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Purinergic nucleotides, including ATP and adenosine, are important neuromodulators of peripheral auditory and visual sensory systems
(Thorne and Housley, 1996). ATP released by the olfactory epithelium (OE) after noxious stimuli provides a physiological source for a
neuromodulatory substance independent of efferent innervation. Here we show that multiple subtypes of purinergic receptors are
differentially expressed in olfactory receptor neurons and sustentacular support cells. Activation of purinergic receptors evoked inward
currents and increases in intracellular calcium in cultured mouse olfactory receptor neurons. A mouse olfactory epithelial slice prepa-
ration and confocal imaging were used to measure changes in intracellular calcium in response to odors, purinergic receptor (P2R)
agonists, or combined odor + P2R agonists. Pharmacological studies show that both P2Y and P2X receptor activation by exogenous and
endogenous ATP significantly reduces odor responsiveness. Moreover, purinergic receptor antagonists increase the odor-evoked cal-
cium transient, providing direct evidence that endogenous ATP modulates odor sensitivity via activation of multiple purinergic receptor
subtypes in olfactory receptor neurons. Odor activation of G-protein-coupled receptors results in increased cAMP production, opening of
cyclic nucleotide-gated channels, influx of Ca>* and Na ™, depolarization of the membrane, and activation of voltage-and Ca** -gated ion
channels. On-cell current-clamp recordings of olfactory receptor neurons from neonatal mouse slices revealed that ATP reduced cyclic
nucleotide-induced electrical responses. These data also support the idea that ATP modulates odor sensitivity in mammalian olfactory
neurons. Peripheral ATP-mediated odor suppression is a novel mechanism for reduced olfactory sensitivity during exposure to olfacto-

toxins and may be a novel neuroprotective mechanism.
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Introduction

Extracellular ATP plays an important role in cellular signaling
and acts as a cotransmitter or neuromodulator in sensory systems
(Thorne and Housley, 1996). Physiological and pathological
sources of extracellular ATP have been clearly elucidated (Neary
et al., 1996; Ralevic and Burnstock, 1998; Burnstock, 1997; Bodin
and Burnstock, 2001). In the olfactory system, ATP may be re-
leased from synaptic vesicles in trigeminal afferents that inner-
vate the olfactory epithelium (OE) and detect noxious chemicals
(Finger et al., 1990; Getchell and Getchell, 1992) or via plasma
membrane nucleotide transport proteins (Roman et al., 1997).
Furthermore, ischemic, stressed, and injured cells release ATP in
large amounts. A recent study showed that [ATP]; significantly
decreased when the OE was damaged by noxious fumes, presum-
ably through release by injured cells (Kilgour et al., 2000). In
addition to toxic chemicals, prolonged exposure to concentrated
odors will damage olfactory receptor neurons (ORNs) and in-
duce expression of stress indicators (heat-shock proteins) in sus-
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tentacular support cells (Carr et al., 2001). Therefore, both toxic
and odorous stimulation may lead to the release of extracellular
ATP in OE.

Very low concentrations of ATP activate the two subtypes
(P2X and P2Y) of purinergic receptors (0.1-10 um) (Ralevic and
Burnstock, 1998; Schwiebert and Kishore, 2001). Through either
of these receptor subtypes, ATP is able to stimulate an increase in
[Ca?"]; (Ralevic and Burnstock, 1998; Illes et al., 2000; Ko-
shimizu et al., 2000). P2X receptors form Ca*"-permeable non-
selective cation channels. Most of the eight functional P2Y recep-
tors identified to date act via G-protein coupling to activate
phospholipase C, leading to production of inositol triphosphates
(IP5) and mobilization of Ca** from internal stores (Dubyak and
el-Moatassim, 1993); however, a few P2Y receptors couple to
adenylate cyclase and increase the production of cAMP (Ralevic
and Burnstock, 1998). All of the components of both the IP; and
cAMP transduction pathways have been identified in ORNs
(Schild and Restrepo, 1998).

ORNs respond to odorants with G-protein-mediated in-
creases in intracellular cAMP and/or P, which activate calcium-
permeable conductances and increase [Ca*™ ];. Calcium plays an
important role as a third messenger in olfactory transduction:
Ca** can either potentiate or attenuate the signal. Clearly, action
of bioactive compounds, such as ATP, that affect calcium ho-
meostasis in ORNs could modulate odor sensitivity.
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Although purines are odorants for aquatic vertebrates (Kang
and Caprio, 1995) and invertebrates (Carr et al., 1987), this is the
first comprehensive study of extracellular purinergic nucleotides
and their receptors in mammalian OE. Here we report that sus-
tentacular support cells express P2Y receptors and that ORNs
express both P2X and P2Y receptors. Differential distribution of
purinergic receptors suggests that extracellular ATP may have
multiple roles in the peripheral olfactory system. Furthermore,
we show that exogenous and endogenous ATP modulates the
odor responsiveness of ORNs. The predominantly suppressive
effect of ATP on odor responses could play a role in the reduced
odor sensitivity that occurs during acute exposure to noxious
fumes and may be a novel neuroprotective mechanism.

Materials and Methods

Materials. All chemicals were obtained from Sigma (St. Louis, MO),
unless otherwise indicated.

Animals. All animal procedures were approved by the University of
Utah Institutional Animal Care and Use Committee, and all applicable
guidelines from the National Institutes of Health Guide for Care and Use
of Laboratory Animals were followed. We initiated this study using adult
male Simonsen (Gilroy, CA) albino rats (~200 gm) and performed both
calcium imaging of primary cultures and reverse transcription (RT)-PCR
of isolated OE and bulbs. However, after these preliminary experiments,
we switched to the Swiss Webster mouse (Simonsen, Gilroy, CA) because
gene targeting and transgenic technology is a powerful research tool and
the mouse is the species in which this technology is by far the most
developed.

RT-PCR. Total RNA was isolated from adult rat OE using Trizol (In-
vitrogen, Carlsbad, CA). Polyadenylated mRNA was selected using a
cellulose oligo(dT) matrix (QuickPrep Micro mRNA purification kit;
Amersham Biosciences, Arlington Heights, IL). First-strand cDNA was
prepared from 40 ng of mRNA using SuperScript II RNase H™ RT
according to the manufacturer’s (Invitrogen) procedures. A control re-
action omitting the reverse transcriptase was included to confirm the
absence of genomic contamination. First-strand cDNA was amplified
using PlatinumTagDNA polymerase (Invitrogen). Primers for detection
of P2X, transcripts were 756775 sense and 1537-1558 antisense oligo-
nucleotides (GenBank accession no. U14414) (Brake et al., 1994), prim-
ers for P2Y, transcripts were 1288—1307 sense and 1931-1950 antisense
oligonucleotides (GenBank accession no. U09402), primers for 3-actin
transcripts (Lopez-Candales et al., 1995) were 1038—1067 sense and
1875-1905 antisense oligonucleotides and primers for neuron specific
enolase were 348—-368 sense and 1101-1123 antisense oligonucleotides
(GenBank accession no. M11931). All the primer pairs (100 um) were
used with a 30-cycle profile performed as follows: 94°C denaturation
(2 min), 96°C denaturation (45 sec), 60°C annealing (1 min), and
72°C extension (1.5 min). PCR products were separated and visual-
ized using ethidium bromide-stained agarose gels (1%). A semi-
nested PCR protocol was used for detection of the P2X, receptor
transcript. PCR products were excised from the gel and reamplified
for 28 cycles using the same antisense primer and a sense primer
corresponding to position 1059—1078. PCR products were sequenced
at the University of Utah Sequencing Center.

Immunohistochemistry. OF from postnatal day 4 (P4) mice was dis-
sected and postfixed for 2 hr and then cryoprotected, oriented in Tissue
Tek OCT compound (Sakura Finetek, Torrence, CA) and quickly frozen.
Cryostat sections (14 um) were permeabilized with 0.3% Triton X-100 in
PBS, blocked with 10% normal donkey serum. Double-labeling was per-
formed by simultaneously incubating slices in goat anti-olfactory
marker protein (OMP) (1:10K; gift from F. Margolis, University of
Maryland, Balitmore, MD) and either rabbit anti- P2X,, P2X,, P2X,,
P2Y, (all 1:100; Alomone Labs, Jerusalem, Israel), or P2X, (3 mg/ml;
Oncogene Research Products, Boston, MA) overnight followed by a 30
min incubation in tetramethylrhodamine isothiocyanate (TRITC)—con-
jugated donkey anti-goat immunoglobulin secondary antibody plus
FITC-conjugated donkey anti-rabbit immunoglobulin secondary anti-
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body (1:100) (both from Jackson ImmunoResearch, West Grove, PA).
Sections were mounted in Vectashield (Vector Laboratories, Burlin-
game, CA) mounting media and visualized on a Zeiss (Thornwood, NY)
confocal laser scanning microscope LSM510 argon—krypton laser scan-
ner attached to an upright Zeiss Axioskop 2FS microscope. FITC dye was
excited at 488 nm and filtered at 505 nm, and TRITC dye was excited at
568 nm and filtered at 585 nm. Sequential scans with separate excitation
and collection were performed to minimize bleedthrough. For pre-
absorption controls, P2 antibodies were incubated with a saturating
amount of peptide immunogen (10X) for 1-2 hr and visualized as above.

OE slices and primary cultures. To prepare OE slices, neonatal mice
(PO-P6) were quickly decapitated, and the skin and lower jaw were re-
moved. Tissue was mounted in ice-cold Ringer’s solution containing the
following (in mwm: 140 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, 10 HEPES, and 10
glucose, pH 7.4, 330 mOsm) onto a vibratome cutting block, and 300 wm
coronal slices were made. Primary cultures of mouse ORNs were made
using the same protocol and culture conditions as described for rat ol-
factory receptor neurons (Vargas and Lucero, 1999a). Briefly, tissue was
placed in divalent cation-free Ringer’s solution containing 10 mg/ml
bovine serum albumin, 1 mg/ml deoxyribonucleasell and 44 U/ml dis-
pase, incubated at 37°C for 45 min. The tissue was washed, triturated, and
filtered through a 53 wm mesh, and 200 ml of cell suspension was plated
onto concanavalin A—coated coverslips and allowed to settle for 20 min.
An additional 1.5 ml of culture medium was added (DMEM supple-
mented with 100 mm ascorbic acid, 1 X insulin—transferrin—selenium X
(Invitrogen ), 2 mM glutamine, 100 U/ml penicillin G, and 100 mg/ml
streptomycin.

Nystatin perforated-patch voltage-clamp recordings. We used the nysta-
tin perforated-patch technique (Horn and Marty, 1988) to examine cells
under voltage clamp. Electrodes (2-5 M(2) were pulled from thick-
walled (0.64 mm) borosilicate filament glass (Sutter Instruments, No-
vato, CA) on a Flaming/Brown (Sutter Instruments) P87 puller and were
filled with trimethylamine N-oxide (TMA-oxide) internal solution con-
taining the following (in mm): 62.5 TMA oxide, 62.5 KH,PO,, 15 KCl, 5
MgCl,, 11 EGTA, 10 HEPES, 1 glutathione, and 5 TEA and 0.03% plu-
ronic acid F-127, 0.3% DMSO, 150 mg/ml nystatin, pH 7.2, 330 mOsm.
Allinternal solutions were kept on ice throughout the experiments. Fresh
nystatin internal solution was made every 2 hr; nystatin stock was remade
every 5 hr. Gentle suction was applied to form a gigaohm seal. Recordings
were made ~5-20 min after seal formation. External bath solution was
superfused through the recording chamber at a rate of 1-2 ml/min. Test
solutions were delivered with an SF-77 rapid solution changer (Warner
Instruments, Hamden, CT). The application of test solutions was cali-
brated with an open pipette. There was a delay of ~90 msec between the
beginning of the electronic stimulus and the current recorded by the
open pipette. We did not correct the data for this delay. Data was ac-
quired with an Axopatch 200B amplifier, a Digidata 1320A interface
(Axon Instruments, Foster City, CA) and a Gateway (Poway, CA) per-
sonal computer. Data were filtered at 5 kHz, digitized, and sampled at 50
kHz using pClamp 8 software. The bath solution was grounded with a 3
M KCl agar bridge to a silver chloride wire.

Electro-olfactogram and on-cell recordings. Slices of PO—P6 mouse OE
were prepared as described above and mounted in a perfusion chamber
with a bath flow of 3 ml/min. Test chemicals were introduced using a
rotary injection valve (Rheodyne, Cotati, CA). The electro-olfactogram
(EOG) recording electrode (3 M NaClin 1% agar; tip diameter, 5-10 um)
was positioned along the dorsal portion of the nasal septum. The differ-
ential electrode (identical to the recording electrode) was positioned over
skull cartilage and an Ag**/AgCl, ground electrode was connected to the
bath solution via a 3 M KCl agar bridge. Responses to test agents were
amplified (5000 X gain) and filtered (2 kHz) by a low-noise differential
DC amplifier. Data was digitized (100 Hz) using Axoscope 8.0 software
(Axon Instruments).

For the noninvasive on-cell recordings (Chiu et al., 1997), the same
electronics were used as described for nystatin-patch experiments. The
recording electrode (5-8 M) resistance) contained Ringer’s solution.
Test solutions were selected using a rotary valve and delivered for 30 sec
using gravity flow. The time course of solution delivery was determined
by placing an electrode in a slice and switching from Ringer’s solution to
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distilled water. There was a 3 sec delay to initial electrical response, which
peaked at 10 sec. The shaded region in Figure 8 shows the 30 sec window
of when the valve was switched on and off. During a recording, the
electrode was lowered into the dorsal septal region of the slice and a seal
(0.5-1 G{2) was made in voltage-clamp before switching to current-
clamp with zero applied current. Only cells with a stable baseline were
used. There was a 7 min wash between each test application. Experiments
were conducted on 65 cells in 42 slices obtained from 14 PO—P6 mice
from three litters. Only three cells survived long enough to complete the
recovery portion of the >27 min protocol.

Confocal calcium imaging. [Ca**], was determined using confocal im-
aging of fluo-4-AM-loaded cells and slices. Slices were loaded with 18 pm
fluo-4 AM (Molecular Probes, Eugene, OR) for 90 min at 25°C. A stock
solution of fluo-4 AM was prepared in DMSO containing 20% pluronic
F-127. Ringer’s solution was added to this stock solution for a final con-
centration of 18 uM fluo-4 AM, 0.04% pluronic F-127, and 0.4% DMSO.
Cells or slices were placed in a laminar flow chamber (Warner Instru-
ments) and perfused continuously with Ringer’s solution at a flow rate of
15-20 ml/min; 500 uM probenicid and 400 nM tetrodotoxin were added
to the Ringer’s solution. Ca**-free Ringer’s was the same as Ringer’s,
with the omission of 2 mm CaCl, and the addition of 4 mm EGTA.

A Zeiss LSM510 confocal laser scanning system was used for data
collection and analysis. The system consists of a krypton—argon ion laser
used for fluorescence excitation. The total laser power was 25 mW. To
reduce dye bleaching and to protect slices from possible photo damage,
the excitation wavelength transmission was <5% of the total power.
Fluorescence emissions were long-pass-filtered at 510 nm. The laser in-
tensity and scale was adjusted so that basal fluorescence intensity in
arbitrary units was 35-50 on a scale with a maximum of 255 to avoid
saturation during responses. Using this experimental paradigm, cells that
were odor- or purinergic-responsive had very low fluorescence intensi-
ties and, hence, low levels of basal calcium. Moreover, cells that had
elevated levels of basal fluorescence were not included in the data set,
because elevated calcium could indicate that the cells were injured, dead,
or dying.

Test solutions were applied using bath exchange and a small volume
loop injector (200 wl). Our perfusion system exchanges the bath in
~7-10 sec, and traces were not corrected for this delay. An odor mixture
of 10 uM R-carvone and 10 um amyl acetate was made fresh daily and is
referred to as “odor” throughout. Purinergic solutions were made fresh
daily from frozen stock solutions. Recordings were made at distances
between 50 and 100 wm below the surface of the slice to avoid damaged
cells. The concentrations of odors and purinergic agonists that actually
reach the cells at the recording depth in the slice are unknown. However,
when fluorescein was loop-injected under the same conditions as drugs
or odors, there was a 90% reduction in fluorescence intensity at the
recording depth compared with bath, suggesting that the concentration
of applied drugs that reaches the level of recording is similarly reduced.
Time-series experiments were performed collecting 1400 X 700 pixel
images at 0.2—0.4 Hz. Test solutions were superfused 10 sec after the start
of image acquisition. Images were collected for 70120 sec, during which
time most calcium levels return to baseline. Test solutions were super-
fused every 5-7 min, which was sufficient to allow full recovery back to
basal calcium levels. Peak amplitudes of either odor-evoked or
purinergic-evoked calcium transients do not differ significantly when
individually applied every 5-20 min, suggesting that odor adaptation is
not occurring and that purinergic receptors are not inactivated or
desensitized.

Imaging data analysis. Fluo-4 AM is not a ratiometric indicator; thus,
changes in [Ca?"]; levels could not be expressed as changes in absolute
Ca’* concentrations. Instead, the relative fluorescence change, AF/F,
was determined as (F — F,)/F,, where F is calculated from the linear rate
of decay during the 15 sec before each odor or purinergic application
(Fy = mX + b). Thus, the baseline was zeroed before each calcium
response.

We considered increases in fluorescence >10% above baseline fluctu-
ations to be responses. We made a concerted effort to optimize condi-
tions so that both odor and purinergics evoked Ca”™ transient ampli-
tudes with equal peak amplitudes. However, regardless of the
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concentration of odor (500 nm to 10 um) or purinergic agonist (10—200
M) used, or the order of application, for the majority of cells the
purinergic-agonist-evoked Ca*" transient was smaller than the odor-
evoked response (39 of 55 cells; 76 = 10% of normalized odor-evoked
transient). Therefore, for the majority of experiments, we used 10 um
concentrations of both odor and P2 agonists, unless otherwise noted. Ten
micromolar odor falls in the linear range of the dose-response relation-
ship measured for our slice preparation (see Fig. 5C). The decay phase of
the calcium transient was variable; thus, we also integrated the calcium
transients to obtain the amount of mobilized calcium. Within a given
cell, the integrated results were similar to peak amplitude measurements.
Therefore, only peak amplitudes are reported.

All modulation experiments were performed by sequentially obtaining
(1) initial control purinergic-evoked and/or odor-evoked calcium tran-
sients, (2) calcium transients evoked by coapplication of odors and pu-
rinergic agonists or antagonists, and (3) recovery purinergic-evoked
and/or odor-evoked calcium transients. Furthermore, to be included in
our data set, the peak amplitude of the recovery Ca>* transient had to be
atleast 80% of the initial transient amplitude. All data were normalized to
the initial odor-evoked Ca** transient. To determine if there were treat-
ment effects, we performed a linear regression on the peak amplitude of
the control and recovery odor responses, and if applicable, a second
linear regression on the control and recovery purinergic responses for
every ORN. Using the linear regressions, predicted peak amplitudes for a
second odor and/or purinergic agonist response were calculated and
summed to obtain the predicted coapplication peak amplitude. Paired
Student’s ¢ tests were used to determine significance ( p < 0.05) between
the predicted peak amplitude and the observed peak amplitude, and
independent Student’s ¢ tests were used to compare mean peak ampli-
tudes across groups.

Results

Localization of purinergic receptors in the peripheral
olfactory system

Using RT-PCR and immunohistochemical methods, we found
ionotropic P2X, and G-protein-coupled P2Y, receptor expres-
sion in both OE and olfactory bulb. RT-PCR analysis revealed
mRNA expression for the P2Y, receptor and two isoforms of the
P2X, receptor; P2X,_; (Brake et al., 1994) and P2X,_, (Brandle et
al,, 1997) (Fig. 1A). To identify the cell type and subcellular dis-
tribution of purinergic receptors in OE and olfactory bulb, we
used antibodies against P2X;, P2X,, P2X,, and P2Y, receptors,
and OMP, which is found in the cytoplasm of mature ORNS.
OMP-positive ORNs showed specific punctate immunoreactiv-
ity (IR) to P2X, and P2X, antibodies on the cell soma and axons
(Fig. 1B,C) and P2Y,-IR on the dendrites, somas, and axons (Fig.
1D). At higher magnification, we observed that P2X,- (Fig. 1 E-
G), P2X,-, and P2Y,-IR (data not shown) were localized to the
plasma membrane near the supranuclear region of the ORN cell
soma. Both P2X- and P2Y-IR was absent from dendritic knobs
and cilia of ORNs. Immature OMP-negative ORNs and basal
cells (olfactory stem cells) also showed specific P2X- and P2Y-IR.
Sustentacular cells and Bowman’s glands showed strong P2Y,-IR
but only faint nonspecific P2X-IR (Fig. 1 B-D). In the olfactory
bulb, there was P2X,, P2X,, P2X,, and P2Y, receptor IR in the
olfactory nerve layer, the glomerular layer, and the mitral cell
layer (data not shown). There was no P2X,-IR in the olfactory
neuroepithelium; however, there was punctate P2X,-IR on blood
vessels just below the basal cells (data not shown). Thus, the
underlying blood vessels are the likely source of P2X, mRNA
identified by our RT-PCR studies of the OE. Preabsorption of the
primary antibody with peptide antigen (Fig. 1 H) or omission of
the primary antibody (data not shown) blocked the specific pu-
rinergic receptor staining. Identification of regionally localized
purinergic receptors in mammalian OE suggests that extracellu-
lar ATP plays multiple roles in the peripheral olfactory system.
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Identification of purinergic receptors in the OE. A, RT-PCR analysis of P2X, and P2Y, mRNA in rat OF and bulb. The 643 bp product represents the P2Y, isoform; the 499 bp product

represents the P2X,_, isoform, and the 292 bp product s the P2X,_, isoform. Control 3-actin (867 bp) and neuron-specific enolase (NSE; 753 bp) RT-PCRreactions are shown. +, Reverse-transcribed
mRNA; —, omission of reverse transcriptase. 8, (, Neonatal mouse OE showing punctate P2X;- and P2X,-IR (green) in OMP-positive (red) axons and ORNSs (filled arrowheads) and in OMP-negative
ORNs (open arrowheads) and basal cells (arrow). SC, Sustentacular cell layer; BC, basal cell layer; NL, nerve layer; C, cribriform plate; NB, nerve bundle. D, Neonatal mouse P2Y, receptor-IR (green)
occurs in ORNS (filled arrowheads), in the sustentacular cell layer (open arrowhead), and in a Bowman'’s gland (BG, ). £~G, High-power projection of P2X,-IR (green, F—G) on OMP-positive ORNs
(red, £, G). Note the localization of P2X,-IR to the plasma membrane, particularly in the supranuclear region of the ORNs (filled arrowheads). The projection was created by stacking 20 confocal
images taken every 1.32 wm in the z-axis direction. H, P2X, receptor antibody preabsorption. LP, Lamina propria. Scale bars: A-D, H, 20 um; £-G, 10 um.

Purinergic receptors are functional in cultured olfactory
receptor neurons

We examined the physiological activation of purinergic receptors
in cultured adult mouse ORNs using both nystatin perforated-
patch voltage-clamp recordings (Fig. 2A), and calcium imaging
(Fig. 2B—E). ATP (10 uM) evoked inward currents in 39% (27 of
69 ORNs) of the perforated-patch mouse ORNs during brief
(1-10 sec) applications (Fig. 2A). In 48% of the responding cells
a distinct, long latent period suggestive of slowly activating
G-protein-coupled P2Y receptors was observed (Fig. 2A, cell 1,
inset) (13 of 27 cells; latency, 1140 = 236 msec; I,,,,, = —29 £ 8
pA). Rapid activation of inward current that closely followed the
ATP stimulus profile with little or no desensitization was also
observed in 52% of the cells, suggesting involvement of nonde-

sensitizing ionotropic P2X receptors (P2X, and/or P2X; Ralevic
and Burnstock, 1998) (Fig. 2 A, cell 2) (14 of 27 cells; latency, 81 *
15 msec, I,,,,, = —235 = 74 pA). The rapidly activating currents
were larger than the ATP-evoked currents with a slower latency
(Imax = —235 £ 74 pA vs —29 * 8 pA). In cells with large
sustained currents, it was difficult to distinguish the slower acti-
vating, smaller current evoked by ATP through a G-protein-
coupled P2Y receptor; however, we observed three cells (Fig. 2,
cell 2) in which both slow (P2Y) and fast (P2X) receptors were
activated by ATP. These electrophysiological results support our
immunohistochemical evidence of expression of both purinergic
receptor subtypes in ORNs.

Extracellularly applied ATP evoked a rapid transient increase

in [Ca*"]; (Fig. 2B, C) (76 of 84 ORNSs). On average, ATP (10
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Figure2.  ATPevokesinward currents and increases intracellular Ca** in cultured mouse ORNS. 4, Current responses to 10 pm

ATP in two nystatin-patched ORNs held at —110 mV. Bottom trace shows the ATP stimulus profile recorded separately with an
open electrode. Inset, Enlarged, compressed view of current from cell 1. 8, Confocal images from fluo-4-AM-loaded ORNs taken
before (left) and during (right) superfusion of 5 um ATP. Scale bars, 50 um. G, Representative fluorescence ( F) increases from cell
ain Bin response to ATP (1-10 wm), Ringer’s solution, 100 mum K * Ringer's solution, and fluorescein (to show time course of
solution delivery). D, Dose—response relationship for maximum % AF/F increases, relative to 10 um ATP (mean = SEM; n = 44
ORNs for each concentration). Curve was fitted by a Boltzmann equation, and the EC5, value of 1.4 um was calculated by a
nonlinear, least squares curve-fitting algorithm. Open square, Control 0 .m ATP (mean == SEM). £, Representative traces from an
ORN that responded to ATP (10 um; arrowhead) in normal Ca>*and in 0 Ca®™ + EGTA (open bar).
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Confocal imaging of OE slices

To study the effects of ATP on odor re-
sponses, we used acutely prepared slices of
mouse OE. Confocal imaging of fluo-4-
AM-loaded OE slices allows simultaneous
recording from identified structures
within the OE: i.e., both ORNs and susten-
tacular cells. In these and all subsequent
experiments we used a mixture of two
odors (10 uMm n-amyl acetate + 10 um
rR-carvone). Reproducible odor-evoked
Ca** transients were obtained in a subset
of ORNs when imaging >100 um below
the surface of the slice. The average peak
amplitudes for three applications of odors
superfused 10 min apart were, in AF/F,
7.93 £ 0.53,7.47 = 0.79, and 7.63 = 0.50
and the average normalized peak calcium
transients were 1.00 = 0.00, 0.95 = 0.08,
and 0.97 = 0.02 (n = 36 ORNs from 14
slices). Reproducible purinergic-evoked
Ca’" transients were also obtained from
ORNS. For example, the average peak am-
plitudes for three applications of P2Y ago-
nists ADP-BS superfused 10 min apart
were, in AF/F, 16.39 * 6.45, 19.33 = 6.69,
and 17.17 * 7.14; the average normalized
peak calcium transients were 1.00 % 0.00,
1.2 = 0.17, and 1.00 = 0.05 (n = 4 ORNs
from four slices). The frequency of re-
sponse for PBy-methylene ATP and
ADP-S was lower than either ATP or odor.
Peak amplitudes of calcium transients to any

wM) induced a 151 = 12% AF/F increase in [Ca*"]; (n = 76;
range, 13-398%). Averaged dose—response relationships for
ATP-induced [Ca®"]; increases in cultured mouse ORNs gave
EC;, values of 1.4 um (n = 44), comparable with previous reports
for brain P2X receptors (Fig. 2D) (North and Barnard, 1997;
Ralevic and Burnstock, 1998; North and Surprenant, 2000). To
test for P2Y-receptor-mediated increases in intracellular calcium,
we applied ATP in the absence of added external Ca*". ATP-
induced calcium transients in Ca*"-free solution (Fig. 2E) (n =
19). The increase in fluorescence intensity in the absence of Ca**
suggests that part of the signal results from the release from in-
tracellular Ca*" stores, implicating P2Y receptor activation. We
next used our neonatal OE slice preparation to further examine
the source of intracellular calcium increases. In slices, ATP (10
uM) evoked transient increases in calcium in the presence and
absence of external calcium (n = 40 ORNSs, two slices), whereas
the selective P2X receptor agonist By-methylene ATP evoked
calcium transients only in the presence of extracellular calcium
(n = 8 ORNs, two slices) and never in the absence of calcium (n =
4 slices), and the P2Y agonist ADP-3S evoked calcium transients
in the presence and absence of extracellular calcium (n = 6, three
slices). These slice data confirm immunohistochemical evidence
that ORNs express both P2X and P2Y receptors. Collectively,
electrophysiology and Ca** imaging show that purinergic recep-
tors are functional in primary cultures of adult mouse ORNs and
in slices of neonatal mouse OE.

of the purinergic agonists did not vary by
>20% across repeated applications. There
was considerable variability in amplitudes of
odor-evoked and purinergic-evoked cal-
cium transients. For example, in one slice the mean amplitude of
ATP-evoked calcium transients was 12.09 = 1.94 (range,
2.65-31.65; n = 22) and the mean amplitude of odor-evoked cal-
cium transients was 10.59 * 2.69 (range, 2.18—48.73; n = 22).
Figure 3 shows an example of odor- and purinergic-evoked cal-
cium transients from one OE slice. The dynamic changes in [Ca*" ],
are even more apparent in the Web-based animations (see supple-
mentary information, available at http://medstat.med.utah.edu/
physio/hegg/). In this particular slice, odor-evoked Ca™ transients
rapidly activated and returned to basal levels within 125.7 + 11.1 sec
(Fig. 3A) (n = 11 ORN:S). Superfusion of ATP (10 uM) onto this slice
evoked Ca’" transients from all 11 ORNs previously identified by
their response to odors, although the responses to ATP (Fig. 3B1—
B4) are less obvious than the odor responses (Fig. 3, compare A2,
B2). The difference in robustness may be caused by poor access to the
ATP stimulus: odorant receptors are on the cilia of the ORNs, which
extend beyond the outer edge of the OE, whereas purinergic recep-
tors are located deeper within the slice of OE. ATP also evoked Ca**
transients from sustentacular cells, identified by their location, mor-
phology, and lack of response to odor (Fig. 3B3). The latency of
activation for the ATP-evoked Ca*" transient was shorter in the
ORN (Fig. 3B, filled upward-pointing arrowhead) than in susten-
tacular cells (Fig. 3B3, open downward-pointing arrowhead). Col-
lectively, this suggests that the ORNSs in this field of view express the
faster P2X receptors, and the sustentacular cells express the slower
G-protein-coupled P2Y receptors.
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To further test whether functional pu-
rinergic receptor subtypes are differen-
tially expressed in olfactory epithelial cell
types, purinergic receptor agonists were
used. Because there are no completely spe-
cific purinergic receptor agonists (Ralevic
and Burnstock, 1998), we designate ago-
nists as “P2X-selective” or “P2Y-selective”
in the broadest of terms. The P2X-selective
agonist [By-methylene ATP was super-
fused onto the slice (Fig. 3C). Only the
ORNS, and not the sustentacular cells, re-
sponded to By-methylene ATP with an in-
crease in [Ca’"]; (Fig. 3C5). The P2Y-
selective agonist UTP evoked Ca**
transients in both ORNs and sustentacular
cells (Fig. 3D). However, compared with
the nonselective agonist ATP, the peak
amplitudes were smaller in the ORNs and
the latency of activation in the ORNs was
longer, and equivalent to the latency of ac-
tivation in the sustentacular cells (Fig. 3,
compare D2,5, B2,5). These data suggest
that the identified ORN expressed P2X
and, to a lesser extent, P2Y receptors, and
that the sustentacular cells expressed only
P2Y receptors. They also confirm our im-
munohistochemical and electrophysiolog-
ical evidence for differential expression of
purinergic receptors in mammalian OE.

A variety of nonselective purinergic re-
ceptor agonists (ATP, ATPvyS, AMP), P2Y-
selective agonists (UTP, ADP, MeS-ADP),
P2X-selective agonists (8y-methylene ATP)
(Fig. 4A,B), and an adenosine receptor—se-
lective agonist (adenosine) were superfused
onto olfactory epithelial slices, and the
change in [Ca*"]; was measured. We never
observed adenosine- or AMP-evoked Ca*"
transients (data not shown). ORNs re-
sponded with approximately equal fre-
quency to P2Y and P2X receptor agonists,
whereas sustentacular cells responded primarily to P2Y receptor
agonists. The general nonspecific purinergic receptor antagonists
suramin and pyridoxalphosphate-6-azophenyl-2',4’-disulfonic acid
(PPADS) were used to further confirm that purinergic-evoked Ca**
transients were mediated via purinergic receptors. In ORNs shown
previously to respond to both ATP and UTP, suramin (100 uMm)
reversibly blocked both ATP- and UTP-evoked Ca*" transients by
88 £2and 72 + 6% (n =9). PPADS (25 um) also reversibly blocked
the ATP- and UTP-evoked Ca*" transients by 87 = 5and 92 * 3%
(n = 5). Purinergic receptor antagonists also reversibly blocked pu-
rinergic nucleotide-evoked Ca®” transients in sustentacular cells.
Suramin blocked ATP- and UTP-evoked Ca®™ transients by 90 = 1
and 89 * 1% (n = 37) and PPADS blocked the transients by 82 * 2
and 76 = 2%, respectively (n = 30). Collectively, our data show that
the ATP-evoked Ca*" transients were mediated by P2X and P2Y
receptors.

ATP modulates odor responses

Calcium is an important intracellular messenger during odor
transduction, affecting signal amplification (Lowe and Gold,
1993) and adaptation (Zufall et al., 1991). Our data indicate that
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able at http://medstat.med.utah.edu/physio/hegg/). A7-D4, Confocal images from a fluo-4-AM-loaded mouse OE slice during
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(), or 10 um UTP (D). Scale bar, 10 um. A5-D5, Time course of odor- and P2R-agonist-evoked Ca® ™ transients. Time points
indicated by black triangles correspond to frame numbers in A7-D4. Representative odor-responsive ORNs are indicated by filled
triangles (A7-A4;6/11 ORNs marked) and as solid lines in A5. One odor-responsive ORN (filled triangle in 81-D4) and one SC (open
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in a fluo-4-AM-loaded OE slice. Breaks in traces correspond to 5 min when images were not collected. B, Responses to individual
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transients measured in fluo-4-AM-loaded OE slices. Three concentrations of odor were superfused, in varying order, onto slices,
and peak amplitudes were measured. Shown is the mean = SEM; n is indicated next to each data point. Curve was fit by a
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purinergic nucleotides evoke robust increases in intracellular cal-
cium; thus, we were interested in whether ATP could alter the
odor-induced Ca*™ transients in ORNs. We sequentially super-
fused odors and ATP and then coapplied odors and ATP onto our
OE slice preparation (Fig. 5A4). On average, the coapplication-
evoked Ca*™ transient was significantly smaller (24 + 6%) than
the sum of the odor-evoked Ca** transient and ATP evoked
Ca’" transient (Fig. 5B) (p = 0.001, n = 26). Exclusion of the 10
cells that did not show >20% suppression revealed a significant
mean suppression of 43 * 4% ( p < 0.001; n = 16). The observed
decrease caused by coapplication was not the result of rundown
because post-coapplication responses both to ATP and to odors
were £10% of pre-coapplication (Fig. 5A). Moreover, the ob-
served decrease caused by coapplication was not the result of
fluo-4 dye saturation or nonlinearities in Ca*" responses. To
verify that Ca** responses obtained under our experimental con-
ditions were in the linear range, we correlated the normalized
averaged peak amplitudes from the ATP-odor modulation data
(Fig. 5B) to our odor dose—response relationship (Fig. 5C). The
dose—response relationship clearly shows that 10 um odor was
not a saturating concentration. Note that both the actual coap-
plication peak amplitude and the predicted peak amplitude (as-
suming a summation of the individual responses to odor and
ATP) from Figure 5B fall well within in the linear range of the
dose—response relationship, indicating that under our experi-
mental conditions we could detect linear increases in fluores-
cence. Thus, ATP significantly reduced odor-induced calcium
transients in the majority of ORNGs.

Activation of specific purinergic receptor subtypes modulates
odor sensitivity

Our electrophysiological and imaging data suggest that in indi-
vidual ORNs, either one or both classes of purinergic receptors
can be activated by ATP. In addition, we found that in OE slices,

pared with the summed amplitudes (Fig.
6A,B) (n = 16 cells; p < 0.04). When the
four ORNs that did not show 20% sup-
pression were excluded, the odor response
was reduced by 42 *= 5% (n = 12; p <
0.001). Coapplication of the P2Y agonist
ADPSS (10 um) and odor suppressed the
Ca’* transient amplitude by 41 = 4%
compared with the summed amplitudes
(Fig. 6C,D) (n = 15; p < 0.001). Thus, the
P2Y agonist ADPSS significantly reduced
the odor responsiveness of ORNs in all
cells tested.

Despite considerable effort, we were
unable to reliably obtain odor- and P2-agonist-evoked calcium
transients of equal amplitude. The P2-agonist-evoked Ca*" tran-
sient was smaller than the odor-evoked transient in 39 of 55
ORNSs (Fig. 6A), although in 29% of the cells, we were able to
obtain equal peak amplitudes (16 of 55 ORNs) (Fig. 6C). When
the P2-agonist-evoked transient is smaller than the odor-evoked
transient, the possibility arises that coapplication suppresses the
purinergic-evoked Ca?" transient, rather than the odor-evoked
calcium transient. However, when the odor- and P2-agonist-
evoked transients were equal, we observed that the co-
application-evoked transient could be lower than each individual
response (Fig. 6C). This suggests that either the odor response or
the P2 agonist response is completely inhibited, or more likely,
that both responses are partially inhibited. These data reveal the
possibility of reciprocal suppression by odor and P2 agonists.
Additional experiments will be necessary to determine the exact
contributions of each to the total suppression. Collectively, these
data indicate that activation of either P2X or P2Y receptors pro-
duces a significant reduction in odor responses.

Purinergic receptor antagonists potentiate odor sensitivity

We hypothesized that if the predominant role of endogenous
ATP is to reduce odor sensitivity, then addition of purinergic
receptor antagonists should potentiate odor responses. Control
experiments in which we applied odors at 5-8 min intervals re-
vealed a small linear increase in the peak amplitude of the odor-
induced Ca*" transient (Fig. 7A,C). A linear regression between
the first and last odor application was performed, and the pre-
dicted amplitude of the middle response was calculated. Based on
linear regressions, the actual amplitude of the middle odor appli-
cation was not significantly different from the predicted ampli-
tude, both in the single cell shown in Figure 7A and in the average
of 30 cells in Figure 7C (n = 30; —3 = 4% difference; paired
Student’s ¢ test, p = 0.47). In contrast, when the middle odor
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Figure6.  Activation of specific purinergic receptor subtypes suppresses odor responses. 4, ,

Representative calcium transientsin response to odor, 10 m purinergic receptor (P2) agonists,
or coapplication of odor + P2 agonists from individual mouse ORNs in fluo-4 AM-loaded OF
slices. Filled triangles correspond to the time of loop injection of the odors or P2 agonists. Filled
circles correspond to the predicted peak amplitude of coapplication (obtained by adding the
control odor and P2 agonist values; refer to data analysis section for details). B, D, Responses to
individual applications of P2 agonists and odor were normalized to the sum of each response
and averaged (stacked columns). The responses to coapplication of P2 agonists and odor were
normalized to the summed individual responses and averaged (black columns). The recoveries,
obtained after coapplication, were also normalized to the initial summed response. Bar graphs
depict normalized peak Ca*™* transient amplitudes (means + SEM). *p << 0.04, 0.001, respec-
tively. A, B, Coapplication of P2X agonist (10 m 3-y-MeATP) and odor suppressed the calcium
transient amplitude in 16 ORNs from six slices. C, D, Coapplication of P2Y agonist (10 rm
ADPS) and odor reduced the calcium transient amplitude in 15 ORNs from five slices.

application was preceded by and concomitant with perfusion of
purinergic receptor antagonists (100 M suramin + 25 uMm
PPADS), we observed a significant increase in the Ca?" transient
amplitude such that the mean observed response was 14 * 5%
larger than the predicted response (n = 22; paired Student’s t test,
p = 0.02). The differences between predicted and observed were
also statistically different when the control group was compared
with the purinergic receptor agonist-treated group (independent
Student’s t test, p = 0.01). The enhancement of odor-evoked
calcium transients in the presence of purinergic receptor antag-
onists suggests that endogenous extracellular ATP is present and
tonically reducing ORN odor sensitivity.

The application of purinergic receptor antagonists alone did
not evoke calcium transients (Fig. 7B, second trace), but did elicit
asignificant decrease in the basal calcium levels (Fig. 7D). During
control experiments (Fig. 7A,D) there was little change in fluo-
rescence (AF/F) after the bath switch from Ringer’s solution to
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Figure 7.  Purinergic receptor antagonists potentiate odor-evoked calcium transients. 4, B,
Representative normalized calcium transients in response to odor in the absence (A) or pres-
ence (B) of P2 receptor antagonists (100 wum suramin + 25 um PPADS) from individual mouse
ORNs in fluo-4-AM-loaded O slices. Filled triangles correspond to the time of loop injection of
the odors. Slices were pretreated for 3 min with Ringer’s solution or P2 receptor antagonists
(open columns). G, Average peak calcium transient amplitudes are shown (means + SEM), as
are the predicted peak amplitudes (filled circles) for the second application (n = 30 ORNs from
sevenslices for controland n = 22 ORNs from 12 slices for P2 receptor antagonists). The asterisk
indicates a significant increase in [Ca®*]; in the observed compared with predicted (p =
0.024, paired Student'’s t test). D, Representative traces depicting basal fluorescence levels
when bath is switched at 10 sec (open column) from Ringer’s solution to either P2 receptor
antagonists (solid lines) or Ringer’s solution (dotted lines). The fluorometric signals shown are
expressed as relative fluorescence change, AF/F = (F — F)/F, where fis calculated from the
linear rate of decay during the first 15 sec of the recording (F, = mX + b). Thus, values of 0
represent no change in fluorescence and calcium levels, negative values represent decreases in
calcium, and positive values represent increases in basal calcium levels.

Ringer’s solution (mean AF/F = —1.2 = 0.5, n = 30). In contrast,
a bath switch from Ringer’s solution to purinergic receptor an-
tagonists (100 uM suramin + 25 um PPADS) induced a signifi-
cant decrease in fluorescence (Fig. 7D) (mean AF = —5.3 = 1.7,
n=22;p = 0.01, independent Student’s ¢ test). This suggests that
endogenous ATP acts on purinergic receptors to elevate intracel-
lular calcium tonically. Collectively, our data show that both en-
dogenous and exogenous ATP reduces the amplitude of odor-
evoked calcium transients through purinergic receptors,
suggesting that ATP modulates ORN sensitivity.

ATP reduces cyclic nucleotide-induced electrical responses

Odor activation of G-protein-coupled receptors results in in-
creased cAMP production, opening of cyclic nucleotide-gated
channels, influx of Ca?* and Na ¥, depolarization of the mem-
brane, and activation of voltage- and Ca**-gated ion channels
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(for review, see Schild and Restrepo, 1998). Based on our calcium
imaging data, we hypothesize that purinergics would reduce the
odor-evoked electrical activity of ORNs. Recording odor-evoked
membrane responses from single ORNS has a low probability of
success because each ORN expresses only one or a few odorant
receptors (Buck and Axel, 1991). Thus, we used a mixture of
cyclic nucleotide modulators to record membrane responses:
IBMX (100 M), a phosphodiesterase inhibitor that prevents the
breakdown of cAMP, CPT-cAMP (50 uMm), and 8-Br-cGMP (50
M), both membrane-permeant analogs of cAMP and ¢cGMP,
respectively. This cyclic nucleotide mixture was tested initially to
verify that it evoked membrane potential changes in our OE slice
preparation. The EOG measures field potential changes across
the OE after stimulation. We obtained similar EOG responses
from both odor (10 uMm) and the cyclic nucleotide mixture (Fig.
8 A), validating the replacement of odor with the mixture in sub-
sequent recordings. Next we performed on-cell current-clamp
recordings of ORNs from neonatal mouse slices. We sequentially
superfused the cyclic nucleotide mixture, the mixture + ATP, a
second application of the mixture, and ATP onto our slice prep-
aration and measured membrane potential changes (Fig. 8 B). We
found that the coapplication of ATP and the cyclic nucleotide
mixture suppressed the cyclic nucleotide—induced electrical re-
sponses. The membrane response from each ORN was integrated
from baseline and normalized to the initial cyclic nucleotide mix-
ture response. The presence of ATP reduced the electrical activity
of the ORN by 67 = 2% (Fig. 8C) (n = 3 cells; p < 0.01, Newman—
Keuls post hoc test). These data also support the idea that ATP
modulates odor sensitivity in mammalian olfactory neurons.

Discussion

Localization of purinergic receptors

Our findings indicate that purinergic receptor subtypes are dif-
ferentially expressed in ORNs and sustentacular cells, and that
ORN’s express multiple purinergic receptor subtypes. In other cell
types, the expression of more than one type of purinergic recep-
tor allows for regulation of multiple effectors, and provides a
mechanism for rapid and local fine tuning of agonist-evoked
responses at the cellular level (Ralevic and Burnstock, 1998). Our
immunohistochemical studies showed a notable absence of pu-
rinergic receptors in the dendritic knobs and cilia, the site of odor
transduction, whereas both P2X and P2Y receptors are located on
the cell soma and other regions. This suggests that purinergic recep-
tor activation is unlikely to affect initial odor-induced receptor po-
tentials, but may shape the final integrated output of the cell.

Trophic actions of purinergics

Interestingly, we observed the presence of both P2X- and P2Y
receptors on basal cells (olfactory stem cells). Extracellular purine
nucleotides have been reported to exert multiple trophic actions
in the CNS (Neary et al., 1996). The olfactory neuroepithelium is
constantly exposed to airborne pollutants and microbes; conse-
quently, it continuously regenerates, giving rise to neurons in
various stages of development, including birth, maturation, and
programmed cell death or apoptosis (Graziadei and Monti-
Graziadei, 1978; Cowan and Roskams, 2002). ATP released by
acutely injured cells could stimulate localized regeneration
caused by the mitogenic and growth-promoting effects of puri-
nergic receptor activation. Growth promotion can be mediated
by P2Y receptors, located on basal stem cells, which, like other
growth factor receptors, induce a cascade of intracellular events
that trigger cell proliferation (Neary et al., 1996). In addition, our
data showing physiological responses of sustentacular cells to a
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Figure 8.  ATP suppresses cyclic nucleotide— evoked membrane responses in OE slices. 4,
Representative EOG responses from OE slices attributable to Ringer’s solution, odor, and a cyclic
nucleotide mixture (100 wm IBMX, 50 um CPT-cAMP, and 50 um 8-Br-cGMP). Filled triangles
correspond to the time of loop injection of the test solutions. B, Representative on-cell current-
clamprecording froman ORN in an OE slice. Various test solutions were superfused onto the slice
for 30 sec, indicated by the shaded region. The cell was allowed to recover for 7 min after each
test application. Note that the coapplication of ATP (10 wum) and the mixture suppressed the
evoked membrane potential changes. G, The electrical activity from each ORN was integrated
from baseline, normalized to the initial cyclic nucleotide mixture response, and averaged
(means + SEM). *p << 0.05, Newman—Keuls post hoc test. n = 3 ORNs from three slices, also
indicated in each column.

neuromodulator are completely novel and open up the possibil-
ity of a new pathway to be explored for signaling injury-induced
regeneration of OE.

Suppression of odor responsiveness by purinergics

A longstanding dogma, that odor sensitivity is not modulated at
the level of the OE, is based on anatomical studies showing ab-
sence of efferent synapses on ORNs (Graziadei, 1971; Getchell,
1986). A recent study showing release of ATP in the OE after
noxious stimuli (Kilgour et al., 2000) demonstrated an in situ
source for a neuromodulatory substance that does not require
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efferent innervation. Although a few studies have provided indi-
rect evidence that neurotransmitters should modulate odor sen-
sitivity at the level of the ORN (Frings, 1993; Kawai et al., 1999;
Vargas and Lucero, 1999b; Eisthen et al., 2000; Wetzel etal., 2001;
Park et al., 2003), this is the first report with direct evidence that
a neuromodulator, ATP, can alter the odor responsiveness of
mammalian ORNS.

We found that exogenous ATP or specific activation of P2X
and P2Y receptors suppressed odor sensitivity. These data suggest
that the overall increase in intracellular calcium mediates the
reduction in sensitivity, regardless of the source of calcium. The
mechanism of purinergic-evoked suppression of odorant re-
sponses is not known. However, the initial site of odor transduc-
tion is in the cilia, where activation of ORNs by an odorant results
in a slow and graded depolarization that generates a receptor
potential and activates voltage-gated conductances that are en-
coded into a train of action potentials that travel to the olfactory
bulb. Activation of Na ¥ channels and subsequent activation of
high-threshold calcium channels, situated at the cell soma and
proximal dendrite, results in localized calcium influx and subse-
quent activation of calcium-activated K* channels thought to be
colocalized with high-threshold calcium channels (Schild and
Restrepo, 1998; Kawai, 2002). The membrane is repolarized via
(1) activation of Ca*"-activated K" channels, (2) activation of
delayed rectifier K™ conductances, and (3) inactivation of Na ™
channels. Activation of either subtype of purinergic receptor, also
localized on the proximal dendrites and cell somas, increases
calcium. Calcium can modulate a number of receptors, enzymes,
and channels involved in odorant signal transduction; thus, pu-
rinergic alteration of calcium homeostasis has the potential to
alter odor sensitivity. Additional studies are needed to compare
acute versus chronic purinergic receptor activation on odor re-
sponses. Overall, suppression of odor-induced calcium transients
during exposure to noxious fumes in mature ORNs would prevent
overstimulation both in the periphery and at the olfactory bulb.

Physiological relevance of the purinergic signaling pathway
Perhaps the strongest evidence for a physiological role of ATP as
an endogenous modulator of odor sensitivity comes from our
purinergic receptor antagonist studies. Superfusion of P2X and
P2Y receptor antagonists (suramin + PPADS) reduced basal cal-
cium levels, suggesting that low levels of endogenous ATP toni-
cally elevates [Ca**];. We also observed an enhanced sensitivity
to odors in the presence of purinergic receptor antagonists, sug-
gesting that low-level endogenous ATP normally reduces odor
responsiveness.

What is the physiological role for purinergic receptors in the
peripheral olfactory system? Purinergic receptors appear to play
an integral role in signaling acute damage to OE. Damaged cells
release ATP, thereby activating purinergic receptors on neigh-
boring sustentacular cells, ORNSs, and basal cells and initiating a
cascade for neuroprotection and regeneration. Indeed, our recent
preliminary studies show that the induction of heat-shock pro-
teins by noxious odor damage can be prevented by the in vivo
administration of purinergic receptor antagonists (Hegg et al.,
2003). The predominantly suppressive effect of ATP on odor
responses could play a role in the reduced odor sensitivity that
occurs during acute exposure to noxious fumes (Callender et al.,
1993) and may be a novel neuroprotective mechanism for future
study.
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