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ABSTRACT
Heat shock, or stress, proteins (HSPs) are induced in response to conditions that cause

protein denaturation. Activation of cellular stress responses as a protective and survival
mechanism is often associated with chemical exposure. One interface between the body and
the external environment and chemical or biological agents therein is the olfactory epithe-
lium (OE). To determine whether environmental odorants affect OE HSP expression, rats
were exposed to a variety of odorants added to the cage bedding. Odorant exposure led to
transient, selective induction of HSP70, HSC70, HSP25, and ubiquitin immunoreactivities
(IRs) in supporting cells and subepithelial Bowman’s gland acinar cells, two OE non-neuronal
cell populations involved with inhalant biotransformation, detoxification, and maintenance of
overall OE integrity. Responses exhibited odor specificity and dose dependency. HSP70 and
HSC70 IRs occurred throughout the apical region of supporting cells; ubiquitin IR was
confined to a supranuclear cone-shaped region. Electron microscopic examination confirmed
these observations and, additionally, revealed odor-induced formation of dense vesicular
arrays in the cone-like regions. HSP25 IR occurred throughout the entire supporting cell
cytoplasm. In contrast to classical stress responses, in which the entire array of stress
proteins is induced, no increases in HSP40 and HSP90 IRs were observed. Extended exposure
to higher odorant doses caused prolonged activation of the same HSP subset in the non-
neuronal cells and severe morphological damage in both supporting cells and olfactory
receptor neurons (ORNs), suggesting that non-neuronal cytoprotective stress response mech-
anisms had been overwhelmed and could no longer adequately maintain OE integrity.
Significantly, ORNs showed no stress responses in any of our studies. These findings suggest
a novel role for these HSPs in olfaction and, in turn, possible involvement in other normal
neurophysiological processes. J. Comp. Neurol. 432:425–439, 2001. © 2001 Wiley-Liss, Inc.

Indexing terms: olfactory supporting cells; Bowman’s glands; HSP25; HSP70; HSC70; ubiquitin;

olfactory epithelium; ubiquitin-positive membranous arrays

Heat shock, or stress, protein (HSP) expression is in-
duced or upregulated by exposure of cells to physiological
stresses that cause protein denaturation and misfolding.
Under such conditions of stress the HSPs function to re-
pair protein damage, thereby enhancing cell survival. In
normal, unstressed cells HSPs also have essential func-
tions, including roles in protein synthesis, folding, and
translocation. Again, as in stressed cells, it is the presence
of unfolded proteins that is responsible for induction of
stress protein expression in these normal cellular func-
tions. In both situations HSPs function either 1) as mo-

lecular chaperones to facilitate proper protein folding and
attainment of the native state (e.g., the HSP70, HSP90,
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HSP40, and small HSP families); or 2), in the case of
ubiquitin, as a molecular tag to target misfolded/
denatured proteins for degradation. Thus, the cell stress
protein response system can be seen as a sensor of phys-
iological chemical changes. Absence of functional stress
proteins leads to accumulation of aggregates of misfolded
proteins and ultimately to cell death. These points have
all been reviewed extensively (e.g., Morimoto et al., 1990,
1994b; Finley and Chau, 1991; Parsell and Lindquist,
1993; Arrigo and Mehlin, 1994; Ciechanover and
Schwartz, 1994; Jennissen, 1995; Hartl, 1996; Peters et
al., 1997; Varshavsky, 1997; Morimoto, 1998; Morimoto
and Santoro, 1998; Hicke, 1999).

The olfactory system is also exquisitely refined in its
ability to detect and transduce changes in the chemical
environmental (e.g., Mori and Yoshihara, 1995). In addi-
tion, in vertebrates the olfactory epithelium (OE), the site
of olfactory transduction, lines the nasal septum and bony
turbinates in the posterior half of the nasal cavity (Fig. 1).
It is thus situated at an interface between the body and

the external environment and any noxious or any xenobi-
otic agents therein. The OE is, in fact, a known entry route
for pathogens and chemicals into the brain (e.g., Shipley,
1985; Lewis and Dahl, 1995; Tjälve et al., 1996). For these
two reasons the OE provides an attractive tissue in which
to address the question of whether the heat shock re-
sponse might serve as a molecular response to environ-
mental conditions.

The OE contains three major cell types, shown in Figure
1C: olfactory receptor neurons (ORNs), the cilia of which
are the sites of olfactory transduction; basal cells, the
ORN progenitors; and non-neuronal supporting cells (SCs),
situated in a single apical layer and responsible for mucus
secretion, inhalant detoxification/biotransformation/signal
termination, perireceptor ion regulation, and phagocytosis
of apoptotic ORNs. In addition, the submucosal Bowman’s
glands function in mucus secretion and detoxification/
biotransformation processes. Together, the SCs and Bow-
man’s glands act to maintain overall OE integrity (e.g.,
Margolis and Getchell, 1988; Dahl and Hadley, 1991; Laz-

Fig. 1. Micrographs of coronal sections through the nasal cavities
of a rat exposed for 6 hours to 1.0 ml lemon essential oil extract added
to cage bedding (A–C,E–G) and of a control rat kept in normal bedding
for 6 hours (D,H). Sections were processed by immunoperoxidase
techniques by using one antibody (Mab 2A4) directed to both the
HSP70 and HSC70 members of the 70-kDa HSP70 heat shock protein
family (A–D) and one (a-ubi) directed to ubiquitin (E–H). In all panels
except C and G, dorsal is up, the nasal septum is to the left, and bony
nasal turbinates project from the lateral nasal surface (out of the
image on the right). The nasal cavity (nc), olfactory receptor neuron
(orn), supporting cell (sc), and basal cell (bc) layers of the olfactory

epithelium (OE) are indicated in C. B,C: Higher magnifications of the
boxed areas in A and D, respectively. Increased immunoreactivities
(IRs) are apparent in the supranuclear region of supporting cells in
exposed (e.g., arrows in B,C,F,G) but not unexposed animals (D,H).
Faint Bowman’s gland IRs also occur in odorant-exposed tissue (ar-
rowheads, C,G). In contrast, no increased IRs can be seen in any
olfactory receptor neurons. Note that, because the a-ubi IR is easier to
see than 2A4 IR, most subsequent figures in this report show sup-
porting cell a-ubi IR only. Scale bars 5 1 mm in A,E; 250 mm in
B,D,F,H; 30 mm in C,G.
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ard et al., 1991; Farbman, 1992; Lewis and Dahl, 1995;
Suzuki et al., 1995, 1996).

To examine possible effects of environmental odorants
on OE HSP expression, rats were exposed to a variety of
odorants, and their olfactory tissues were examined for
altered patterns of immunoreactivity (IR) of antibodies to
several HSPs. Findings show that exposure to specific
odorants results in enhanced expression of specific HSPs
in the supporting cells and Bowman’s glands. Accompany-
ing these responses is the appearance at the ultrastruc-
tural level of dense arrays of membranous sacs in the
supranuclear region of supporting cells. These arrays are
spatially coincident with the localization of IR to antibod-
ies to ubiquitin. Such findings indicate that the stress
response may represent a normal and important compo-
nent of inhalant processing. They also indicate that spec-
ificity in this response occurs at the odorant, cell-type, and
gene level. Portions of this work have appeared previously
in abstract form (Carr and Farbman, 1997, 1998; Carr et
al., 1999a,b).

MATERIALS AND METHODS

All rats used in these studies had been resident in the
Northwestern University animal facility for at least 2
days prior to experimental use. All procedures involving
animal usage were approved by the Northwestern Univer-
sity Animal Care and Use Committee.

Odorant exposure

Individual adult male rats (300–450 g; Sprague-Daw-
ley; Harlan, Indianapolis, IN) were placed in clean 19-liter
plastic cages containing 1.5 liters of fresh aspen chip bed-
ding (Northeastern Products, Caspian, MI) to which an
odorant, initially in the form of commercially available
“aromotherapeutic” products (Table 1), had been added
and well mixed. Somewhat similar methods, by using food
pellets saturated with dissolved odorants, were found by
earlier researchers to be effective in modulating neonatal
odor-specific learning in rats (Duveau and Godinot, 1988).

Two to three animals were exposed to each odorant.
Exposure times were 6 hours unless otherwise noted. Two
control animals were treated identically except for the
absence of added odorants. The cages for both control and
experimental animals were kept in an exhaust hood
throughout the exposure period to prevent exposure to any
accumulations of random laboratory odors for significant
lengths of time. In addition, perfume usage by laboratory
personnel was avoided on days when odorant exposure
procedures were performed.

Light microscopy

Histological preparation and immunohistochemis-

try. Following odor exposure, animals were deeply anes-
thetized with sodium pentobarbital (130 mg/kg b.wt.,
Nembutal Sodium Solution; Abbott Laboratories, North
Chicago, IL), exsanguinated with phosphate-buffered sa-
line, pH 7.0 (PBS), and perfused with Bouin’s solution.
After overnight postfixation in Bouin’s, noses were
trimmed, decalcified in RDO (Apex Engineering, Plain-
field, IL), dehydrated in ethanol, cleared in Histosol (Na-
tional Diagnostics, Atlanta, GA), embedded in Paraplast
(Oxford, St. Louis, MO), and sectioned at 10 mm. Sections
distributed along the length of the OE were exposed to
antibodies to various stress proteins and processed by

immunoperoxidase techniques by using the appropriate
ABC Elite kit (Vector, Burlingame, CA) with diaminoben-
zidine serving as the chromophore. Omission of primary
antibodies served to control for IR.

Antibodies used for light microscopic studies. An-
tibodies used are listed in Table 2. Anti-ubiquitin (a-ubi)
and Mab 2A4, an antibody directed to both the HSP70 and
HSC70 members of the HSP70 family in the rat OE (Carr
et al., 1994, 1999c), were used to examine responses to all
exposure conditions with the greatest degree of thorough-
ness. However, sections from selected animals exposed to
each experimental condition were also examined with
each of the other antibodies listed.

Electron microscopy

Conventional transmission EM. Conventional trans-
mission EM was used to show cellular ultrastructure
clearly. Rats were perfused as above but with Karnovsky’s
fixative. Septal OE was postfixed in 1% OsO4, stained with
3% uranyl acetate, dehydrated, and Epon-embedded. Thin

TABLE 1. Odorants Tested and Their Effects on Mab 2A4 (a-HSP70/
HSC70) and a-Ubiquitin Immunoreactivities in Rat OE Supporting Cells1

Panel IR intensity

a. Essential oil extracts tested as odorants
Lemon 1
Anise 1
Cinnamon 1
Clove (1.0, 4.0 ml) 2
Lavender 1
Spearmint 1
Peppermint (0.5, 1.0 ml) 1

b. Chemically pure forms of panel a odorants tested
Citral (lemon) 1
Cinnamaldehyde (cinnamon) 1
Linalyl 1 linalool (1:1 5 lavender) 1
l-Carvone (peppermint) 1
Eugenol (clove) 2

c. Additional odorants tested.
0.5% skatole (fecal) 2
20%, 40%, 60% butyric acid (rancid) 2
10% propyl mercaptan (rotten egg) 1

1Animals were placed in clean 19 l cages containing 1.5 l cage bedding mixed with one
of the indicated odorants. Unless otherwise noted, 1.0 ml of each odorant in panels a
and b and 1.0 and 3.0 ml of each in panel c were used. Exposure times were 6 hours. 1,
IR enhancement relative to unexposed controls; 2, no change in IR intensity relative to
controls. Essential oil extracts in panel a were obtained from Aura Cacia (Weaverville,
CA); odorants in panels b and c were from Aldrich (Milwaukee, WI) except for eugenol
(Henry Schein, Inc., Port Washington, NY). For panels b and c, the odor associated with
each odorant is indicated parenthetically. For panel c, the diluent for solutions or
emulsions was distilled water.

TABLE 2. Summary of Antibodies Tested1

Antibody
Source species

and type
Immunogen

species

Dilution for

LM EM

a-Ubiquitin Mouse Mab2 Bovine 1:500–1:1,500 1:10–1:100
Mouse Mab3 Bovine — 1:10–1:100
Rabbit Pab4 Bovine — 1:10–1:100

2A45 Mouse Mab Human 1:25 —
a-HSP703 Goat Pab Human 1:200 —
a-HSC703 Goat Pab Human/mouse 1:25 —
a-HSP256 Rabbit Pab Mouse 1:750 —
a-HSP406 Rabbit Pab Human 1:100–1:400 —
a-HSP906 Mouse Mab Achlya ambisexualis 1:100–1:400 —

1HSP, heat shock protein; Mab, monoclonal antibody; Pab, polyclonal antibody; LM,
light microscopy; EM, electron microscopy.
2Obtained from Chemicon (Temecula, CA).
3Obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
4Obtained from Dako (Carpinteria, CA).
5Immunoreactive to both the predominantly stress-inducible HSP70 and the predom-
inantly constitutively expressed HSC70 members of the HSP70 protein family in the
rat OE (Carr et al., 1994, 1999).
6Obtained from StressGen Biotechnologies (Victoria, BC, Canada).
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sections were prepared, stained with 3% uranyl acetate,
and examined on a JEOL (Tokyo, Japan) 100CX electron
microscope. Tissues from one unexposed and two odor-
exposed animals were examined.

Freeze-substitution/immunocytochemical EM tech-

niques. To better examine immunoreactivities at the ul-
trastructural level, freeze-substitution EM techniques
were used. Rats were perfused with 4% paraformaldehyde
in 0.1 M Sorenson’s buffer, pH 7.2, with 0.15 mM CaCl2.
Septal OE was postfixed overnight, washed, cryoprotected
in glycerol, freeze-substituted in methanol with 1% uranyl
acetate, and Lowicryl-K11M-embedded at low tempera-
tures as described previously (Menco, 1995, 1997; Menco
et al., 1997). Thin sections were prepared and processed
for immunocytochemistry by using 2A4 and several
a-ubiquitin antibodies as primary antibodies (Table 2) and
gold-conjugated anti-mouse secondary antibodies (EM Sci-
ences, Ft. Washington, PA). Tissues from two odorant-
exposed and two unexposed animals were examined.

Heat shock

Several rats were heat shocked to provide a comparison
for heat shock protein upregulation in odor-exposed rats.
Rats were anesthetized with sodium pentobarbital (50/kg
b.wt.) and placed in a plastic container floating in a 43°C
water bath. Body temperatures were monitored every 5
minutes by using a rectal thermometer (YSI, Yellow
Springs, OH), and rats were kept in the plastic container
until their body temperatures reached 43.0°C. This gen-
erally required 60–70 minutes during which time addi-
tional doses (usually one) of 2.5 mg pentobarbital were
administered as needed. Rats were then promptly re-
turned to room temperature for 6 hours, at which point
they were sacrificed and their nasal tissues processed for
light microscopic immunohistochemistry as above. Con-
trol rats were treated in a similar manner except that the
water bath temperature was kept at 32–34°C to maintain
rectal temperatures of 37°C. Two heat-shocked and two
control animals were examined.

Photoimaging

Micrographs were photoimaged by using a Leitz (Wetzlar,
Germany) Laborlux D microscope connected to a Sony (To-
kyo, Japan) DK5000 video camera and Adobe Photoshop 5.0
software (Adobe Systems, Mountain View, CA).

RESULTS

Odorant induction of OE stress responses

Odorants initially tested were lemon and peppermint
essential oil extracts (Table 1) used in volumes of 0.5 and
1.0 ml, amounts sufficient to give moderately strong odor
intensities to human observers. These caused striking in-
duction of both the a-HSP70/HSC70 Mab 2A4 and
a-ubiquitin (a-ubi) IRs in the supranuclear region of nu-
merous supporting cells in the OE along the nasal septum
and turbinates (Fig. 1). This SC supranuclear region con-
tains distinct Golgi stacks, smooth and rough endoplasmic
reticulum, and dense bodies (e.g., Graziadei, 1971; Naguro
and Iwashita, 1992). Upregulation of 2A4 and a-ubi IRs
had been previously observed in this same region follow-
ing ketamine anesthesia (Carr and Farbman, 1993).
Within individual immunoreactive SCs, the supranuclear
a-ubi IR appeared distinctly more intense and more con-

centrated in a cone-shaped region immediately apical to
the nucleus than the more diffusely distributed 2A4 IR (cf.
Fig. 1C,F). Such responses were most obvious in SCs along
the nasal septum and more medial surfaces of the bony
turbinates but decreased laterally. Little or no IR en-
hancement was observed in the OE lining the back sides of
turbinates or lateral surfaces of the nasal cavity. In all
cases, spatial distribution of 2A4 and a-ubi IRs within the
nasal cavity coincided closely. These distribution patterns
did not mirror olfactory-receptor based nasal zones (e.g.,
Ressler et al., 1993; Vassar et al., 1993; Strottmann et al.,
1994).

Some Bowman’s gland acinar cells showed heightened
2A4 and a-ubi IRs as well. These acinar cell responses
were variable and much less intense than the supporting
cell IRs (Fig. 1C,G), but in each animal they occurred in
the same nasal locales as the SC responses. Such elevated
2A4 and a-ubi IRs were never observed in SCs of the two
control animals (Fig. 1D,H), nor have they been seen in
the SCs of other untreated control animals used for other
experiments in our lab over the years.

Significantly, no induction of 2A4 or a-ubi IRs was ob-
served for olfactory receptor neurons (ORNs; Fig. 1C,G).
Thus, the intense upregulation of stress protein expres-
sion was clearly limited to those cell populations contain-
ing the biotransformation/detoxification apparatus, i.e.,
the supporting cells and Bowman’s glands acinar cells.

Odorant specificity

Further investigation with a wider variety of odorants
confirmed the above observations of odorant-induced sup-
porting cell stress responses. Odorants tested included 1)
several additional essential oil extracts, 2) chemically
pure forms of the characterizing odor in each of those
extracts shown to evoke stress responses, and 3) chemi-
cally pure odorants for previously untested odors (Table 1,
panels a, b, and c, respectively). Results (Table 1) demon-
strate clear specificity in the odorant-induced stress re-
sponse: no responses were observed to either clove oil or
eugenol (the odorant in clove oil), to butyric acid, or to
skatole, in any of the volumes or concentrations tested.

Individual variation in the odorant response

Variation was observed among individual animals as to
the exact nasal location of reactive SCs. Of three animals
exposed to anise extract, one showed a predominantly
dorsal IR distribution and the others a predominantly
ventral distribution (Fig. 2). Similar variation was noted
with other odorants as well. Such interanimal variation
may reflect individual differences in nasal air flow, result-
ing in differential odorant concentration in different nasal
regions.

Specific HSP70 and HSC70 IRs

Because in the rat OE Mab 2A4 was previously found to
be immunoreactive with both the stress-inducible HSP70
and the predominantly constitutively expressed HSC70
members of the HSP70 family (Carr et al., 1994, 1999c),
the individual contribution of each of these proteins to the
odorant-induced SC 2A4 IR was examined. Sections
through odor-exposed OEs that had shown enhanced 2A4
IR were probed with HSP70- and HSC70-specific antibod-
ies. Both proteins showed odorant-enhanced IRs, but en-
hancement for HSP70 appeared to be somewhat greater
than that for HSC70 (Fig. 3).
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Fig. 2. Micrographs of sections through the nasal cavities of two
animals exposed to 1.0 ml anise oil extract for 6 hours showing the
distribution of a-ubi IR in supporting cells. A: This animal exhibited
a predominantly dorsal and medial distribution of elevated IR (above
the dotted line). B: This animal exhibited a more ventral distribution
(below the dotted line). C,D: Higher magnifications of the nasal lo-

cales indicated by an asterisk in A and B, respectively. These are the
regions where the transition between a-ubi(1) and a-ubi(2) support-
ing cells occurs in the septal OE. Such transitions in the septum and
nearby turbinates are indicated with arrows in C and D. Scale bar 5
400 mm in A,B; 200 mm in C,D.



Temporal and quantitative aspects

Results also showed temporal and quantitative effects
of odorant exposure. Animals exposed to 1.0 ml lemon oil
for 3 hours and then sacrificed 3 hours later showed re-
sponses comparable to those in animals exposed for the
entire 6-hour period (Fig. 4A,D; cf. Fig. 1E), whereas an-
imals exposed for 1 hour and sacrificed 5 hours later
showed smaller responses with distinctly patchy nasal
distributions (Fig. 4B,E). A 15-minute exposure evoked
minimal responses at 6 hours, again with patchy distri-
butions (Fig. 4C,F). Quantitatively, a full 6-hour lemon oil
exposure but to only 0.25 ml lemon oil gave reduced re-
sponses with variable nasal distribution, whereas expo-
sure to 0.05 ml (a volume giving odorant intensities just
perceptible to a human observer) caused no HSP IR up-
regulation (not shown).

Dose response and temporal factors also showed com-
bined effects. Exposure of rats to 0.5 ml peppermint oil
extract had given maximal SC responses after 6–8 hours,
similar to those shown for lemon in Figure 1. Continued
exposure to this odorant dose, however, was marked by a
decline in the stress response until little or no IR was
apparent by 24 hours (Fig. 5A). In contrast, prolonged
exposure to 1.0 ml peppermint oil extract gave very dif-
ferent results (Fig. 5B–F). First, intense SC IRs were still
apparent after 24- and 48-hour exposures, demonstrating
prolongation of the stress responses by exposure to higher
odorant levels. Again, however, no stress responses were
observed in the ORNs. Second, striking morphological
changes were apparent in the OE as a whole. These in-
cluded OE crenelation and the appearance of numerous
apoptotic figures throughout all three OE layers. After a
48-hour exposure to 1.0 ml peppermint oil, much slough-
ing of cells and cellular debris into the nasal cavity could
be seen as well. These changes were again most pro-
nounced along the septum and medial aspects of the tur-
binates, i.e., those areas showing the strongest induction
of HSP IRs by lower levels of odorant exposure.

Electron microscopy

Ultrastructural examination of septal OE was carried
out in control rats and following 6-hour odorant exposure

to determine whether cell structural changes might ac-
company the stress protein responses. Conventional EM
showed that many SCs of exposed rats exhibited a su-
pranuclear array immediately apical to cell nuclei. Such
arrays consisted largely of small vesicles circumscribed by
membranes of varying thickness (Fig. 6B). These arrays
were absent from SCs of unexposed rats (Fig. 6A),
which instead showed the expected Golgi stacks and
endoplasmic reticulum (e.g., Graziadei, 1971; Naguro
and Iwashita, 1992). Fine structural examination of
odorant-exposed OE prepared by freeze substitution/
postembedding immunocytochemical techniques to maxi-
mize antigenicity preservation (Menco, 1995) showed that
a-ubi IR in these SCs was co-extensive with the supranu-
clear electron-opaque vesicular arrays (Fig. 6C). This pat-
tern was consistently observed with each of the several
a-ubiquitin antibodies tested (Table 2). The 2A4 IR, in
contrast, was less intense, and the gold particle labeling
was diffusely distributed throughout the entire support-
ing cell apical region (not shown). These results thus con-
firm the IR patterns observed at the light microscopic
level.

Other HSPs

Given the observations for the ubiquitin and HSP70/
HSC70 antibodies, the effect of odorant exposure on ex-
pression of other HSPs was also investigated.

HSP25 IR. Initial studies examined the expression of
HSP25. HSP25 is a member of the small HSP family. It
functions as a molecular chaperone (Jakob et al., 1993)
and has been shown to protect cells against cell death
induced by a variety of conditions (e.g., Huot et al., 1991;
Lavoie et al., 1993; Mehlin et al., 1996a,b, 1997, 1999;
Guénal et al., 1997; Lewis et al., 1999; Wagstaff et al.,
1999).

Antibodies to HSP25 gave strikingly different IR pat-
terns in the OE from those seen with Mab 2A4 and a-ubi.
First, in control rats not exposed to odorants, IR was
largely confined to basal cells (Fig. 7C). Although exact
basal cell identity was not specifically examined, the re-
active cells appeared to be flat/horizontal basal cells (Hol-
brook et al., 1995). This IR was generally intense along the
septum and medial aspects of the turbinates but de-
creased laterally. Some control animals also showed scat-
tered regions of OE with supporting cell IR. Such control
SC IR was usually confined to the supranuclear region but
sometimes extended into the basal processes as far as the
middle of the OE thickness (not shown in Fig. 7C, but see
Fig. 9F). Second, in contrast to the controls, the SC
a-HSP25 IR in odor-exposed rats was not confined to the
supranuclear region. Rather, extremely pronounced IR
occurred throughout the entire SC cytoplasm, including
the basal processes and end feet (Fig. 7A,B). For each of
the quantitative and temporal parameters of odorant ex-
posure examined above, the nasal localization of this in-
tense SC a-HSP25 IR was similar to those of 2A4 and
a-ubi in each animal examined. Interestingly, in contrast
to the IR patterns seen with a-ubi and Mab 2A4, no
increased a-HSP25 IR was observed in Bowman’s glands.
Also of interest in the odor-induced HSP25 stress response
is an apparent decrease in basal cell a-HSP25 IR that
occurred in some odor-exposed animals. For the animals
shown in Figure 7 and several others examined, this was
certainly the case. However, in other animals such basal
cell IR reduction was less obvious, and we cannot rule out

Fig. 3. Supporting cell IRs (arrows) of antibodies directed specifi-
cally to the HSP70 (A) or HSC70 (B) members of the HSP70 heat
shock protein family in a rat exposed to 1.0 ml lemon oil extract for 6
hours. Scale bar 5 100 mm.
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the possibility that at least some of the apparent reduction
in a-HSP25 IR may reflect the difficulty in distinguishing
basal cell IR from IR in nearby SC endfeet.

As with Mab 2A4 and a-ubi, no a-HSP25 IR was ob-
served in ORNs of either control or odor-exposed animals.

HSP40 and HSP90. Immunoreactivities of both
HSP40 and HSP90 were subsequently examined because
both are often co-expressed with HSP70 in classical stress
responses (e.g., Cheetham et al., 1994; Bohen et al., 1995;
Schumacher et al., 1996; Glover and Lindquist, 1998).
Sections from several animals, each exposed to one of the
odorants listed in Table 1, were examined. Although an-
tibodies to both HSP40 and HSP90 showed IR in the

olfactory mucosa, neither showed odorant enhancement of
this IR (Fig. 8). This was true for both the supporting cells
and Bowman’s glands as well as for the ORNs.

Note concerning 2A4(1)ORNs in odorant-
exposed rats

We have previously described a small ORN subpopula-
tion that shows constitutive 2A4 IR (Carr et al., 1994,
1999c). Although this 2A4 IR was found to be entirely due
to HSP70, the predominantly stress-inducible member of
the HSP70 family, its expression in this ORN subpopula-
tion was shown not to be stress related. Corroborating
that conclusion, the present study showed neither a

Fig. 4. a-Ubi IR (e.g., arrows) in rats exposed to 1.0 ml lemon oil
extract for various times and then returned to normal air until 6
hours after the beginning of the exposure period. The boxed regions in
the upper frames are shown at higher magnification in the frames
below. A 3-hour exposure (A,D) gives IR distribution and intensity
comparable to those induced by the full 6-hour exposure shown in

Figure 1F. A 1-hour exposure (B,E) evokes a slightly more patchy IR
distribution and lower IR intensity, whereas a 15-minute exposure
(C,F) gives a response distinctly reduced in both IR intensity and
distribution. Scale bar 5 1 mm in C (applies to A–C); 5 200 mm in F
(applies to D–F).
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change in the characteristic 2A4(1)ORN zonal distribu-
tion within the nasal cavity nor an increase in
2A4(1)ORN OE density in odorant-exposed rats.

Heat-shocked rats

To provide a comparison for the odor-induced stress
responses, sectioned OE from archival material of several
rats that had been heat-shocked were probed with anti-
bodies to those HSPs that had shown odor-induced stress
responses, i.e., Mab 2A4, a-ubi, and a-HSP25. Results
showed that by 6 hours after rectal temperatures had
reached 43°C, significant upregulation of each of these
HSPs had occurred (Fig. 9). For 2A4 and a-ubi, responses
in the nasal mucosa were again localized to SCs and
Bowman’s glands acinar cells and were comparable in
degree to those seen in odor-exposed rats. HSP25 IR was
similarly upregulated in SCs. However, in contrast to the
situation in odor-exposed rats, in the heat-shocked ani-
mals HSP25 IR was also readily apparent in Bowman’s
glands acinar cells. No IR upregulation in ORNs was

observed for any of these HSPs. Control animals main-
tained at body temperatures of 37°C showed no upregula-
tion of these HSP IRs over those seen in untreated control
rats.

DISCUSSION

The OE stress response

The above results demonstrate that exposure of rats to
a variety of odorants for several hours induces selective
upregulation of a subset of stress proteins in the support-
ing cells and Bowman’s gland acinar cells of the olfactory
mucosa. In addition to specificity at the odorant, cell-type,
and stress protein levels, these responses are dose depen-
dent and transient. Significantly, similar odor-induced
stress responses have now also been observed in mice
(preliminary studies, not shown). Together these findings
clearly demonstrate that the so-called heat shock or stress
response occurs during normal odorant processing over a

Fig. 5. A–E: Micrographs of a-ubi IR (arrows) showing the com-
bined effects of increased odorant volume and exposure time. In rats
exposed to 0.5 ml peppermint oil extract for 24 hours (A), the IR has
returned to control levels by the end of the exposure time, and OE
morphology is normal. In rats exposed to 1.0 ml peppermint oil extract
for 24 (B,D,F) or 48 (C,E) hours, this is not the case. Continued
elevation of stress protein expression is apparent in both supporting
cells (arrows) and Bowman’s glands (arrowheads). Signs of extensive

OE disruption, including OE crenelation, are also apparent. At 48
hours, aggregations of sloughed OE cells in the nasal cavity (aster-
isks, C) and cells in the process of being sloughed from the OE
(between arrows, E) can be seen. F: In a hemotoxylin and eosin-
stained section from a rat exposed to 1.0 ml peppermint oil extract for
24 hours, the presence of numerous apoptotic cells (e.g., arrowheads)
throughout the OE are apparent. Scale bar 5 250 mm in C (applies to
A–C); 50 mm in D,E; 33 mm in F.
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wide range of odorant concentrations and may thus rep-
resent an important component of these processes, serving
to limit possible toxic effects of odorants or odorant pro-
cessing. Moreover, with the selective induction of a subset
of stress proteins, the odorant-induced OE stress response
stands in contrast to classical stress responses, in which
all HSPs genes are co-activated. Interestingly, drug-
induced differential induction of the stress-inducible
HSP70 and HSP25 in the absence of HSC70, HSP60, and
HSP90 upregulation have been reported in liver, another
tissue concerned with biotransformation and detoxifica-
tion (Salminen et al., 1997a,b).

Cell specificity

The responses involved striking upregulation of HSP70
and ubiquitin and somewhat less upregulation of HSC70.
Intense HSP25 responses also occurred in the SCs but
were not observed in the Bowman’s glands. In every case
upregulation of each of these stress proteins within the
nasal cavity was co-localized in the same nasal cavity
sites. The very distinct co-localization of these responses
to those cell types responsible for inhalant biotransforma-
tion and detoxification rather than the neighboring ORNs
was unexpected, because presumably odorants would par-
tition into all these cell types with equal ease. This finding
raises the possibility that products of the biotransformation/
detoxification processes themselves may be responsible for
HSP-inducing levels of protein damage that must be oc-
curring (e.g., Mosser et al., 1993; Morimoto et al., 1994a;
Morimoto, 1998; Morimoto and Santoro, 1998). The result-
ing increased stress protein expression may be critical in
protecting these inhalant-processing cells from proteotox-
icity during molecular detoxification/biotransformation
processes (Brandt et al., 1990; Genter et al., 1998; Shiba

and Shimamato, 1999). The degeneration seen in both
neuronal and non-neuronal cells following extended expo-
sure to high odorant concentrations (Fig. 5) probably re-
sults from an overwhelming of the stress responses to the
degree that the SCs and Bowman’s gland acinar cells can
no longer function to maintain OE integrity effectively.

Alternatively, the observed cell-type specificity may re-
flect a situation in which odorant-induced proteotoxicity
occurs indiscriminately in all nasal cell types but with SCs
and Bowman’s glands having lower thresholds for HSP
induction than ORNs. Supporting this possibility are the
results of our heat shock experiments. Presumably, in
heat stress, protein damage is thermally rather than
chemically induced and thus equally likely in ORNs and
non-neuronal cells. Nevertheless, even with a 43°C heat
shock, olfactory mucosal HSP70, ubiquitin, and HSP25 IR
upregulation was not observed in ORNs but still confined
to Bowman’s glands and SCs. Significantly, HSP25 up-
regulation, which was not observed in Bowman’s glands
with odor exposure, did occur in those structures following
heat shock. Its absence from ORNs after heat shock,
therefore, provides even stronger support for differential
thresholds of induction. Such differential HSP induction
thresholds in glial versus neuronal cells have been re-
ported in numerous other neural systems (for reviews, see,
e.g., Brown, 1994; Dwyer and Nishimura, 1994; Tytell,
1994). These differences probably reflect cell-specific mod-
ulatory processes as well as the nature of the inducing
stress (e.g., Brown, 1994; Dwyer and Nishimura, 1994;
Fernandes et al., 1994; Morimoto et al., 1994a; Wu et al.,
1994; Tytell, 1994; Marcuccilli et al., 1996; Morimoto,
1998; Bijur et al., 1999). Significantly, in the OE such
differential sensitivity might be especially advantageous.
Specifically, under normal physiological conditions SCs do

Fig. 6. Electron micrographs through the supranuclear region of
OE supporting cells in unexposed control (A) and a rat exposed to 1.0
ml lavender essential oil extract for 6 hours (B,C). A,B: Conventional EM
preparation to show cellular detail. A dense membranous array is obvi-
ous in odorant-exposed rat (B). C: Freeze-substitution/immunogold prep-

aration of odorant-exposed rat shows a-ubi IR (electron-dense parti-
cles, e.g., circled in C) co-localized to the electron-opaque membranous
array. n, nucleus; asterisks, immediate supranuclear region. Scale
bar 5 1 mm.
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Fig. 7. Immunoperoxidase OE preparations with antibodies di-
rected to the small heat shock protein HSP25. Intense supporting cell
IR (arrows) is obvious in OE following 6-hour exposure to 1.0 ml lemon
oil extract (A,B). None is seen in the odorant-nonexposed rat shown

(C). Basal cell activity (closed arrowheads, C) is apparent in nonex-
posed animals but appears less in tissue from exposed rat; it is
probably hidden by reactive basal feet (open arrowheads, B) in. Scale
bars 5 1 mm in A; 20 mm in B (applies to B,C).

Fig. 8. Immunoperoxidase OE preparations reacted with antibodies to HSP40 (A,B) and HSP90 (C,
D) showing absence of increased IRs in a rat exposed to 1.0 ml lemon essential oil extract (A,C) compared
with control rats not exposed to odorants (B,D). Scale bar 5 20 mm.
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not undergo turnover (Weiler and Farbman, 1997). The
ORNs, however, undergo continual, environmentally mod-
ifiable turnover throughout an animal’s life (Moulton et
al., 1970; Graziadei and Metcalf, 1971; Graziadei and
Monti Graziadei, 1978; Thornhill, 1979; Hinds et al.,
1984). Having a greater sensitivity to protein damage
specifically in those cells responsible for maintenance of
OE integrity and normally unable to replace themselves
(Dahl and Hadley, 1991; Lazard et al., 1991; Lewis and
Dahl, 1995; Suzuki et al., 1995, 1996; Weiler and Farb-
man, 1997, 1998) than in the ORNs, which are destined to
be replaced anyway, may thus be quite beneficial, both
energetically and in terms of maintenance of effective
olfactory functioning.

Ultrastructural aspects

The occurrence of dense supranuclear arrays of mem-
branous material in SCs of odor-exposed animals is a
previously unreported and highly significant observation.
It demonstrates the degree to which cytoplasmic struc-
tural modification can occur in these cells in the course of
inhalant exposure and processing. The varying membrane
thicknesses suggest multiple organellar origins for these
vesicular arrays. Given the high density of endoplasmic
reticulum and the presence of Golgi in the supranuclear
region (Graziadei, 1971; Naguro and Iwashita, 1992),
these structures would appear to be major contributors to
the arrays. Furthermore, the association of a-ubi IR with

Fig. 9. Immunoperoxidase OE preparations of sections through
the nasal cavities showing upregulated stress protein IRs in a rat
whose rectal temperature was raised to 43°C (A–C) compared with a
rat maintained at 37°C for 1 hour (D–F). A,D: a-Ubi. B,E: a-HSP70/
HSC70 (Mab 2A4); C,F: a-HSP25. Also note that, as in Figure 1, the
difference in a-ubiquitin and Mab 2A4 IR intensity is apparent (cf. B

and E). The short-tailed arrow in F points to SC a-HSP25 IR in control
animals as described in the text: both the distribution around the
nasal cavity of such control a-HSP25 IR and its presence basal to the
nuclei of supporting cells are substantially less than that seen in
heat-shocked or odorant-exposed animals. Scale bar 5 300 mm.
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these arrays suggests that supranuclear organelle-
associated proteins may be especially targeted for prote-
olysis under the inhalant-induced conditions.

The SC arrays themselves closely resemble structures
seen in liver cells after phenobarbital treatment (Fawcett,
1981). In contrast, they do not resemble the various
ubiquitin-associated structures observed in a variety of
diseased states, which are either much smaller in extent
or, more often, involve cytoskeletal elements (e.g., Perry et
al., 1987; Lennox et al., 1988; Garfolo et al., 1991; Dickson
and Yen, 1994; Landon et al., 1994; Iseki et al., 1996;
Alves-Rodrigues et al., 1998).

The absence of previous reports of SC supranuclear
ultrastructural changes in response to odor exposure un-
doubtedly reflects the longer time frame for exposure used
in the current studies (6 hours) versus earlier ones (min-
utes; e.g., Okano and Tagaki, 1974; Zielinski et al., 1988).
Interestingly, preliminary ultrastructural examination of
OE from rats 6 hours after injection of an anesthetically
appropriate amount of ketamine (90 mg/kg b.wt.), previ-
ously shown to induce supranuclear SC 2A4 and a-ubi IRs
at the light microscopic level (Carr and Farbman, 1993),
also induced the formation of a-ubi-positive dense mem-
branous arrays similar to those described above (not
shown). This indicates that formation of such arrays in
supporting cells is likely to occur in response to a variety
of conditions.

Selective upregulation of individual
stress proteins

The different degrees of upregulation and different SC
subcellular sites of expression seen for the individual
stress proteins we examined clearly reflects their different
substrates and specific functions as well as different sets
of expression-regulating factors (e.g., Rutherford and
Zucker, 1994; Morimoto et al., 1997).

The HSP25 response is particularly intriguing because
it differs so strikingly from the responses of the other
HSPs: first, in its unique occurrence in the basal processes
of SCs; second, in its unique absence from the Bowman’s
gland acinar cells. Even odorant-induced IR upregulation
of an antibody directed to the olfactory-specific isozymes of
the phase I biotransformation enzyme cytochrome P4501

(isozymes CYP2A10 and CYP2A11; Voigt et al., 1985;
Dahl, 1988; Ding and Coon, 1988, 1990; Nef et al., 1989;
Dahl and Hadley, 1991; Zupko et al., 1991; Chen et al.,
1992) was found to occur in and be limited to Bowman’s
glands and the apical regions of SCs (unpublished obser-
vations). An olfactory-specific member of the UDP-
glucuronosyl transferase phase II biotransformation en-
zyme family is found in these locales as well (Lazard et al.,
1991). These observations all suggest a quite distinctive
role for HSP25 in odor processing and/or protection from
proteotoxic products thereby generated.

HSP25 is the rodent homolog of the small HSP family
(sHSPs), a family that also includes human HSP27 and
aB-crystallin (Arrigo and Mehlin, 1994). Regulation of
sHSP expression appears to be quite complex, being not
only under the control of HSF1, the stress-induced up-

stream regulatory heat shock transcription factor (e.g.,
Mosser et al., 1993; Morimoto et al., 1994b; Morimoto,
1998; Morimoto and Santoro, 1998), but also subject to
other distinct, cell-type specific modulatory mechanisms
as well (Arrigo and Mehlin, 1994; Neininger and Gaestel,
1998). In addition to its role as a molecular chaperone
(Jakob et al., 1993), HSP25 serves as a modulator of re-
active oxygen species levels (Arrigo and Mehlin, 1994;
Mehlin et al., 1996a, 1997) and functions in the stabiliza-
tion of actin and intermediate filaments (Leicht et al.,
1986; Lavoie et al., 1993, 1995; Perng et al., 1999). It is
this last function that may be responsible for the striking
SC basal process response to odor exposure. HSP25 pro-
vides protection from cell death caused by a variety of
conditions including in vitro exposure to tumor necrosis
factor a (TNFa). In the latter case protection appears to be
mediated via reduction of intracellular levels of reactive
oxygen species through increased levels of the antioxidant
glutathione (Mehlin et al., 1996a, 1997). Glutathione can
also engage in thiol/disulfide exchange with HSP25 (Za-
vialov et al., 1998). Significantly, glutathione is expressed
at high levels in the OE and plays an important role in
inhalant biotransformation/detoxification (Meister and
Anderson, 1983; Reed, 1990; Kirstein et al., 1991; Rama
Krishna et al., 1992; Starcevic et al., 1993).

Also of note is the intense constitutive HSP25 IR seen in
the basal cells of control animals. Although basal cell IR
can indeed be seen with Mab 2A4 (Carr and Farbman,
1993; Carr et al., 1994, 1999c), it is not at all as intense or
widespread within the nasal cavity of that seen with
a-HSP25. Constitutive expression of HSP25 has previ-
ously been noted in a variety of tissue and cell types
(Gernold et al., 1993; Klemenz et al., 1993; Tanguay et al.,
1993; Mehlin et al., 1995; Plumier et al., 1997; Costigan et
al., 1998; Lewis et al., 1999), and developmentally related
increases of this expression have been noted as well (Ger-
nold et al., 1993; Costigan et al., 1998). Our results, how-
ever, indicate that in the OE, such an increase does not
occur in ORNs. Rather, there is an abrupt decrease in
a-HSP25 IR just as basal cells cease proliferation and
their progeny move apically out of the basal cell layer and
begin to differentiate into ORNs. Such a decrease is in line
with the apparent absence of stress responses in ORNs
noted previously and above (Carr and Farbman, 1993;
Carr et al., 1994, 1999c) and with our hypothesis that
rapid replacement of injured ORNs may be more energet-
ically efficient than mounting an energy-consuming effort
to save them (Carr et al., 1994). The fact that HSP25
overexpression in an immortalized ORN cell line has been
found to protect these cells from apoptosis following
dopamine-induced differentiation (Mehlin et al., 1999)
suggests that ORN HSP25 expression could indeed be
cytoprotective for ORNs were it to occur in them. In this
regard, the apparent odorant-induced decrease in basal cell
HSP25 IR, if indeed verified, may reflect a very early step in
preparing for possible replacement of injured ORNs. That
such an odorant-induced, differentiation-related change
in HSP25 expression would occur within hours of odor
exposure is intriguing.

Immunoreactivities of HSP40 and HSP90 were exam-
ined because both are often co-expressed with HSP70 (e.g.,
Cheetham et al., 1994; Bohen et al., 1995; Schumacher et
al., 1996; Glover and Lindquist, 1998). HSP40 is a highly
inducible stress protein showing similar kinetics of induc-
tion as HSP70 and co-localization with HSC70 in heat-

1Rabbit anti-CYP2A10/11 antibody (Ding and Coon, 1990) was gener-
ously provided by Dr. X. Ding, New York State Department of Health,
Albany, NY.
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shocked HeLa cells (Hattori et al., 1992, 1993). Its func-
tion is essential for the refolding activity of HSP70
(Michels et al., 1999). HSP90 plays major chaperone roles
in its own right, serving as a chaperone for steroid recep-
tor and protein kinase molecules associated with various
signaling pathways (e.g., Rutherford and Zucker, 1994;
Pratt and Dittmar, 1998; Toft, 1998). Moreover, HSP90
has been recently identified as a modulator of morpholog-
ical evolution through its chaperone functions in particu-
lar (Rutherford and Lindquist, 1998). It has also been
found to show neurite outgrowth-promoting activity (Ishi-
moto et al., 1998). Thus, given the strong HSP70 re-
sponses, the absence of responses by both HSP40 and
HSP90 was unexpected. It demonstrates that this
odorant-induced stress response of the OE is not a classic
stress response, in which expression of all HSP genes is
co-regulated. Rather, it involves a selective upregulation
of a subset of HSP genes, a phenomenon not previously
reported.

Absence of continual stress responses to
environmental odors

Finally, given the panoply of odors present in any nor-
mal environment, our findings might raise the question of
why even control rats would not show continuous pro-
nounced olfactory mucosal stress responses. The results of
the temporal and odorant volume studies above indicate
that exposure to moderate odorant levels can result in
apparent accommodation and a decline of the stress re-
sponse. Difficulties would come only with prolonged expo-
sure to higher inhalant levels (such as can occur, e.g., for
humans in various workplace situations; Cometto-Muñiz
and Cain, 1991). However, our own requirement for a
minimum 2-day residency in the Northwestern University
animal facility of all rats prior to experimental use would
have allowed for sufficient adaptation to any novel,
facility-associated odors. Mandated animal facility venti-
lation and care requirements would have prevented
buildup of strong odorant concentrations as well.

CONCLUSIONS

The results reported above demonstrate that the olfac-
tory system employs the stress response as a normal in-
halant processing component. Specificity of this response
occurs at the odorant, cell-type, and HSP gene expression
levels. Given the importance of olfactory function for both
individual and species survival (Farbman, 1992), the dis-
tinctive location of the OE, as a neural tissue, at the
interface of the body with the external environment, and
the well-known role of the olfactory mucosa as an entry for
xenobiotic agents into the central nervous system (e.g.,
Shipley, 1985; Lewis and Dahl, 1995), the impact of rou-
tine involvement of the cytoprotective stress response in
inhalant processing would be enormous. That this would
be the case for the olfactory system points to possible
stress response involvement in other normal physiological
processes as well.
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