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Abstract
More than any other neuron, olfactory sensory neurons are exposed to environmental insults.
Surprisingly, their only documented response to damaging stress is apoptosis and subsequent
replacement by new neurons. However, they expressed unfolded protein response genes, a
transcriptionally regulated defense mechanism activated by many types of insults. The unfolded
protein response transcripts Xbp1, spliced Xbp1, Chop (Ddit3), and BiP (Hspa5) were decreased
when external access of stressors was reduced by blocking a nostril (naris occlusion). They, and
Nrf2 (Nfe2l2), were increased by systemic application of tunicamycin or the selective olfactotoxic
chemical, methimazole. Methimazole’s effects overcame naris occlusion and the unfolded protein
response was independent of odor-evoked neuronal activity. Chemical stress is therefore a major
and chronic activator of the unfolded protein response in olfactory sensory neurons. Stress-
dependent repression of the anti-apoptotic gene Bcl2 was absent, however, suggesting a
mechanism for disconnecting the UPR from apoptosis and tolerating a chronic unfolded protein
response. Environmental stressors also affect both the sustentacular cells that support the neurons
and respiratory epithelia because naris occlusion decreased expression of the xenobiotic chemical
transformation enzyme Cyp2a5 in sustentacular cells and both naris occlusion and methimazole
altered the abundance of the antibacterial lectin Reg3g in respiratory epithelia.
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INTRODUCTION
Of all mammalian neurons, the most directly exposed to environmental insults are the
olfactory sensory neurons (OSNs). The only documented reaction of OSNs to environmental
stressors is to accumulate damage, apoptose, and thereby stimulate their own replacement
(Beites et al., 2005; Cowan and Roskams, 2002; Hinds et al., 1984; Schwob, 2002). Instead,
the known protective mechanisms are all provided by neighboring cells: a mucus layer, a
barrier of supporting sustentacular cells, and the robust expression of xenobiotic chemical
transformation enzymes by sustentacular cells (Farbman, 1992; Kaliner, 1992; Ling et al.,
2004; Piras et al., 2003; Whitby-Logan et al., 2004). Reasoning that OSNs must respond to
chemical stress, we searched for evidence of stress response gene expression in mouse
OSNs. While previous studies have detected Hmox1, Nqo1, and Nrf2 (Nfe2l2) in OSNs
(Chen et al., 2003; Gussing and Bohm, 2004), a more complete view of gene expression in
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mouse OSNs identified genes fundamental to the unfolded protein response (UPR) as being
abundantly expressed in OSNs (Sammeta et al., 2007).

The UPR is a mechanism by which cells respond to an increase in misfolded or unfolded
proteins in the endoplasmic reticulum (ER) (Schroder and Kaufman, 2005). Stressors that
evoke the UPR are numerous and include chemicals and pathogens, environmental factors
that result in hypoxia and nutrient depletion, and even physiological conditions such as
secretion of large amounts of protein. The activation of the UPR begins with three ER-
resident transmembrane proteins, IRE1a (ERN1), PERK (EIF2AK3), and ATF6, whose
lumenal domains act as sensors for misfolded and unfolded proteins by competing with them
for binding to the molecular chaperone, BiP (HSPA5) (Fig. 1). Activation of IRE1a permits
its cytosolic endoribonuclease to act upon Xbp1 mRNA, removing an intron and converting
the encoded protein from inactive Xbp1 into the transcriptionally active spliced Xbp1.
Activation of PERK via autophosphorylation transiently attenuates translation of most
mRNAs and increases transcription of UPR target genes via phosphorylation of eIF2a,
ATF4, and NRF2. Activation of ATF6 is accomplished by proteolytic release of an active
bZIP transcription factor domain. All three sensors lead to altered transcription of target
genes, including the sensors themselves, ER chaperones such as BiP (Hspa5), ER-associated
degradation factors, and proteins involved in protein trafficking, small molecule transport,
lipid synthesis, carbohydrate synthesis, amino acid synthesis, energy production, control of
redox state, and apoptosis (Cullinan and Diehl, 2006; Rutkowski and Kaufman, 2007; Zhang
and Kaufman, 2008a; b). The UPR can mediate both acute and chronic stress responses.
Acute responses are either resolved quickly or the cell undergoes apoptosis via the UPR
target CHOP, which represses the anti-apoptotic gene Bcl2 and activates pro-apoptotic
genes (McCullough et al., 2001; Oyadomari and Mori, 2004; Zhang and Kaufman, 2008b).
How cells manage a chronic UPR without undergoing apoptosis is poorly understood
(Rutkowski and Kaufman, 2007; Zhang and Kaufman, 2008b). Understanding how cells
survive the UPR is a particularly compelling issue for neurobiology given evidence that the
UPR is associated with neural aging and myelination disorders, and is evoked in neurons by
ischemia, neurotrauma, and neurodegenerative disorders (Banhegyi et al., 2008; DeGracia
and Montie, 2004; Lin and Popko, 2009; Naidoo, 2009; Paschen and Mengesdorf, 2005;
Uehara, 2007).

We found that unilateral naris occlusion caused an ipsilateral reduction in UPR mRNAs in
OSNs that is independent of neuronal activity, indicating that OSNs experience continuous
stress caused by external factors. Given these findings, the necessary capacity of the
olfactory epithelium to absorb chemicals and our observation that systemic application of
chemical stressors increased UPR mRNAs, we conclude that chemical stress is a major
activator of the UPR in OSNs.

EXPERIMENTAL PROCEDURES
Mice, naris occlusion, and chemical injection

C57Bl/6 mice were purchased from Harlan Laboratories (Indianapolis, IN) and housed in
the animal facility at the University of Kentucky. Mice carrying a targeted deletion of Cnga2
were obtained from Dr. Peter Mombaerts, Max Planck Institute of Biophysics, Frankfurt,
Germany (Zheng et al., 2000). In these mice, the Cnga2 locus lacks codons for amino acids
178–678, thereby encoding a truncated protein that cannot function as an ion channel and
generating a mouse whose OSNs have little or no response to odorants or forskolin. Cnga2
mice are a mixed C57Bl/6-129 genetic background. All procedures with mice were done
according to approved Institutional Animal Care and Use Committee protocols and
conformed to NIH guidelines.
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For the end point of all major experiments (naris occlusion, reduced OSN activity,
methimazole effects), this project targeted mice at age postnatal day 11 (P11). This age was
chosen to balance our success rate for naris occlusion, which decreases with age, with the
need to avoid survival longer than a week after naris occlusion, which leads to potentially
confounding changes in the olfactory system, such as increased survival of OSNs and
reduced neurogenesis in both the epithelium and olfactory bulb (Brunjes et al., 1991;
Cummings and Brunjes, 1994; Maruniak et al., 1989; Zou et al., 2004). Some proof-of-
principle experiments (e.g., tunicamycin) and confirmatory experiments were also done at
age P21 – P22. Naris occlusion was done on anesthetized mice on postnatal day 5 (P5) using
a surgical cautery device (Perfectemp Cautery, Bovie Medical Corp), followed by sealing
with cyanoacrylate glue (Coppola et al., 1994). Verification of sealing of the naris was done
just prior to euthanasia by inspection under a dissecting microscope for bubbles emanating
through saline applied to the closed naris. Naris occluded mice were sacrificed at P11.

Methimazole (in saline) was given as a single intraperitoneal injection at a concentration of
50 mg/kg body weight. Mice were sacrificed 24h after the injection. Methimazole is
metabolized in Bowman’s gland duct cells and sustentacular cells by a cytochrome P450-
dependent pathway leading to the production of reactive intermediates that cause dose- and
time-dependent apoptosis of OSNs (Bergman and Brittebo, 1999; Bergstrom et al., 2003).
The methimazole experiment was done at age P10–P11 and again at age P21–P22.

Mice received a single intraperitoneal injection of tunicamycin in saline at a concentration of
500 μg/kg body weight at age P21 and were sacrificed 24h after the injection (Iwawaki et
al., 2004).

Genes
Mouse genes and mRNAs are displayed according to the gene symbol conventions of Entrez
Gene (National Center for Biotechnology Information), typically as a single capital followed
by lower case, while references to the protein products are in all capital letters. To avoid
ambiguity, the Entrez gene IDs, gene names, gene symbols, and common synonyms for all
mouse genes mentioned herein are listed in Supplemental Table S1.

In situ hybridization and immunohistochemistry
In situ hybridization was done on 10 μm coronal cryosections of the anterior head as
described previously (Sammeta et al., 2007). Briefly, fixation was accomplished by placing
freshly dissected tissue of young mice (age P11) into ice-cold 4% paraformaldehyde in
phosphate buffered saline (PBS, pH 7.4) overnight. Older mice (age P22) were first perfused
transcardially with ice-cold 4% paraformaldehyde. The fixed tissue was then decalcified in
0.5M EDTA in PBS (pH 8.0) for 24h at 4°C and cryoprotected in 10%, 20% and 30%
sucrose successively for at least 1h each at 4°C before being embedded in OCT compound
(Sakura Finetech USA, Inc., Torrance, CA) and stored at −80° C. For each mRNA species,
cDNA fragments (400–500 bp) were amplified by PCR from olfactory epithelium cDNA
and cloned into pBluescript. The primer positions are listed in Supplemental Table S1. The
fragments chosen were selected to have less than 80% identity to any other mRNA. This
was not possible for Cyp2a5, however, so the probe used hybridizes to both Cyp2a5 and
Cyp2a4. The Xbp1 probe detected both spliced and unspliced Xbp1 mRNAs. Sense and
antisense recombinant RNA probes (approximately 500 bp in length) labeled with
digoxygenin were prepared. Briefly, tissue sections on slides were prepared at room
temperature by incubation in 4% PFA for 15 min, washed in PBS (pH 7.4) for 3 min, treated
with proteinase K for 12 min (37° C), post-fixed again in 4% PFA for 10 min, washed in
PBS for 3 min, treated with 0.2M HCl for 10 min, washed in PBS for 3 min, incubated for 1
min in 500 ml of 0.1M triethalonamine-HCl (pH 8.0) under stirring before mixing in 1.25 ml
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of acetic anhydrate, stirred for 10 min, washed in PBS for 3 min, dehydrated in 60%, 80%,
95%, and 100% ethanol for 1.5 min each, and allowed to dry completely. Hybridization was
done overnight in a 50% formamide, 0.6M NaCl, 1mM EDTA, 10mM Tris-HCl (pH 8.0)
containing 10% dextran sulfate, 0.25% sodium dodecyl sulfate, 200 μg/ml yeast tRNA, and
1X Denhardt’s solution with 1ng/μl of riboprobe at 65° C. Washing was 2X standard saline
citrate (SSC), 50% formamide at 37° C for 30 min, TNE (10 mM Tris-Cl (pH 7.5), 0.5 M
NaCl, 1 mM EDTA) at 37° C for 10 min, TNE containing 20 μg/ml RNase A at 37° C for 30
min, TNE at 37° C for 10 min, 2X SSC at 37° C for 20 min, and 0.2X SSC at 37° C for 20
min, 2X SSC at 37° C for 20 min, and 0.1X SSC at 37° C for 20 min. Detection was done
using a 1,000-fold dilution of an alkaline phosphatase-conjugated antibody to digoxygenin
(#1093274, Roche Applied Science, Indianapolis, IN) with NBT/BCIP (Nitro-Blue
Tetrazolium Chloride/5-Bromo-4-Chloro-3′-Indolyphosphate p-Toluidine) as the substrate.
Detection reactions, which were stopped when reaction product became visible, ran 16 – 48
hours. Yoked sense controls were invariably negative. A detailed protocol, which follows
the methods of Ishii and colleagues (Ishii et al., 2003; Ishii et al., 2004), is available from
the authors.

Immunohistochemistry was done on the same 10 μm coronal cryosections described above.
The frozen sections were thawed and permeabilized in PBS with 1% Triton X-100. Blocking
buffer, 2% BSA and 0.4% Triton X100 in PBS, was applied for 1h at room temperature
followed by incubation in primary antibody diluted in the blocking buffer overnight at 4° C.
Sections were washed with 0.05% Tween-20 in PBS for 30 min and then incubated with
Cy3 conjugated secondary antibody diluted in PBS. Nuclei were counterstained using
Hoechst 33342 (# H1399, Invitrogen, Carlsbad, CA). The anti-caspase-3 rabbit polyclonal
antibody (Table 1) detects the 17kDa active fragment of caspase-3. It does so on western
blots only when apoptosis-initiating proteases such as caspase-8 and caspase-9 are active,
and it does not detect the 17kDa fragment if these enzymes are inhibited (Cheong et al.,
2003). Its ability to label cells in tissue sections is directly correlated with both the detection
of the active 17kDa fragment in western blots and the presence of conditions known to cause
apoptosis (Cheong et al., 2003;Hu et al., 2000;Kaiser et al., 2008). To confirm the ability of
this antiserum to bind its antigen, we used a 10-fold molar excess of the antigen to block
immunoreactivity (#1050, Cell Signaling Technology, Inc.), and as a control used a 10-fold
molar excess of an irrelevant peptide antigen (KNNLKECGLY, #sc-262 P, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Cy3-conjugated donkey anti-rabbit (# 711-165–152,
Jackson Immunoresearch Laboratories Inc., West Grove, PA) was used at a dilution of
1:1000.

For counts of immunoreactive cells, three tissue sections per mouse were selected, matched
for anterior-posterior position between treatment and control, and used to generate an
average count for each mouse. Immunoreactive cells were visually identified and included in
the count if their nuclei were contained in the section. Counts were made at three positions
along the olfactory epithelium (the dorsal recess, the dorsal septum, and the ventral septum)
per section and normalized by dividing by the total length of epithelium viewed in that tissue
section. Abercrombie’s correction for over-counting of profiles in sections was applied
using a mean nuclear diameter of 3.23 ± 0.3 μm to obtain a correction factor of 0.76
(Abercombie, 1946).

Wide-field images were obtained on a Nikon Diaphot 300 inverted microscope using a Spot
2e camera and Spot software version 4.0.6 through a 40×/0.75 numerical aperture Plan Fluor
objective or a 4×/0.13 numerical aperture Plan objective. Images were processed in Adobe
Photoshop (version 7.0) by adjusting size and brightness. Images were combined and
labeled in Deneba Canvas (version 8.0).
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Quantitative RT-PCR
Reverse transcription was performed on 1 μg of total RNA using SuperScript II and random
hexamers (Life Technologies, Rockville, MD) in a 50 μl reaction as we have published
previously (Shetty et al., 2005; Yu et al., 2005). Primers were designed using Primer
Express software (Applied Biosystems, Foster City, CA) and purchased from Integrated
DNA Technologies (Coralville, IA). The Cyp2a5 primers do not distinguish between
Cyp2a5 and Cyp2a4. Specificity for spliced Xbp1 was achieved with a primer that spanned
the splice junction formed by removal of an intron by IRE1a. Amplification was performed
on triplicate samples in an ABI Prism 7700 Sequence Detection System using 1 μl of the
cDNA reaction and the Syber Green Core Reagent Kit under conditions prescribed by the
manufacturer (Applied Biosystems). Thermal cycler conditions were 50°C for 2 min, 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Whole olfactory
epithelium cDNA was used as a template for standard curves, which were required to exceed
a criterion correlation coefficient of 0.98 before being accepted for analysis. Melt curves
were performed on each sample to verify that each reaction produced a single product.
Results were normalized to the geometric mean of four stable mRNAs in each sample:
Gapdh, Actb, Ubc, and Hprt1 (Vandesompele et al., 2002). Statistical analyses were done
with Student’s t-tests, paired tests for the naris occlusion experiments and unpaired tests for
all others. Because each experiment requires testing the same samples for nine independent
transcripts, correction for multiple testing within each experiment was done using the
Benjamini-Hochberg method (Benjamini and Hochberg, 1995). All data are reported as
means ± standard errors of the mean. For graphical display, quantitative RT-PCR data were
converted to fold change from the mean control value.

RESULTS
Olfactory sensory neurons expressed UPR genes

We discovered that unfolded protein response (UPR) mRNAs were abundant among the
10,000 genes expressed by olfactory sensory neurons (OSNs) (Sammeta et al., 2007),
leading to the hypothesis that chemical stress evokes the UPR in OSNs, thereby increasing
the capacity of OSNs to tolerate, reconstitute, and degrade unfolded and misfolded proteins.
We first confirmed that several key UPR mRNAs did indeed localize to the OSNs of C57Bl/
6 mice (Fig. 2). These UPR transcripts, with the exception of BiP, were not detected in
neighboring respiratory epithelium. Transcripts used as controls in this study, Omp, Cyp2a5/
Cyp2a4, and Reg3g, are also expressed only in certain cell types. Omp is specific to mature
OSNs, Cyp2a5/Cyp2a4 are expressed in sustentacular cells and Bowman’s gland duct cells,
and Reg3g is specific to an as yet unidentified cell type in the respiratory epithelium (Fig.
2A; Supplemental Fig. S1) (Monti-Graziadei et al., 1977; Piras et al., 2003; Yu et al., 2005).

To confirm that the UPR in the olfactory epithelium was responsive to chemically-induced
stress, we applied tunicamycin, which directly evokes the UPR by inhibiting N-
glycosylation of proteins in the ER, thereby increasing the misfolding of membrane proteins
in the ER (Iwawaki et al., 2004). Because the UPR depends on changes in the level of
transcription of certain critical genes, we used mRNA abundance as a measure of activation
of the UPR. As expected, tunicamycin increased the abundance of UPR transcripts Xbp1,
spliced Xbp1, BiP, Nrf2, and Chop in olfactory epithelium samples (Fig. 3A; Supplemental
Table S2). Not affected were the controls Cyp2a5, Omp, and Reg3g.

Naris occlusion reduced the abundance of UPR transcripts
If UPR mRNAs were detectable in the OSNs of untreated mice because OSNs are in an
exposed position where exogenous chemicals, pathogenic microorganisms, and particulate
matter can wreak damage on them, then reducing access of these agents should reduce the

Sammeta and McClintock Page 5

J Comp Neurol. Author manuscript; available in PMC 2011 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



UPR. We used unilateral naris occlusion to block orthonasal entry of chemicals and other
agents into the nasal cavity. Naris occlusion caused reduced abundance of UPR transcripts
Xbp1, spliced Xbp1, BiP, and Chop in the olfactory epithelium (Fig. 3B), indicating that
naris occlusion reduced the level of unfolded protein stress experienced by OSNs.

Naris occlusion also decreased the amount of Bcl2 mRNA (Fig. 3B), consistent with a
decrease in orthonasal odor stimulation because odor stimulation increases expression of
Bcl2 (Watt et al., 2004).

The mRNAs encoding the xenobiotic transformation enzymes Cyp2a5/Cyp2a4 were also
reduced. These enzymes are believed to be part of the powerful odorant and chemical
clearance function performed by sustentacular cells and Bowman’s gland duct cells (Adams
et al., 1991; Chen et al., 1992). Also decreased was Reg3g, an antibacterial lectin that is
specific to neighboring respiratory epithelium (Yu et al., 2005). These reductions are
consistent with the ability of naris occlusion to reduce access of most environmental
stressors to the nasal cavity.

Reduced OSN activity did not reduce UPR transcript abundance
Naris occlusion reduces odor stimulation of the olfactory epithelium. To test whether the
reduction in UPR transcripts caused by naris occlusion was simply due to reduced OSN
activity rather than reduced chemical stress, we turned to Cnga2 knockout mice in which the
ability of odors to evoke electrical activity in OSNs is nearly gone (Brunet et al., 1996; Lin
et al., 2004; Zhao and Reed, 2001; Zheng et al., 2000). Suspecting that chemical stress is the
primary regulator of UPR gene transcription in OSNs, we predicted that Cnga2−/− mice
would not differ from wild-type mice. Indeed, we observed no difference in abundance for
any of the UPR transcripts tested: Nrf2, Xbp1, BiP, Chop, and spliced Xbp1 (Fig. 3F). As a
positive control for decreased OSN activity, we determined by quantitative RT-PCR that the
Cnga2−/− mice used in this experiment had significantly less Fos mRNA in the olfactory
bulb than did the wild-type mice used (n = 5; means and standard errors of 2.5±0.5 versus
0.6±0.15 units; p = 0.01; Student’s t-test). Odor stimulation of OSNs is known to elevate Fos
expression in the olfactory bulb (Guthrie et al., 1993; Onoda, 1992; Sallaz and Jourdan,
1993). These data indicate that UPR gene expression in OSNs is not regulated by OSN
activity.

An olfactoxic chemical increased the abundance of UPR transcripts
Chemical stress is the most likely reason OSNs express UPR genes. Odorants and other
chemicals accumulating in the olfactory epithelium presumably either react with cellular
proteins directly or induce other conditions that damage cellular proteins, such as oxidative
stress and reactive oxygen species. While naris occlusion readily evoked decreases in UPR
transcripts, we reasoned that the extraordinary capacity of the olfactory epithelium to
detoxify and clear odorant chemicals would limit the ability of most odorants to evoke
stress. We therefore turned to an alternative approach that is known to chemically stress the
olfactory epithelium, the systemic injection of the olfactotoxic chemical methimazole.
Methimazole appears to be converted by cytochrome P450 enzymes located in the
sustentacular cells and Bowman’s glands of the olfactory epithelium into toxic intermediates
that are difficult to clear from the tissue (Bergman and Brittebo, 1999; Bergstrom et al.,
2003). Systemic methimazole therefore mimics one mechanism by which odorants that are
difficult to clear might damage OSNs. We used a combination of dose, duration, mouse age,
and mouse strain that produced a strong chemical challenge without inducing OSN
apoptosis. Indeed, in none of the mice used in this experiment did we observe disruption of
the pseudostratification of the olfactory epithelium or changes in the appearance of OSN
nuclei (Supplemental Fig. S2) observed in older mice, primarily of other strains (Bergman
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and Brittebo, 1999; Bergman et al., 2002; Brittebo, 1995; Piras et al., 2003). Our
observations were further supported by quantifying apoptosis via counts of cells
immunoreactive for activated caspase-3 (n = 2 mice; means of 3.6±0.3 versus 3.5±0.2 cells
per 0.1mm of epithelial length; p = 0.3; Student’s t-test). In contrast, methimazole injection
increased the abundance of the UPR transcripts Xbp1, spliced Xbp1, BiP, Nrf2, and Chop
(Fig. 3C). Repeating this experiment with mice at age P21, we obtained similar effects.

If these many-fold increases occurred primarily in cells other than OSNs, then in situ
hybridization after methimazole treatment would detect stronger signals in these other cell
types. However, if these differences were instead mostly due to changes within the OSNs, in
situ hybridization would detect little expansion of the expression pattern of UPR genes
shown in Fig. 2. The latter result was what we observed (Fig. 4). The only easily observable
difference was that Xbp1 became detectable in sustentacular cells (Fig. 4E; Fig. 2F). The
intensity of Xbp1 labeling in sustentacular cells remained less than in OSNs, however,
arguing that much of the more than 2-fold increase in Xbp1 and spliced Xbp1 caused by
methimazole (Fig. 3C) must have occurred in OSNs. This conclusion is even more certain
for Nrf2 and Chop, which were detected only in the OSN layers after methimazole treatment
(Fig. 4B, F). These data demonstrate that at least a large fraction of the increases observed
for UPR mRNAs must have occurred in OSNs.

The control mRNAs tested in this experiment also gave interesting results. Omp mRNA was
unchanged, but Cyp2a5/Cyp2a4 and Reg3g were altered (Fig. 3C). The stability of Omp is
further evidence that OSNs survived the methimazole treatment. The reduction in Cyp2a5/
Cyp2a4 is consistent with previous evidence that methimazole, albeit at longer durations and
greater quantities, damages sustentacular cells and reduces expression of Cyp2a5 in other
mouse strains (Piras et al., 2003). The increase in Reg3g parallels the induction of this gene
in gut epithelia by gram-positive bacterial colonization and associated inflammatory and
immune responses (Cash et al., 2006;Ogawa et al., 2003).

Methimazole overcame the effect of naris occlusion
Given that methimazole applied systemically increased the abundance of UPR mRNAs, it
should be able to substitute for the stressors whose access is blocked by naris occlusion.
Methimazole appeared to have a much stronger effect than naris occlusion. We therefore
predicted that when applied simultaneously with naris occlusion, methimazole would again
cause large increases in UPR mRNA abundance. Indeed, this is what we observed (Fig. 3D).
In addition, methimazole’s effects were not reduced when naris occlusion was applied
simultaneously (Fig. 3E), arguing that the scale of the effects of methimazole and naris
occlusion applied independently were similar and did indeed reflect large differences in
response magnitude.

DISCUSSION
Though olfactory sensory neurons (OSNs) do ultimately respond to stress by undergoing
apoptosis and thereby helping to stimulate their own replacement, they are not passive
victims that lack defense mechanisms. Instead, OSNs responded to chemical stress with a
robust unfolded protein response (UPR). The possibility remains that misfolding of
endogenous proteins such as the odorant receptors, which may be difficult to fold
(Gimelbrant et al., 2001; Gimelbrant et al., 1999; McClintock and Sammeta, 2003), or other
factors might contribute to the UPR in OSNs, but we found that much of the UPR in OSNs
was due to external stressors, especially chemicals. The ability of chemical stress to increase
Chop expression, the critical element linking the UPR to apoptosis, suggests a potential
mechanism whereby chemical stress induces apoptosis of OSNs. That OSNs are almost
continuously exposed to chemical stress, yet appear to be slow to apoptose, suggests that
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they have an ability to survive chronic UPR. Like other cells with chronic UPRs, such as
brain neurons impacted by neurodegenerative diseases, they must have a mechanism of
uncoupling CHOP from the intrinsic pathway of apoptosis (Rutkowski and Kaufman, 2007).
More broadly, the UPR of OSNs appears to be only one component of a multicellular
response to damaging agents that enter the nasal cavity. Other components include increased
capacity to metabolize xenobiotic compounds by sustentacular cells and increased
antibacterial protein secretion by the neighboring respiratory epithelium.

OSNs have a chronic UPR disconnected from apoptotic mechanisms
Even in mice housed in our animal facility and otherwise untreated, we observed significant
expression of UPR genes in OSNs (Sammeta et al., 2007). That naris occlusion reduced the
amount of these mRNAs in samples of nasal epithelium can only mean that these decreases
occurred primarily in OSNs rather than in neighboring cell types. A large fraction of the
increases in UPR transcripts observed after tunicamycin and methimazole treatments must
also have occurred in OSNs. These treatments caused increases in mRNA abundance of up
to 15-fold yet in situ hybridization after the treatments continued to detect signals primarily
in OSNs (Fig. 4, Supplemental Fig. S3). If the response had occurred mostly in cell types
other than OSNs, then the in situ hybridization data would have shown stronger signals in
these other cells than in OSNs. These findings cannot be interpreted to mean the UPR
occurred only in OSNs, however, but rather that much of each increase was in OSNs. Other
cells certainly contributed, as evidenced by the behavior of Xbp1, which became detectable
in sustentacular cells only after chemical stress. Why OSNs were so highly responsive is
unknown, though a contributing factor may be the tendency for certain toxic chemicals such
as toluene and methimazole (or their metabolites) to accumulate in or near OSNs (Bergman
and Brittebo, 1999; Ghantous et al., 1990).

The extent of the UPR response in OSNs appeared to be complete in that we detected
expression of mRNAs that are downstream of each of the three sensor proteins. PERK
activation was indicated by increased expression of Nrf2, which when phosphorylated by
PERK induces its own expression (Kwak et al., 2002). IRE1a activity was demonstrated by
the presence of spliced Xbp1. ATF6 activity was indicated by the behavior of unspliced
Xbp1 mRNA, for which ATF6 is the primary activator (Yoshida et al., 2001). Many other
downstream UPR genes, such as Chop and BiP, are regulated coordinately by the three
sensor pathways (Schroder and Kaufman, 2005).

The activation of all three UPR pathways typically results in increased expression of Chop,
consequent repression of Bcl2, activation of pro-apoptotic genes and pathways, and
apoptosis (Rutkowski and Kaufman, 2007; Schroder and Kaufman, 2005; Szegezdi et al.,
2009). Several types of neurons are protected from stress-induced apoptosis if CHOP is
lacking (Chen et al., 2007; Silva et al., 2005; Tajiri et al., 2004; Tajiri et al., 2006).
However, this consensus mechanism may not be true for all cells, and differences in the
dynamics of the UPR signaling pathways can result in differences in cell survival (Lin et al.,
2007; Southwood et al., 2002). For example, sustained IRE1a pathway activation appears to
be associated with increased cell survival (Lin et al., 2007). Our data suggest that OSNs
survive at least a low level of chronic UPR for weeks or months, but don’t yet indicate how.
Perhaps the IRE1a pathway predominates and persists in OSNs during chronic stress.
Alternatively, perhaps the increase in Chop mRNA we observed in response to chemical
stress is disconnected from the intrinsic apoptotic pathway in OSNs. Bcl2, a potent regulator
of OSN apoptosis that decreases in severely damaged OSNs, is expressed in OSNs and is
modulated by odor-stimulated cyclic AMP and mitogen activated protein kinase signaling
(Jourdan et al., 1998; Sammeta et al., 2007; Shetty et al., 2005; Watt et al., 2004; Yagi et al.,
2007). We observed that Bcl2 mRNA decreased along with Chop after naris occlusion and
failed to decrease when Chop increased after methimazole or tunicamycin treatment, leading
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to the hypothesis that OSNs survive chronic UPR in part by disconnecting CHOP from Bcl2
repression until such time that damage accumulates sufficiently or is acutely severe, as when
OSN axons are severed (Carson et al., 2005; Shetty et al., 2005). The interactions between
the UPR and regulators of apoptosis, especially Bcl2 family proteins, is multifaceted and
bidirectional (Szegezdi et al., 2009) so the regulation of Bcl2 by the UPR presumably
represents only one component of the OSN’s ability to resist apoptosis driven by ER stress.

Chemical stress activates the UPR in OSNs
The UPR can be activated by any stress that increases the load of unfolded proteins in the
ER, either via increased expression of difficult-to-fold proteins or more commonly by insults
that cause increased frequency of protein misfolding. Naris occlusion reduces access of
several types of external stressors to the olfactory epithelium, including chemicals,
microorganisms, and particulates. That the olfactory epithelium must absorb volatile
chemicals in order to detect them favors the interpretation that chemical stress causes UPR
transcripts to be abundant in OSNs. By measuring UPR transcripts in Cnga2−/− mice, we
were able to rule out the potentially confounding factor of OSN activity, which also
decreases after naris occlusion. More directly, we found that the olfactotoxic chemical
methimazole increased expression of fundamental UPR genes in OSNs. The powerful effect
of methimazole on UPR transcript abundance compared to the intermediate level of
abundance evoked by ambient odorant chemical exposure in our mouse colony correlates
with methimazole’s unusually high toxicity to the olfactory epithelium. While not ruling out
the possibility that other stressors would also activate the UPR in OSNs, we conclude that
chemical stress is sufficient to do so in OSNs. That systemic chemical stress, the route we
used for methimazole and tunicamycin, has indirect effects on the UPR via hormonal signals
seems unlikely. For example, tunicamycin does not induce a corticosterone response in rats
(Gonzales et al., 2008). In addition, the evidence is strong that systemic methimazole acts
locally in the olfactory epithelium (Bergman and Brittebo, 1999; Bergman et al., 2002;
Bergstrom et al., 2003; Brittebo, 1995). Overall, our data implicate the absorption of
chemicals as the major driving force behind the expression of UPR genes in mouse OSNs, at
least under standard laboratory housing conditions.

Does the level of the UPR in OSNs directly correlate with the amount of odorant recently
experienced? We suspect that this correlation is very nonlinear. The powerful capacity of the
sustentacular cells to metabolize and presumably clear odorant chemicals may be sufficient
to prevent significant accumulation of odorants and their metabolites, keeping chemical
stress within the epithelium at low to moderate levels. Consistent with this idea, in pilot
experiments with increased odor stimulation we detected no significant increase in UPR
mRNAs. We hypothesize that only in cases of extreme odorant concentrations that
overcome clearance mechanisms, or the rare instances of chemicals that are unusually
difficult to metabolize and clear (e.g., methimazole), would the full UPR become apparent.

The results of our methimazole treatments should not be interpreted as contradictory to
previous demonstrations of the ability of methimazole to cause lesions of the olfactory
epithelium (Bergman and Brittebo, 1999; Bergstrom et al., 2003; Brittebo, 1995). Indeed,
we have used two 50 mg/kg doses of methimazole to lesion the sustentacular cell and OSN
layers of the olfactory epithelium of adult C57Bl/6 mice (unpublished data), just as others
have done in other mouse strains (Bergman et al., 2002; Piras et al., 2003). While strain
differences in sensitivity to methimazole are as yet unproven, the extent of lesions at 24 hrs
after a single methimazole dose in adult NMRI mice did appear to be more extensive than in
adult C57Bl/6 mice (Brittebo, 1995). Age, however, may have been the greatest factor
contributing to the lower susceptibility we observed. Though the effect of methimazole on
juvenile mice has not been documented, aging increases the response of humans to
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methimazole (Yamada et al., 1994). In addition, the UPR, which appears to help protect
OSNs against methimazole toxicity, also decreases with age (Naidoo, 2009).

A multifaceted defense response in the nasal cavity
Naris occlusion evoked decreases in expression of components of three distinct defense
mechanisms in nasal epithelia: the UPR in OSNs, xenobiotic chemical transformation in
sustentacular cells, and expression of the antibacterial protein Reg3g in an as yet
unidentified cell type in the respiratory epithelium. The chemical transformation capacity of
sustentacular cells is well known (Banger et al., 1994; Chen et al., 1992; Dahl et al., 1982;
Heydel et al., 2001; Krishna et al., 1994; Matsui et al., 1998; Miyawaki et al., 1996; Piras et
al., 2003; Thornton-Manning et al., 1997; Yu et al., 2005). This function would appear to be
critical for a tissue whose purpose is to concentrate and detect exogenous chemicals,
consistent with evidence that cytochrome P450 activity is even higher in the olfactory
epithelium than in the liver (Reed et al., 1986). In contrast, environmental stressors had not
previously been linked to either the UPR in OSNs or to antibacterial gene expression in the
respiratory epithelium. The signals and pathways that regulate the expression of Cyp2a5/
Cyp2a4 in sustentacular cells and Reg3g in respiratory epithelium remain unknown. While a
mechanism to coordinately regulate expression of all three of these defense responses is
possible given that all responded to a single manipulation (naris occlusion), a simpler
explanation is that naris occlusion reduced access of distinct triggers for each.

In summary, nasal epithelia experience environmental insults ranging from chemicals to
pathogenic microorganisms to particulate matter. They monitor and respond to these insults.
To the view that mucus secretion and flow helps carry away all three types of insults, and
that the sustentacular cells have a powerful ability to transform and presumably clear
xenobiotic chemicals, must now be added two additional components. First, OSNs resist
chemical damage by increasing their ability to protect and reconstitute misfolded proteins.
Second, respiratory epithelial cells express, and presumably secrete, the gram-positive
antibacterial lectin Reg3g in a manner that may be regulated by the level of environmental
insult experienced.
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Fig. 1.
Schematic depiction of selected core elements of the unfolded protein response (UPR),
featuring the components measured herein (Schaefer et al., 2001; Schroder and Kaufman,
2005; Zhang and Kaufman, 2008a; b). Accumulation of unfolded proteins in the ER lumen
competitively reduces BiP binding to PERK, IRE1a, and ATF6, releasing them to carry out
their cytoplasmic and nuclear activities. PERK phosphorylates several substrates, including
NRF2 and EIF2a. The latter event decreases translation of most mRNAs, but also increases
translation of a few others, such as the transcription factor Atf4 (not depicted). IRE1a
dimerizes, activating its endoribonuclease activity and thereby reducing Xbp1 mRNA into a
transcript that encodes an active bZIP transcription factor. ATF6 translocates to the Golgi
apparatus where the action of two proteases (S1P and S2P) release a bZIP transcription
factor domain. The increased availability of these transcriptional regulators alters expression
of many genes, including the core elements of the URP pathway itself, molecular
chaperones, proteins involved in the degradation of ER proteins, antioxidant proteins,
metabolic enzymes, regulators of the cell cycle, and survival/apoptotic factors.

Sammeta and McClintock Page 16

J Comp Neurol. Author manuscript; available in PMC 2011 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
UPR transcripts were detected primarily in the OSN layers of the olfactory epithelium. (A)
A map of the cell body layering of the pseudostratified olfactory epithelium using mRNAs
specific to each cell type. Omp is specific to mature OSNs (mOSN), Gap43 to immature
OSNs (iOSN), Ngn1 (Neurog1) to basal progenitor cells (basal), and Cyp2a5/Cyp2a4 to
sustentacular cells (Sus) and Bowman’s gland duct cells (BG). The lines mark the basal
lamina separating the olfactory epithelium from the lamina propria (LP). (B – G) Atf4, Nrf2,
Atf6, BiP, Xbp1, and Chop were detected in the OSN layers central to the epithelium. BiP
(panel E) was also detected in the sustentacular cells, basal cells, and cells of the underlying
lamina propria. (H) An example of the lack of signal in sense strand hybridizations. Scale
bars, 25μm.
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Fig. 3.
Summary of quantitative RT-PCR experiments displaying the fold-differences for treatment
versus control for mRNAs in olfactory epithelium samples. (A) Tunicamycin increased all
UPR transcripts compared to saline injection. N = 3 mice. (B) Naris occlusion decreased
BiP, Xbp1, spliced Xbp1, and Chop, as well as Bcl2, Cyp2a5/Cyp2a4, and Reg3g. N = 6
mice. (C) Methimazole increased all UPR transcripts and Reg3g, but decreased Cyp2a5/
Cyp2a4, compared to saline. N = 5 mice. (D) Naris occlusion did not impede the ability of
methimazole to increase UPR mRNA abundance. Olfactory epithelium samples ipsilateral to
naris occlusion (closed side) of mice injected with methimazole were compared to olfactory
epithelia contralateral to naris occlusion (open side) from an independent group of mice
injected with saline. N = 5 mice. (E) No differences were observed in methimazole effects
between samples ipsilateral and contralateral to naris occlusion. N = 5 mice. (F) None of the
transcripts differed in abundance between Cnga2−/− and Cnga2+/+ mice. N = 6 mice. Error
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bars, standard error of the mean; Black, significant increase; grey, significant decrease; *,
corrected p < 0.05; **, corrected p < 0.01.
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Fig. 4.
After methimazole treatment UPR transcripts were still detected primarily in the OSN layers
of the olfactory epithelium. (A – C, F) Atf4, Nrf2, Atf6, and Chop were detected only in the
OSN layer. (D) BiP was detected in all cell layers, its normal pattern. (E) Xbp1 was detected
in the OSN layers, and also faintly in the sustentacular cell layer (arrow). (G – I) Expression
patterns of the control mRNAs Omp, Cyp2a5/Cyp2a4, and Reg3g were normal. OE,
olfactory epithelium; RE, respiratory epithelium; Scale bars, 25μm.
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Table 1

Primary antibodies used for immunohistochemistry.

Antigen Immunogen Manufacturer Dilution

Active Caspase-3 residues 165 – 175 in human caspase-3 # 9661S, Cell Signaling Technology Inc., Danvers, MA 1:200

J Comp Neurol. Author manuscript; available in PMC 2011 May 15.


