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ABSTRACT
Heat shock proteins (HSPs) accumulate in cells exposed to
a variety of physiological and environmental factors, such
as heat shock, oxidative stress, toxicants, and odorants.
Ischemic, stressed, and injured cells release ATP in large
amounts. Our hypothesis is that noxious stimulation (in
this case, strong odorant) evokes the release of ATP in the
olfactory epithelium (OE). Extracellular ATP, a signal of
cellular stress, induces the expression of HSPs via puriner-
gic receptors. In the present study, in vivo odorant exposure
(heptanal or R-carvone) led to a selective induction of
HSP25 in glia-like sustentacular cells in the Swiss Webster
mouse OE, as previously shown in rats (Carr et al., 2001).
Furthermore, in vitro and in vivo administration of puri-
nergic receptor antagonists suramin and pyridoxalpho-
sphate-6-azophenyl-20,40-disulfonic acid (PPADS) blocked
the expression of HSP25 immunoreactivity in sustentacular
cells. ATP released by acutely injured cells could act as an
early signal of cell and tissue damage, causing HSP expres-
sion and initiating a stress signaling cascade to protect
against further damage. Sustentacular cells have a high
capacity to detoxify xenobiotics and thereby protect the
olfactory epithelium from airborne pollutants. Thus, the
robust, rapid induction of HSPs in sustentacular cells may
help maintain the integrity of the OE during exposure to
toxicants. VVC 2005 Wiley-Liss, Inc.

INTRODUCTION

Cells respond to a wide variety of stressful stimuli,
such as hypoxia, ischemia, and noxious chemical agents,
by transiently increasing expression of heat shock pro-
teins (HSPs). These proteins, defined by their physiologi-
cal induction by temperature elevation (heat shock),
have been found in virtually all organisms and are highly
conserved phylogenetically. The major HSP families,
named according to their molecular weight, include sets
of proteins of �110, 90, 70, 60, and 15–30 kDa (Fink,
1999). Constitutively expressed HSPs function as mole-
cular chaperones and participate in protein synthesis,
folding, transport and translocation under normal phy-
siological conditions (Welch, 1992). After stress, upregu-
lation of HSPs prevents a buildup of damaged, misfolded
and aggregated proteins thus facilitating cell survival.

The small HSPs (15–30 kDa), more often found in glia
(Sharp et al., 1999) than in neurons, tend to form oligo-

mers (Arrigo et al., 1988) and have chaperone functions.
HSP25 function is regulated by its degree of oligomeri-
zation and phosphorylation state (Gusev et al., 2002). In
its unphosphorylated state, HSP25 exists as large oligo-
mers and has a chaperone function. However, stress
evokes phosphorylation of HSP25, which decreases its
oligomer size (Rogalla et al., 1999; Mounier and Arrigo,
2002) allowing interactions that interfere with apoptosis
and specific cell death programs (Rogalla et al., 1999).
Specifically, HSP25 interacts with cytochrome c prevent-
ing caspase activity (Bruey et al., 2000), and increases
glutathione levels (Mehlen et al., 1996). HSP25 also
associates with the microfilaments (Lavoie et al., 1993)
and intermediate filaments (Nicholl and Quinlan, 1994;
Salvador-Silva et al., 2001) to physiologically modulate
and potentially protect and stabilize the cytoskeleton
during stress.

The olfactory epithelium (OE) of mammals consists of
three primary cell types: basal ‘‘progenitor’’ cells, glia-
like sustentacular cells, and ciliated olfactory sensory
neurons (Fig. 1C). Sustentacular cells function very
much like glia (Okano and Takagi, 1974; Getchell, 1977)
with characteristics of both the macrophage-like micro-
glia as well as macroglia. They insulate olfactory sen-
sory neurons both physically and chemically, (Breipohl
et al., 1974), actively phagocytose dead and dying cells
(Suzuki et al., 1996), and regulate the extracellular ionic
environment (Breipohl et al., 1974; Rafols and Getchell,
1983). In many ways sustentacular cells are morphologically
and physiologically similar to the M€uller glia of the retina.

The OE is in direct contact with airborne pollutants,
toxicants and microbes, and consequently is easily
damaged. Although the OE exhibits a remarkable capa-
city for regeneration, protective mechanisms exist to
minimize injury. In the OE, the sustentacular cells con-
tain the majority of xenobiotic metabolizing enzymes
which generally detoxify inhaled pollutants providing
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protection (Ding and Coon, 1988; Nef et al., 1989; Lazard
et al., 1991). Moreover, upregulation of HSP expression
in the rat OE following prolonged odorant stimuli might
provide additional protection against cell death (Carr
et al., 2001).

Interestingly, intracellular ATP significantly decreased
when the OE was damaged by toxic fumes, presumably
through release by injured cells (Kilgour et al., 2000).
Thus, we tested the hypothesis that harmful stimulation
(in this case, strong odorant) evokes the release of ATP

Fig. 1. In vivo odorant exposure evokes HSP25 expression in neona-
tal mouse olfactory epithelium. A: Exposed lateral wall of the rodent
nasal airway showing locations of tissue selected for analysis. B: Sche-
matics of the anterior face of tissue blocks depicted in A. Regions of
odorant-induced HSP25 IR are shown in green, with regions of weak
IR depicted by dashed green lines. The boxes indicate regions shown in
D–L, and the blue edge orients to the top of each image. The two sides
in BII depict tissue blocks from slightly different levels. Drawings are
not to scale. C: Schematic of the olfactory epithelium. D–L0: Neonatal
Swiss Webster mice were exposed to no odorant (control, E,E0) or R-car-
vone (D,F–L0) as described in Methods. All tissue was labeled with
anti-HSP25 (green), and D–I,K,L were also labeled with anti-olfactory

marker protein (OMP; red). E0,I0,L0, enlargements of the boxes in E,I,L.
Dashed white lines indicate basement membrane. Open arrowheads
indicate OECs. Nt, nasoturbinate; mt, maxilloturbinate; et, ethmoids;
hp, hard palate; np, nasopharynx; ob, olfactory bulb; S, septum; dlm,
dorsal lateral meatus; dmm, dorsal medial meatus; 10-20, first–second
ectoturbinates; 2–4, second–fourth endoturbinates; onl, olfactory nerve
layer; t, turbinate, nb, nerve bundle; SC, sustentacular cell layer; ORN,
olfactory receptor neuron layer; HBC, horizontal basal cell; GBC, glo-
bose basal cell; OEC, olfactory ensheathing cell; OE, olfactory epithe-
lium; RE, respiratory epithelium; BCL, basal cell layer; LP, lamina pro-
pria. Scale bars 5 100 lm in K; 50 lm in F,J; 20 lm in D,E,G–I,L,L0).
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and that extracellular ATP, a signal of cellular stress,
induces the expression of HSPs via purinergic receptor
(P2R) activation. We focused on HSP25 for two reasons:
previous work in the rat showed that most cells expres-
sing HSPs under stressful conditions were glia-like sus-
tentacular cells (Carr et al., 2001), and recent studies
indicate that most HSPs expressed in glia are members
of the small HSP family (Sharp et al., 1999). We found
that both in vitro and in vivo exposure of mouse OE to
concentrated odorants upregulate expression of HSP25
in sustentacular cells. Furthermore, in our in vitro pre-
paration, strong odorant causes the release of ATP. The
upregulation of HSP25 expression could be inhibited by
administration of P2R antagonists before odorant expo-
sure, suggesting that both ATP release and P2R activa-
tion are involved in stress signaling in the OE. This
study expands on our previous work with ATP in the
olfactory system (Hegg et al., 2003) and suggests that
ATP has at least two functions in the OE: modulation of
the physiological response to odorants and initiation of
the protective stress signaling pathway.

MATERIALS AND METHODS
Materials

All materials were purchased form Sigma-Aldrich
(St. Louis, MO) unless otherwise specified.

In Vivo Experiments

All animal procedures were approved by the Univer-
sity of Utah Institutional Animal Care and Use Commit-
tee, and all applicable guidelines from the National
Institutes of Health (NIH) Guide for Care and Use of
Laboratory Animals were followed. Odorant -induction
of HSPs was performed as in Carr et al. (2001) with the
following modifications. Briefly, Swiss Webster adult mice
(�25 g; Simonsen, Gilroy, CA) were injected with
100 lmol/kg suramin 1 pyridoxalphosphate-6-azophenyl-20,
40-disulfonic acid (PPADS) or an equivalent volume of
mammalian Ringer’s solution (in mM: 140 NaCl, 5 KCl,
1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose; pH 7.4; 330
mOsm). 30 min later, mice were placed in 5.5 L plastic
mouse cages (11.5 3 7.5 3 5.0 in) containing 0.5 L of
cornhusk pellet bedding to which 0 or 1 ml of heptanal
had been added and well mixed. Cages containing odor-
ant were kept in a hood at all times to prevent odorant
exposure to control cages. The intensity of odorant was
very strong; however, the odorant exposure was not
harmful enough to disrupt olfactory epithelium inte-
grity as monitored by immunohistochemistry. After 3 h
of odorant exposure, mice were transferred to a fresh
odorant-free cage. 6 h from the start of odorant expo-
sure, mice were deeply anesthetized with 80 mg/kg
sodium-pentobarbital (Abbott Laboratories, North Chi-
cago, IL) and intracardial perfusion fixed with 4% para-
formaldehyde (PF) in 0.1 M phosphate-buffered saline
(PBS) for 15 min. This experiment was performed three

separate times for each of the four conditions (with
or without P2R antagonists, with or without odorants;
n 5 3).

Olfactory tissue was postfixed for 2 h in 4% PF, rinsed
in PBS and placed in RDO-Rapid Decalcifier for 1 h
(Apex Engineering Products, Aurora, IL) before dissec-
tion. Tissue was cryoprotected with sucrose, oriented in
Tissue Tek OCT (Sakura Finetek, Torrance, CA) and
quickly frozen. Cryostat sections (14 lm) were collected
from regions shown in Figure 1A onto Superfrost Plus
slides (Fisher, Pittsburgh, PA). Neonatal postnatal day
1–4 (P1–P4) mice were exposed to odorants as described
above, with the exception that R-carvone was used
instead of heptanal, suramin was used instead of the
PPADS 1 suramin, and that this experiment was per-
formed twice (n 5 2) with 5 pups/condition. 6 h after the
initiation of odorant exposure, neonates were decapi-
tated, quickly dissected, and tissue was fixed by immer-
sion in 4% PF overnight at 4�C, rinsed for 20 min in
PBS and processed for immunohistochemistry as de-
scribed above.

In Vitro Experiments

Coronal OE slices (300 lm) were prepared from P1–P4
mice as previously described (Hegg et al., 2003). Two
slices were incubated for 2 h in each of the following
solutions at 37�C in an O2-enriched environment: Ring-
er’s solution (control), control 1 100 lM suramin, 100 lM
R-carvone (Odorant), Odorant 1 100 lM suramin, 10 lM
ATP, 10 lM ATP 1 100 lM suramin. These experiments
were repeated 4 times for each of the six conditions (n 5
4). Odorant treatments were performed in a separate
room to prevent odorant exposure to the control slices.
Tissue sections were washed 3 times and incubated in
fresh Ringer’s solution for an additional 4 h to allow
time for the induction of HSPs. The slices were fixed in
4% PF for 1 h, rinsed and stored in PBS until immuno-
histochemistry was performed.

Immunohistochemistry

PF-fixed OE slices (300 lm) or cryostat sections (14 lm)
were permeabilized with 0.3% Triton X-100 in PBS and
blocked with 10% normal donkey serum. Primary anti-
bodies were applied to slices or cryostat sections singly
or as a mixture at 4�C overnight. Secondary antiserum
was applied for 30 min (sections) or 1 h (slices) and
washed in PBS. Sections were mounted in Vectashield
mounting media (Vector Laboratories, Burlingame, CA)
and 300-lm slices were stored in PBS. Immunoreactivity
(IR) was visualized on a Zeiss confocal LSM510 argon-
krypton laser scanner attached to an upright Zeiss
Axioskop 2FS microscope (Zeiss, Thornwood, NY). FITC
dye was excited at 488 nm and low pass filtered at 505 nm,
TRITC dye was excited at 568 nm and low pass filtered
at 550 nm. Control experiments included the omission of
the primary antibody and omission of the secondary
antibody.
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Primary antibodies used were goat anti-olfactory mar-
ker protein (OMP; 1:10,000; gift from F. Margolis) and
rabbit anti-HSP25 (1:750; Stressgen Biotechnologies,
Victoria, BC, Canada). The HSP25 antibody recognizes
the mouse orthologue of human HSP27. Secondary anti-
bodies used were TRITC-conjugated donkey anti-goat
IgG and FITC-conjugated donkey anti-rabbit IgG (1:100;
Jackson ImmunoResearch Labs, West Grove, PA). All
antisera were diluted in 0.3% Triton X-100 in PBS.

Quantification of In Vitro HSP Expression
in OE Slices

There was reduced permeability of the antibodies
through the 300-lm slices. Thus, for each OE slice, pro-
jections were created by stacking 15 confocal images
taken every 8 lm in the z-axis starting from the surface
from the three regions in the OE where HSP25 induc-
tion always occurs: the septum, the second endoturbi-
nate, and the dorsal medial meatus (see Fig. 1B). Histo-
gram counts (bin 5 5 fluorescent intensity units) were
made for equal areas of OE and averaged for each condi-
tion for each experimental session. The histogram
counts were then normalized to the control for each
experimental session and the normalized fluorescence
intensity was integrated and averaged across each treat-
ment. A 2-way ANOVA with the Bonferroni post-hoc sta-
tistical test was performed using Prism 4.1 (GraphPad
Software, San Diego, CA).

Calcium Imaging

We measured intracellular calcium ([Ca21]i) levels
using confocal imaging of fluo-4 AM (Molecular Probes,
Eugene, OR) loaded OE slices as previously described
(Hegg et al., 2003). The slices were perfused continu-
ously with Ringer’s solution with 500 lM probenecid (to
prevent fluo-4 AM dye efflux) at a flow rate of 1.5–2.0
ml/min. Test solutions were applied by bath exchange
with a 200-ll loop injector. The Zeiss confocal system
described above was used for data acquisition and analy-
sis. The transmission at 488 nm was less than 5% of the
total laser power (25 mW). Fluorescent emission was
longpass filtered at 510 nm. Time series experiments
collected 1400 3 700 pixel images at 0.5 Hz. Traces were
baseline corrected by subtracting a linear fit to the first
20 s of recording and normalized as the change in fluor-
escence intensity/the maximum fluorescence intensity of
255 and multiplied by 100 (% DF/F).

Bioluminescence Detection of ATP Released From
Olfactory Epithelium Slices

ATP was quantified using 0.5 mM D-luciferin and 4 lg/ml
luciferase in Ringer’s solution obtained from an ATP
determination kit (Molecular Probes, Eugene, OR). Bio-
luminescence, in relative light units, was recorded con-
tinuously with 1-s photon collection intervals using a

Turner TD20/20n luminometer. Standard curves of ATP
(Mg salt) were performed daily by serial dilution from a
0.5 M ATP stock. Two OE slices (500 lm) were simulta-
neously placed in the luciferin and luciferase solution
and basal release rates measured. Once basal release was
stabilized (�20 min), a bolus of either Ringer’s (control) or
R-carvone was administered (100 lM final concentration)
and ATP release monitored. At the end of an experiment,
a bolus of Triton X-100 was added (0.5% final concentra-
tion) to lyse the cells and determine total ATP.

RESULTS
Odorant Exposure Induces HSP25 Expression in

Sustentacular Cells of the Neonatal Mouse

Initially, we verified odorant-evoked HSP expression
in sustentacular cells in neonatal mouse olfactory
epithelium (OE). Three areas of the nasal cavity were
examined for HSP25 expression (Fig. 1A,B). Expression
of odorant-induced HSP25 occurred only in the regions
indicated in Figure 1B (green lines). Odorant evoked
HSP25 expression was strongest in the sustentacular
cells; there was no colocalization between HSP25 and
OMP, a marker for mature olfactory receptor neurons
(ORNs) along the entire length of ORNs (Fig. 1D). The
odorant-induced HSP expression was observed through-
out the cytoplasm of the sustentacular cell, from the
elongated cell soma at the epithelial surface to the cen-
tral stalk that extends to the basement membrane
where it ends in an endfoot process. As there is strong
expression of HSP25 in both the central stalk and the
endfoot process, we conclude that HSP25 IR near the
basal lamina is in the endfoot process, although we can-
not eliminate the possibility that basal cells also express
HSP25. In contrast, in control (no odorant) animals,
HSP25 IR was infrequently observed primarily in the
basal cell layer of the OE, most likely in the sustentacu-
lar cell endfoot processes, although we cannot exclude
the possibility that basal cells constitutively express
HSP25 (Fig. 1E,E0). There was no constitutive HSP25 IR
observed in the respiratory epithelium (data not shown).

Odorant-induced HSP25 IR in sustentacular cells was
observed in the OE of the nasal septum (Fig. 1D), the
dorsal medial meatus (Fig. 1F), the second endoturbi-
nate (Fig. 1G), the second ectoturbinate (Fig. 1H), the
third endoturbinate (Fig. 1J), and the fourth endoturbi-
nate (data not shown). Note that portions of the second–
fourth endoturbinates had weak odorant-induced HSP25
IR (dashed green line Fig. 1B,J). HSP25 IR was also
observed after odorant exposure in respiratory epithe-
lium located in the dorsal lateral meatus (Fig. 1I,I0), the
lateral aspects of the second endo- and ectoturbinates
(Fig. 1G,H), the nasoturbinates (Fig. 1K), and the maxil-
loturbinates (Fig. 1K). Olfactory ensheathing cells (OECs)
ensheathe the ORN axons into nerve bundles when they
leave the OE on the way to the olfactory bulb. Odorant-
induced HSP25 IR occurred in OECs surrounding the
nerve bundles in the lamina propria (Fig. 1I,I0) and in
nerve bundles adjacent to the olfactory nerve layer of
the olfactory bulb (Fig. 1L,L0).
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Odorant and Purinergic Receptor
Agonist Exposure Induces HSP25 Expression

In Vitro

We next tested the hypothesis that ATP and P2R acti-
vation are involved in odorant-induced HSP induction.
Neonatal mouse OE slices incubated in either 100 lM
odorant (R-carvone) or 10 lM ATP for 2 h had robust
increases in HSP25 expression throughout the cytoplasm
of sustentacular cells (Fig. 2A–C). HSP25 IR was signifi-
cantly greater in both the ATP and odorant treated slices
as compared with control treated slices (P < 0.001, n 5 4;
Fig. 2G). Thus, both odorant and exogenous ATP evoked
HSP25 upregulation in an in vitro OE slice preparation.

P2R Antagonism Inhibits Odorant and Purinergic
Agonist-Induced HSP25 Upregulation

We previously reported that sustentacular cells ex-
press G-protein coupled P2Y purinergic receptors (Hegg
et al., 2003) and that they respond to P2R agonists ATP
and UTP with increases in [Ca21]i. To determine whether
P2R activation was involved in HSP25 induction we incu-
bated slices in either odorant or ATP in the presence of
100 lM suramin, a general P2R antagonist. This concen-
tration of suramin blocks both ATP and UTP evoked
Ca21 transients in sustentacular cells as well as ORNs
in our OE slice preparation (Fig. 3). Although suramin
did not have a significant effect on the level of HSP25
expression in control treated slices (Fig. 2A,D,G), we
observed that suramin significantly inhibited the ATP-
evoked induction of HSP25 in sustentacular cells (P <
0.001, n 5 4; Fig. 2B,E,G). This suggests that ATP-
induced HSP25 expression is mediated in part by activa-
tion of P2Rs. Moreover, we observed that suramin signif-
icantly inhibited the odorant-evoked induction of HSP25
in sustentacular cells (P < 0.001, n 5 4; Fig. 2C,F,G)
suggesting that strong odorant stimulation releases
ATP, which activates P2Rs and induces the expression
of HSP25.

In Vitro Odorant Exposure Stimulates
ATP Release

We measured real-time ATP release from OE slices.
When we initially transferred the slices into the lumin-
ometer, ATP levels were elevated, most likely from
mechanical stimulation and subsequent ATP release.
However, the concentration of ATP decayed with appar-
ent first-order kinetics (data not shown), presumably
resulting from endogenous ecto-nucleotidase hydrolysis
of ATP. The ATP levels eventually stabilized and per-
sisted at nanomolar concentration (Fig. 4). This could
either represent sustained cell lysis due to the in vitro
preparation, or tonic basal release of ATP. Previous
reports show that various types of resting cells constitu-
tively release ATP at a rate that equals steady state
ATP hydrolysis (Lazarowski et al., 2000). In the pre-

Fig. 2. In vitro exposure to ATP and odorant causes upregulation of
HSP25 that is inhibited by a P2R antagonist. A–F: Projections of
HSP25 IR created by stacking 15 confocal images taken every 8 lm in
the z-axis. Dashed lines indicate basement membrane. G: Integrated
normalized HSP25 IR fluorescence for each treatment group (n 5 4).
*P < 0.001. Scale bars 5 20 lm in A,B,D,E; 50 lm in C,F.
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sence of 100 lM R-carvone we observed a delayed
increase in ATP in four of five experiments (Fig. 4).
Peak ATP levels reached 414 6 235 relative light units
(mean 6 SEM; n 5 4) corresponding to a 3.0 6 1.2 fold
increase (mean 6 SEM; n 5 4) in ATP release. When
Ringer’s solution was applied instead of odorant there
was no increase in ATP release (Fig. 4). Thus, odorants,
at the same concentration that upregulated HSP25
expression, induce ATP release.

In Vivo Odorant Exposure Upregulates HSP25
Expression Via P2R Activation

Finally, we sought to verify that odorant exposure
evokes ATP release, P2R activation, and HSP25 induc-
tion in whole animals. Either suramin alone (100 mmol/
kg) for the neonates, P2R antagonists (100 mmol/kg sur-
amin and PPADS) for the adults, or an equivalent
volume of Ringer’s solution was pre-administered before
exposure to odorant (R-carvone for the neonates and hep-
tanal for the adults). We found that in the Ringer’s solu-
tion-injected mice, in vivo odorant exposure led to speci-
fic induction of HSP25 in sustentacular cells as com-
pared with control (no odorant exposure) (Fig. 5A–D).
Pre-administration of P2R antagonists to control mice
(no odorant exposure) did not affect HSP25 expression
as compared with Ringer’s solution-injected control mice
(Fig. 5A,B vs. G,H). However, P2R antagonist adminis-
tration effectively blocked the odorant-evoked expression
of HSP25 (Fig. 5E,F). Thus, induction of HSP25 expres-
sion by strong odorant can be prevented by in vivo
administration of P2R antagonists.

DISCUSSION

We have examined the effects of noxious concentra-
tions of odorants on HSP induction in a mouse model.
We observed upregulation of HSP25 in both neonatal
and adult sustentacular cells following odorant expo-
sure, a result that was not surprising as similar upregu-

lation of the HSP25 has been reported in the adult rat
(Carr et al., 2001). HSP25 induction also occurred after
exposure to extracellular ATP in neonatal OE slices. The
increased expression of HSP25 in sustentacular cells
could be blocked by administration of P2R antagonists
before odorant exposure, suggesting that activation of
P2Rs plays an important role in the stress response in
the OE. Although suramin and PPADS have other sys-
temic functions, such as an antifibrotic or anti-apoptotic
agent, in general both are functionally selective antago-
nists for the P2 class of purinergic receptors (Ralevic
and Burnstock, 1998).

It is generally thought that denatured proteins serve
as a stimulus for induction of HSPs (Morimoto, 1998).
Our results indicate that during odorant-evoked HSP25
expression, activation of P2Rs is also required. Even
minor lesions to the cell membrane would be expected to
drive significant efflux of ATP, given the large (mM) gra-

Fig. 3. Effects of P2R agonists and antagonists
on [Ca21]i levels. Fluorescence increases measured
from an individual ORN and a sustentacular cell in
a fluo-4 AM loaded mouse OE slice. R-Carvone (10
lM; odorant), Ringer’s solution, and P2R agonists
ATP and UTP (10 lM) were superfused onto the
slice at times indicated by triangles. Slices were
exposed to suramin (100 lM, open bar), a P2R
antagonist, 5 min before purinergic agonist superfu-
sion.

Fig. 4. ATP is released from OE slices after odorant exposure. Raw
ATP bioluminescence data from two separate experiments performed
on the same day. Odorant (100 lM final concentration; black line) or
Ringer’s solution (gray line) was applied after 10 min (arrowhead) of
recording steady state basal ATP release.
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dient in ATP concentration between the intracellular
and extracellular milieu. ATP released by acutely
injured cells could act in an autocrine or paracrine way
to activate P2Rs and signal cell and tissue damage,
causing protective HSP25 expression. There are two
subtypes of P2Rs: P2Y G-protein coupled receptors or
P2X ion channel-forming receptors. Through either of
these P2R subtypes, ATP is able to stimulate an
increase in [Ca21]i (Hegg et al., 2003). Thus, a Ca21-
dependent cascade of intracellular events could trigger
HSP25 induction. A number of HSPs are constitutively
or inductively expressed in the CNS and their upregula-
tion and presence has been connected to protection of
neurons and glia (Mehlen et al., 1999; Benn et al.,
2002).

In the OE, P2X receptors are located on the ORNs
and P2Y receptors are located on both the sustentacular
cells and the olfactory receptor neurons (Hegg et al.,
2003). In the present study as well as in all studies
examining the expression of stress-induced HSPs in the
OE (Kilgour et al., 2000; Carr et al., 2001, 2004; Simpson
et al., 2004, 2005), the predominant cell type exhibiting
HSP upregulation was the sustentacular cell. This ob-
servation is surprising given our hypothesis of a P2R
role in HSP induction, as P2Rs are present on both
ORNs and sustentacular cells. However, there are many
possible explanations for this apparent discrepancy. The
sustentacular cell, with the cell soma located in the

upper third of the OE, is positioned to receive direct
interaction with inhaled toxicants. Moreover, sustenta-
cular cells contain the xenobiotic metabolizing enzymes
for the OE (Ding and Coon, 1988; Nef et al., 1989;
Lazard et al., 1991). Thus, sustentacular cells endure more
stresses than ORNs and are more easily damaged by
both inhaled toxicants and systemic compounds that can
be metabolized into toxicants. Finally, the small HSPs
are predominantly expressed in glia as opposed to neu-
rons (Sharp et al., 1999), and in the mouse OE, we did
not observe HSP25 immunoreactivity in ORNs under
any conditions. In support of our hypothesis for a puri-
nergic role in HSP25 induction, we observed that strong
odorant stimulated a 3-fold increase in ATP release
from OE slices in vitro. Moreover, heat shock and toxic
chemicals caused a reduction in intracellular ATP levels
in a rat nasal explant culture system that was concur-
rent with an increase in HSP70 (Simpson et al., 2004,
2005).

Expression and Function of HSPs in
the Olfactory System

HSPs have been insufficiently examined in the olfac-
tory system with the majority of studies concentrating
on the HSP70 family. In general, HSP70 is expressed in
the supranuclear region of sustentacular cells, basal

Fig. 5. Administration of P2R antagonists inhibits odorant-evoked
expression of HSP25 in vivo. 3-h exposure to odorant caused HSP25
upregulation in both adult (C) and neonatal (D) sustentacular cells as
compared with control adults (A) and neonates (B). Pre-administration
of P2R antagonists inhibits the odorant-induced expression of HSP25 in

adults (E) and neonates (F), but does not affect HSP25 expression in
control adults (G) or neonates (H). B,D,F,H: Projections of 20 confocal
images taken every 0.89 lm in the z-axis. Dashed lines indicate base-
ment membrane. LP, lamina propria; OE, olfactory epithelium. Scale
bars 5 20 lm.
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cells, and Bowman’s glands and in a scattered subpopu-
lation of olfactory receptor neurons of the ‘‘unstressed’’
rat (Carr et al., 2001; Simpson et al., 2004). Based on
the striking induction of HSPs predominantly in susten-
tacular cells, we focused our investigation on HSP25, a
member of the small HSP family that is expressed large-
ly in glia (Sharp et al., 1999). In the present study, the
only expression of HSP25 in the ‘‘unstressed’’ mouse was
observed in the basal cell layer of the neonate, although
we could not determine whether HSP25 IR was in the
basal cells or sustentacular cell endfoot processes. Inter-
estingly, constitutive expression of HSP25 in the basal
cell layer disappears by adulthood in mice. The absence
of HSP25 expression in adult mice is different from the
observed expression of HSP25 in the basal cells of the
adult rat (Carr et al., 2001). However, ‘‘constitutive’’
expression of an inducible HSP like HSP25 could be
residual expression from a previous stress episode.

HSPs are important players in development and
growth (Christians et al., 2003). In the CNS, HSPs are
differentially regulated during neuronal maturation and
appear to have a role in neuronal differentiation (Calabrese
et al., 2002). In the olfactory system, in an immortalized
rat olfactory progenitor cell line, HSP27 induction is cor-
related to neuronal differentiation and escape from apop-
tosis (Mehlen et al., 1999). Thus, expression of HSP25
in the basal cell layer of the mouse OE, where the OE
progenitors reside, suggests a role for HSP25 in cell dif-
ferentiation and proliferation in the neonatal olfactory
system.

Upon various stresses including heat shock (Carr et al.,
2001; Simpson et al., 2004), anesthetics (Carr and Farb-
man, 1993), or odorant exposure (Carr et al., 2001), HSP70
is upregulated in the adult rat primarily in sustenta-
cular cells, similar to observations in our studies of odor-
ant-evoked expression of HSP25 in mouse sustentacu-
lar cells. One striking difference between HSP25 and
HSP70 in the sustentacular cell of both rats and mice
is its cellular localization. HSP70 was expressed in the
supranuclear region of the sustentacular cell (Carr et al.,
2001; Simpson et al., 2004), in close proximity to the
endoplasmic reticulum, suggesting a role as a molecular
chaperone to facilitate protein folding. In contrast, in this
study and in an earlier report (Carr et al., 2001) odor-
ant-evoked HSP25 expression occurred throughout the
cytoplasm of the sustentacular cell, suggesting an addi-
tional role for HSP25 in the OE. Given that small HSPs
stabilize the cytoskeleton (Lavoie et al., 1993; Nicholl
and Quinlan, 1994; Salvador-Silva et al., 2001), odorant-
induced HSP25 expression throughout the cytoplasm
and in basal processes suggests that HSP25 interacts
with components of the cytoskeleton to help maintain
cytoskeletal integrity (Carr et al., 2001). HSP25, in addi-
tion to having a role as chaperone, may inhibit apoptosis
thereby promoting cell survival (Mehlen et al., 1999;
Bruey et al., 2000; Garrido et al., 2001; Concannon et al.,
2003). Clearly, both the function of various HSPs and
the differences in HSP expression in the olfactory epi-
thelium between species and across different ages need
to be delineated.

Purinergic receptors appear to play an integral role in
signaling acute damage in the olfactory epithelium.
Damaged cells release ATP, thereby activating puriner-
gic receptors on neighboring sustentacular cells, ORNs
and basal cells, and initiating a stress signaling cascade
involving HSPs for neuroprotection.
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