent binding to olfactory microsomes was also observed 
following addition of GSH to the in vitro system. Th e lack of inhibitory eff ect of 
methyl-GSH confi rms that the thiol-group in GSH is important for the trapping of 
the 2,6-diClPh-MeSO2-intermediate. 

Th ese results suggest that GSH detoxifi es reactive 2,6-diClPh-MeSO2 
intermediates formed in the ER. Changes in GSH/GSSG ratio in ER might impair 
protein folding leading to an increase of malfolded proteins and an induction of 
molecular chaperones, that could initiate oxidative stress in ER and subsequent cell 
death signalling. Th e protein-SH levels were not examined but the present results 
suggest an affi  nity of the intermediate also to protein thiols. A depletion of protein 
thiols in the ER may lead to an increased level of misfolded proteins, increase in ROS 
and disruption of cellular ion homeostasis. Th is may trigger apoptotic signalling and 
activation of proteases.

Early targets for 2,6-diClPh-MeSO2-induced Damage 
(Papers II, III, IV)

Regional and cell-specifi c changes
2,6-DiClPh-MeSO2 is one of the most toxic compounds known to the olfactory 
mucosa in rodents inducing morphological changes in mouse following a single dose 
of 6 mg/kg (Bahrami et al. 2000a). Previous studies reveal a rapid cell death and 
a variety of long-term alterations such as respiratory metaplasia, fi brosis and nasal 
polyp formation in the olfactory region of mice after administration of 2,6-diClPh-
MeSO2 (Bahrami et al. 2000a). However, the initial changes induced by this toxicant 
have not been studied previously. Histopathological changes were investigated 
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following a single ip injection of 2,6-diClPh-MeSO2 (32 mg/kg) one, four and 24 
hours after administration in mice and 24 hours after a single ip injection of 16 or 
65 mg/kg in rats (Figure 9). 

FIGURE 9. (A) Schematic illustration of the regional distribution of damage in the nasal cavity. 
Histological PAS stained sections of the dorsal meatus of the rat olfactory mucosa 24 hours after a 
single ip injection of (B) corn oil (vehicle), (C) 2,5-diClPh-MeSO2 (65 mg/kg) and (D) 2,6-diClPh-
MeSO2 (65 mg/kg).

Th e localisation of the 2,6-diClPh-MeSO2-induced lesions in rat and mouse 
olfactory mucosa was similar. However, the lesions were somewhat less pronounced 
in the rat. Th e 2,6-diClPh-MeSO2-induced damage was primarily localised in 
the dorsomedial part of the rat and mouse olfactory region with cell death and 
sloughing of the olfactory epithelium, leaving no or only a thin layer of basal cells 
on the basement membrane. In addition, the Bowman’s glands in the lamina propria 
were severely damaged. Th ere was a signifi cant loss of secretory glycoproteins in the 
Bowman’s glands in the dorsomedial area of the olfactory region in mice already one 
hour after exposure, as determined by the histochemical marker PAS. Most of the 
acinar cells appeared swollen and four hours after administration the organization 
of the acini were destroyed. However, in the lateral parts of the olfactory region 
and in the ventral part of the nasal septum, the olfactory epithelium and lamina 
propria remained intact and the Bowman’s glands showed an intense PAS reaction. 
No morphological changes were observed in the axon bundles. Th e respiratory 
mucosa of the nasal region also remained intact and no morphological changes were 
observed in the liver. As expected, no major changes were observed in the olfactory 
mucosa of rats after a single ip injection of 2,5-diClPh-MeSO2 (65 mg/kg).
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Ultrastructural changes
Th e early ultrastructural changes of 2,6-diClPh-MeSO2 (32 mg/kg), one and 
four hours after a single ip injection, was determined using transmission electron 
microscopy (TEM). 

Bowman’s glands
Th e TEM study demonstrated that the secretory granule membranes in the Bowman’s 
glands were ruptured and the contents dispersed in the cytoplasm as soon as one 
hour after administration of 2,6-diClPh-MeSO2. Th e secretory granule membranes 
appeared to be early targets for 2,6-diClPh-MeSO2-induced toxicity and loss of 
secretory granule membrane integrity may be an early and sensitive marker for a 
disturbed function in this cell type (Brandt et al. 1990; Bahrami et al. 2000b). 

One hour after administration there were also vacuoles in intraepithelial excretory 
duct cells above the basement membrane. Some mitochondria in the excretory duct 
cells and acinar cells were swollen and contained fl occulent densities. Th e cytoplasm 
was vacuolated, the smooth endoplasmic reticulum (SER) was severely swollen and 
both undamaged and swollen rough endoplasmic reticulum (RER) was present. 
After four hours the size of the vacuoles had increased in the intraepithelial excretory 
duct cells and most cytoplasmic organelles including mitochondria, SER and RER 
were severely swollen. In the lamina propria, the individual acinar cells of Bowman’s 
glands were diffi  cult to distinguish and the radial cell organization was seldom 
discernible in the acini. Th e mitochondria were severely swollen and electron-lucent 
with some fl occulent densities. Th e cytoplasm was vacuolated, the SER was severely 
swollen and both undamaged and swollen RER were present (Figure 10). Th e 
extensive formation of a 2,6-diClPh-MeSO2 reactive intermediate in ER may be of 
importance for the early changes in this organelle.

Th e swelling of these organelles was not accompanied by an extensive formation 
of apoptotic bodies, although scattered cells with condensed nuclei were found. On 
the contrary, most of the Bowman’s gland cells rapidly became swollen, the cell 
membrane integrity was ruptured and four hours after administration the radial 
organization of the Bowman’s gland acini was completely lost. 

Sustentacular cells
One hour after administration of 2,6-diClPh-MeSO2, a few mitochondria in 
the apical part of the sustentacular cells were swollen, less electron dense, and 
contained fl occulent densities. Vacuoles and swelling of some SER and RER were 
also observed in the apical part. In addition, large vacuoles in the basal part of the 
neuroepithelium were evident, probably due to degeneration of foot processes of 
sustentacular cells and/or excretory ducts of Bowman’s glands. After four hours 
most of the mitochondria in the apical part of the cells were severely swollen, less 
electron dense and contained fl occulent densities. Both RER and SER were swollen 
at this time (Figure 10). 
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FIGURE 10. Transmission electron microscopy of the dorsomedial part in the olfactory region 
of NMRI mice given a single ip injection of (A,D) corn oil (vehicle) or 2,6-diClPh-MeSO2 (32 
mg/kg) (B, E) one or (C, F-H) four hours after administration. Figures A-C show sustentacular 
cells,  fi gures D-F and H show Bowman’s glands, and fi gure G shows the lamina propia 4 hours 
after treatment. Black arrows indicate swollen electron lucent nuclei of Bowman’s glands, and white 
arrows indicate small electron dense nuclei. Nu - nucleus, Mi - mitochondrion, ER - endoplasmic 
reticulum. Original magnifi cation (A-F, H) x11500, (G) x1650. 
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Th e cell nuclei were fi rst irregular (one hour) and later on regular and swollen 
(four hour) and the cytoplasm was more electron-lucent. Large vacuoles appeared 
in the apical parts. No apoptotic bodies were observed in the sustentacular cells 
following exposure to 2,6-diClPh-MeSO2. Th e severe damage in the sustentacular 
cells may be secondary to the changes in the mucus-producing Bowman’s glands. 
Changed properties of the protective mucus may lead to increased exposure of the 
sustentacular cells to inhaled air and changes of apical cell membrane integrity may 
lead to perturbations of ion homeostasis and organelle swelling. 

Other tissue structures
Most neurons had an intact appearance and no marked changes were observed one 
and four hours after administration. An expansion of the intercellular space between 
the columnar rows of neurons could, however, be observed. Scattered apoptotic 
bodies were also present. Th e blood vessels were dilated one and four hours after 
administration. Th e axon bundles appeared intact at both survival times. After one 
hour some horizontal basal cells (HBCs) had an electron-lucent cytoplasm. After 
four hours most of the HBCs showed an electron-lucent cytoplasm and cell nuclei. 
Most of the globose basal cells (GBCs) had an intact appearance.

Mechanism of cell death

Th e unfolded protein response
Little is known about the ability of protein adducts to destabilize proteins but protein 
adduction could possibly lead to a rapid build up of damaged and malfolded proteins 
initiating UPR in the Bowman’s glands. Since chemically induced toxicity in the 
olfactory mucosa often is related to the formation of electrophilic intermediates in 
the ER, stress proteins situated in this organelle could be of special interest as early 
onset markers for toxicity in this tissue. One such stress protein, the glucose regulated 
protein 78 (Grp78), also known as BiP, is a chaperone and Ca2+-sensitive protein 
preferentially situated in the lumen of ER. Immunohistochemistry with Grp78 
antibody revealed that, already one hour after ip administration of 2,6-diClPh-
MeSO2 a few, scattered acinar cells of Bowman’s glands showed up regulation of 
Grp78. Four hours after injection all glands in the dorsomedial part showed an 
intense induction of Grp78 whereas there was a delayed onset of induction in the 
glands in the lateral parts of the olfactory region (Figure 11). Th is corresponds with 
the delayed and less extensive initial lesion in this area. Although Grp78 is known 
to have a long half-life, the up-regulation of this stress protein failed to protect 
the Bowman’s glands from damage and after 24 hours the staining of Grp78 was 
weaker. In controls, only treated with vehicle, no staining of the olfactory mucosa 
was observed except for a weak general staining in the lateral parts and an intense 
staining of the membrane around the anterior septal cartilage. Activation of ER 
stress and damage to the ER can lead to an increase of Ca2+ in the mitochondria. 
High Ca2+ levels can damage the mitochondrial inner membrane, increasing ROS 
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followed by a rapid fall in ATP levels. Reactive intermediates binding to mitochondria 
can increase ROS and activate apoptotic signalling (Jaeschke and Bajt 2005). 

No early onset up regulation in sustentacular cells were observed demonstrating 
that this cell type is not an initial target for 2,6-diClPh-MeSO2-induced ER stress. 
McMillan Carr and co-workers have reported that neither odorants nor heat shock 
up-regulate Hsp in olfactory neurons (McMillan Carr et al. 2001). Th ey suggest that 
the need for cytoprotective stress response might be low in olfactory neurons since 
they are continuously replaced. Th e present results, showing lack of up-regulation 
of Grp78 in the olfactory neurons following exposure to 2,6-diClPh-MeSO2, are in 
agreement with this suggestion. On the other hand, the lack of initial up-regulation 
of Grp78 in the olfactory neurons may also be related to lack of ER stress since there 
was no accumulation of protein adducts in these cells following a single injection of 
2,6-diClPh-MeSO2 in mice (Bahrami et al. 2000b) or rats.
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FIGURE 11. Histochemical PAS reaction of secretory glycoproteins and expression of Grp78, 
caspase-3 and caspase-12 in the dorsal meatus in the olfactory region of NMRI mice one and four 
hours after a single ip injection of 2,6-diClPh-MeSO2 (32 mg/kg). Controls are treated with corn 
oil (vehicle) only. (A-C) PAS reaction, (D-F) Grp78 expression, (G-I) caspase-12 expression and 
(J-L) caspase-3 expression. 
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Cell death signalling
If the stress response is overwhelmed and the chaperones fail to correct the folding 
defects, apoptosis may be activated (Welihinda et al. 1999). Activation of caspases 
is known to play a critical role in the signalling mechanisms of apoptosis. Th e ER-
situated caspase-12 is known to be activated in response to prolonged ER stress 
(Nakagawa et al. 2000). In addition, elevated intracellular levels of Ca2+ causes 
movement of calpain to the ER surface, and subsequent activation of caspase-12 
followed by cleavage of caspase-3 (Hitomi et al. 2004). Immunohistochemistry 
revealed activated caspases-12 and -3 in the Bowman’s glands following a single 
ip injection of 32 mg/kg (Figure 11). Th e expression was initially recorded in a 
few scattered acinar cells one hour after administration but after four hours all 
acini in the dorsomedial part of the olfactory region contained activated caspases. 
Th e highest expression of activated caspase-12 and -3 preferentially occurred in 
the dorsomedial region and coincided with the initial lesion. Twenty-four hours 
after administration of 2,6-diClPh-MeSO2 activated caspases also occurred in areas 
proximal to the initially damaged region, as well as in the degenerating and partly 
detached neuroepithelium. 

Despite the induction of apoptotic signalling in the Bowman’s glands, light 
microscopy and TEM revealed that most of these glands had a necrotic morphology. 
Th is suggests that the terminal phase of apoptosis was blocked and that the glands 
fi nally succumbed to other routes of cell death. Recent studies have demonstrated 
that caspase inactivation by electrophilic compounds with an affi  nity to GSH may 
prevent cell death by apoptosis (Kern and Kehrer 2002). Th e 2,6-diClPh-MeSO2 
intermediate has an affi  nity for cysteinyl thiols suggesting that 2,6-diClPh-MeSO2 
metabolites may inactivate caspases by a similar mechanism. Another report suggests 
that caspase-mediated cleavage and inactivation of plasma membrane calcium 
pumps may cause Ca2+ overload and plasma membrane lysis, leading to necrosis 
(Schwab et al. 2002). Th e eff ects of 2,6-diClPh-MeSO2 on caspase-independent cell 
death pathways have not been examined. Overlapping death pathways have been 
suggested to be the rule rather than the exception (Leist and Jaattela 2001). 

Notably, there was no early onset of caspase-12 and -3 activation in the sustentacular 
cells within the neuroepithelium following 2,6-diClPh-MeSO2 administration, 
suggesting that this cell type was not an initial target for 2,6-diClPh-MeSO2 
induced stress. Th ere is a continuous proliferation and apoptosis of olfactory neurons 
throughout life, and olfactory neurons die by apoptosis at all stages of their life cycle 
(Suzuki and Farbman 2000). In agreement with previous reports scattered neurons 
with activated caspase-3 in the vehicle-treated control animals were observed. No 
activation of caspase-12 was, however, observed in the neuroepithelium of vehicle-
treated animals. Furthermore, no early onset treatment-related activation of caspase-
3 or -12 were detected in the olfactory neurons. Twenty-four hours after treatment 
most cells in the extensively damaged and desquamated neuroepithelium contained 
activated caspases-12 and -3. Cytoplasmic and lysosomal enzymes released from the 
damaged Bowman’s glands and sustentacular cells may initiate the progression of 
the 2,6-diClPh-MeSO2-induced injury in the neuroepithelium at this time point. 
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Also axon bundles showed focal up regulation of caspase-3 at this time point. Th is 
may be due to an anterograde propagation of a signal from the olfactory neuron or 
due to the extensive damage in the neighbouring acinar cells in the lamina propria. 
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CONCLUDING REMARKS

In this thesis mechanisms involved in tissue-selective toxicity in the olfactory 
mucosa of rodents have been investigated using the potent olfactory toxicant 2,6-
diClPh-MeSO2 as a model compound. Th e present study has shed new light on the 
consequences of metabolic activation in relation to protein adduction, glutathione 
depletion, induction of the ER stress response, organelle disruption and cell death 
signalling by caspases. 

Th e role of protein adduction as a key event responsible for toxicity has been 
debated for a long time and is still an issue for discussion. Several events are together 
involved in the mechanism of cell death and it is usually diffi  cult to assign only 
one process responsible for the toxicity. However, a sequence of downstream events 
may be initiated by covalent binding to proteins and protein adducts have in several 
cases been demonstrated to be co-localised at the site of damage. In this thesis, both 
protein adduction and GSH depletion are demonstrated to preferentially occur in the 
olfactory mucosa whereas no such changes were observed in the liver. Both protein 
adduction and GSH depletion are assigned as possible events initiating downstream 
eff ects leading to cell death in the Bowman’s glands of the olfactory mucosa. Th ese 
initial changes are suggested to result in secondary eff ects in sustentacular cells and 
later on detachment of the olfactory epithelium from the basal membrane. 

Th e 2,6-diClPh-MeSO2-induced damage was mainly localised to the dorsomedial 
part of the olfactory region with the Bowman’s glands and sustentacular cells 
as primary targets. Interestingly, the same distribution pattern was observed for 
CYP2A5, supporting the formation of a reactive intermediate by this enzyme. In vitro 
studies conducted with olfactory microsomes or recombinant yeast cells expressing 
CYP2A5 did indeed demonstrate that this enzyme could form reactive metabolites. 
Th e involvement of CYP2G1 in the bioactivation has not been investigated and can 
therefore not be excluded.

Light microscopic autoradiography studies have previously displayed a specifi c 
localisation of protein adducts in the Bowman’s glands but not in sustentacular cells 
after administration of 2,6-diClPh-14C-MeSO2. In addition, no protein adducts were 
observed in sustentacular cells after GSH-depletion with phorone, whereas  protein 
adducts in the Bowman’s glands increased. Th ese results suggest that GSH does 
not detoxify 2,6-diClPh-MeSO2-derived reactive intermediates  in the sustentacular 
cells.

Th is thesis presents the fi rst observation of a chemical-induced up-regulation of 
the ER situated stress protein and chaperone Grp78 in the Bowman’s glands of the 
olfactory mucosa. Th e rapid up-regulation of Grp78 suggests this chaperone as a 
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sensitive biomarker in vivo, also for other chemicals with a similar mechanism of 
toxicity. Presumably, covalent modifi cations of proteins in the ER could activate 
the stress response if the structure and function of target proteins are impaired. 
Identifi cation of protein targets will help to understand the impact of covalent 
binding for toxicity, and advances in proteomic techniques may provide better 
ways for detection and quantifi cation of protein adducts in vivo. GSH-depletion 
and changes in GSH/GSSG ratio could also impair protein folding and lead to 
an increase of chaperones. Further studies on the eff ects of olfactory toxicants on 
cellular GSH/GSSG redox balance would be of interest.

Th e rapidly progressing damage in Bowman’s glands suggests that the initial 
cytoprotective stress response was overwhelmed and cell death signals were initiated. 
Th is is further supported by the cell-specifi c and early onset activation of the ER 
situated initiator caspase-12 and the downstream eff ector caspase-3 in the Bowman’s 
glands. Activation of caspases plays a critical role in the signalling mechanism of 
apoptosis. However, the major morphological changes in these glands corresponded 
to necrosis, suggesting that the signalling failed to complete the apoptotic program. 
It should be noted that no early up-regulation of ER stress or activation of caspases 
in the sustentacular cells occurred, indicating other cell death pathways in this cell 
type. 

Comparative studies were performed with the non-toxic 2,5-chlorinated isomer 
and the reasons for the strikingly diff erent toxicity were investigated. Interestingly, 
previous in vivo studies have demonstrated a fi rm binding of both isomers in the 
olfactory mucosa, however in vitro studies conducted in this thesis demonstrated a 
lack of metabolic activation and covalent binding of the 2,5-isomer. Th ese results 
imply a diff erent binding mechanism for the 2,5-chlorinated isomer. 

In summary, the proposed mechanism for the 2,6-diClPh-MeSO2-induced 
toxicity in the olfactory mucosa is bioactivation by CYP2A5 into a reactive 
intermediate leading to protein adduction and GSH-depletion. Th is leads to a 
sequence of downstream events such as ER stress, as demonstrated by the induction 
of Grp78, changes in ion homeostasis and ultrastructural organelle alterations. As 
demonstrated by the activation of the ER-specifi c initiating caspase-12 and the 
downstream eff ector caspase-3, apoptotic signals were initiated. In spite of this, the 
terminal phase of apoptosis was blocked and necrotic cell death pathways prevailed, 
as indicated by lost integrity and swelling of the Bowman’s glands. Th e predominant 
expression of CYP2A5 in the mouse olfactory mucosa is proposed to play a key role 
for the tissue- and cell-specifi c toxicity induced by 2,6-diClPh-MeSO2. 
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