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Abstract

A conformational conversion of the cellular prion protein (PrPC) is now recognized as the causal event of fatal
neurodegenerative disorders, known as prion diseases. In spite of long-lasting efforts, however, the physiological role of
PrPC remains unclear. It has been reported that PrPC is expressed in various areas of the olfactory system, including the olfactory
epithelium, but its precise localization in olfactory sensory neurons (OSNs) is still debated. Here, using immunohistochemistry
tools, we have reinvestigated the expression and localization of PrPC in the olfactory epithelium of adult congenic mice
expressing different PrPC amounts, that is, wild-type, PrP-knockout, and transgenic PrPC-overexpressing animals. We found
that PrPC was expressed in OSNs, in which, however, it was unevenly distributed, being detectable at low levels in cell bodies,
dendrites and apical layer, and more abundantly in axons. We also studied the involvement of PrPC in the response of the
olfactory epithelium to odorants, by comparing the electro-olfactograms of the 3 mouse lines subjected to different stimulation
protocols. We found no significant difference between the 3 PrP genotypes, supporting previous reports that exclude a direct
action of PrPC in the early signal transduction activity of the olfactory epithelium.
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Introduction

Up to now, the worldwide reputation of the cellular prion pro-

tein (PrPC) has been mainly restricted to its capacity to generate

prions, the infectious agents responsible for fatal neurodegen-

erative disorders—known as prion diseases—that include

Creutzfeldt–Jakob disease (CJD) in humans, scrapie in sheep,
and the so-called mad cow disease. It is now acknowledged that

the disease originates when PrPC undergoes a conformational

conversion into an aberrant isoform (PrPSc), which is the major

component of prions, and which is able to self-propagate into

host organisms and to cause neuronal demise (Prusiner 1982,

1998; Aguzzi et al. 2008).

Noteworthy, the conservation among the vertebrate sub-

phylum of PrPC, which is tethered to the plasma membrane
via a glycolipid anchor, has long been taken to indicate that

the protein serves important functions in almost all tissues,

from development throughout the entire lifespan (Linden

et al. 2008). However, despite the extensive research of the

past 2 decades, the precise function of PrPC has not yet been

fully elucidated. Research has also exploited murine lines
in which the gene coding for PrPC was ablated (PrP-KO)

by different gene-targeting strategies (Büeler et al. 1992;

Manson et al. 1994; Mallucci et al. 2002). These animals,

however, displayed only marginal, if any, phenotypes under

normal conditions (Criado et al. 2005; Nazor et al. 2007).

Identification of the physiological role of PrPC thus remains

a major challenge not only for understanding PrPC biology

under healthy conditions but also for developing suitable
means to prevent and cure prion diseases.
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The search for PrPC function has also considered the olfac-

tory system, following the observation that PrPC is expressed

in both the olfactory epithelium and olfactory bulb (Salès

et al. 1998, 2002; Moya et al. 2000; Liu et al. 2001; Ford

et al. 2002; Le Pichon and Firestein 2008; Atoji and Ishiguro
2009). Interestingly, the pathologic PrPSc form of the prion

protein was found to accumulate in the olfactory epithelium

of individuals affected by sporadic CJD (Zanusso et al. 2003,

2009). This observation could imply that olfactory sensory

neurons (OSNs) express PrPC in sufficiently high amounts

to support prion replication, and dissemination of infectivity

through nasal fluids, as recently proposed (Bessen et al.

2010). Yet, it is not clear whether, in addition to axons, PrPC

localizes also in the cell body and dendrite of OSNs (Ford

et al. 2002; Le Pichon and Firestein 2008).

The first step in the perception of odorants occurs in the ol-

factoryepitheliumofthenasalcavitythatharborsOSNs.OSNs

are bipolar neurons with a single dendrite that terminates in

a knob from where several cilia protrude. Odorant molecules

bind to odorant receptors in the cilia, initiating the olfactory

transduction cascade that evokes a so-called generator
potential in OSNs (Breer 2003; Pifferi, et al. 2009). Through

a single axon, OSNs propagate the electrical signal to sec-

ond-order neurons in the olfactory bulb that, in turn, project

to the olfactory cortex and from here to other brain areas (Me-

nini et al. 2004; Tirindelli et al. 2009).

A recent study has suggested a possible functional role for

PrPC in olfaction (Le Pichon et al. 2009). This conclusion

stemmed from the observation that the absence of PrPC

led to the impairment of 2 types of odorant-mediated

behaviors—the cookie finding and the olfactory habituation/

dishabituation—whereby PrP-KO mice resulted significantly

slower in finding buried food and had altered behaviors

in the detection and discrimination of different odorants,

respectively. Importantly, both phenotypes were rescued by

transgenic neuronal-specific expression of PrPC. The study

has also demonstrated that the olfactory epithelium of PrP-KO
mice had normal odorant-evoked electro-olfactogram (EOG),

in contrast to substantial electrophysiologic alterations

displayed by the olfactorybulb.Also in thiscase, the phenotype

disappeared in a mouse line in which PrPC expression was

absent from only the olfactory epithelium. These findings thus

allowed concluding that the olfactory deficits probably arose

from an impaired processing at the level of the olfactory bulb,

and/or higher ‘‘centers,’’ rather than from modifications in the
periphery. Although undoubtedly supporting a role of PrPC in

the odorant processing of the olfactory bulb, this study did not

investigate whether PrPC governed important aspects of the

odorant-evoked EOG at the level of the olfactory epithelium,

for example, the sensitivity, kinetics, and adaptation of the

response.

Inthepresentwork,wehaveanalyzedthelocalizationofPrPC

in the olfactory epithelium and compared the odorant-evoked
functional properties of the epithelium derived from 3 murine

lines expressing different PrPC amounts. These included wild-

type (WT) FVB mice, a congenic PrP-KO line, and a transgenic

line overexpressing PrPC (PrP-OE) around 4-fold the normal

level. Our study has shown that PrPC is abundant in the axons

of OSNs, but that it can also be observed in the cell body,

dendrite, and ciliary layer of OSNs. We also studied the ampli-
tude,kinetics,andadaptationpropertiesoftheodorant-evoked

EOG of the olfactory epithelium. Our results further substan-

tiate thatPrPC isnot involvedinthe early eventsof the olfactory

transduction pathway.

Materials and methods

Animals

We used 3-month-old male WT mice with FVB genotype

(Harlan) and congenic (FVB) mice genetically modified for

PrPC expression. The latter included PrP-KO mice (line F10)

and transgenic PrP-OE mice (line Tg37) (Mallucci et al.
2002) (both were kindly provided by the MRC Prion Unit).

For experiments, mice were anesthetized with CO2 inhalation

before decapitation. All animals were handled in accordance

with the Italian (D.L. no. 116/1992) and EU (no. 86/609/

EEC) laws concerning the care and use of laboratory animals.

Immunohistochemistry

Olfactory epithelium immunostaining was performed as

previously described (Pifferi, Dibattista, et al. 2009) with

minor modifications. Briefly, nasal sections were fixed in
4% paraformaldehyde (4 h, 4�C), decalcified by incubation

in 0.5-M ethylenediaminetetraacetic acid for 2 days, and then

equilibrated overnight (4�C) in 30% (w/v) sucrose for cryo-

protection. Coronal sections (16-lm thick) were cut with

a cryostat and stored (–20�C) until use. For antigen retrieval,

sections were treated (15 min) with Na dodecyl sulfate (0.5%

v/v) in phosphate-buffered saline (PBS), incubated (90 min)

in a blocking solution (2% normal goat serum [v/v] and 0.2%
[v/v] Triton X-100 in PBS) and then (overnight, 4�C) with the

primary antibody (Ab, diluted in the blocking solution).

After rinses with 0.1% (v/v) Tween 20 in PBS (PBS-T),

sections were added with the fluorophore-conjugated

secondary Ab (diluted in PBS-T, 2 h, Room Temperature),

rinsed, treated (30 min) with 4’-6-diamidino-2-phenylindole

(0.1 lg/ml) to stain nuclei, rinsed again, and mounted with

Vectashield (Vector Laboratories). We used the following
primary Ab (dilutions in parenthesis): anti-PrP mouse

monoclonal Ab 8H4 (1:300, a kind gift of Dr M. S. Sy, Case

Western University) and goat polyclonal Ab against the

olfactory marker protein (OMP) (1:600, Wako Chemicals

Inc.). The Alexa 488–conjugated goat anti-mouse Ab and

the Alexa 594–conjugated rabbit anti-goat Ab (1:300, Mo-

lecular Probes-Invitrogen) were the used secondary Abs.

The fluorescent signal was visualized with a Leica TCS
SP2 confocal microscope (Leica Microsystems). Images were

acquired using a Leica software (at 1024 · 1024 pixel reso-

lution) and analyzed with the ImageJ software. Reported
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images were unmodified except for balancing brightness and

contrast.

EOG recordings

EOG recordings were obtained using a method similar to

that reported by Zhao et al. (1998), as previously described

(Franceschini et al. 2009; Pifferi, Dibattista, et al. 2009;

Cygnar et al. 2010). Immediately after decapitation, the

mouse head was cut sagitally to expose the medial surface
of the olfactory turbinates. EOG was measured at the surface

of the olfactory epithelium (Scott and Scott-Johnson 2002).

Amyl acetate was the used odorant molecule that, prepared

as a 5-M stock solution (in dimethyl sulfoxide [DMSO]), was

diluted with water to obtain the working concentrations (in

the 5 · 10–4 to 0.5-M range). Response to DMSO alone was

always less than 0.05 mV. The vapor-phase odorant stimulus

was generated by placing 0.9 ml of the desired amyl acetate
solution in a 10-ml glass test tube capped with a rubber stop-

per. Two 20-gauge needles provided the input and output

ports for the vapor above the solution. For stimulation,

single or paired pulses (at 8 psi) of the odorant-containing

vapor were injected into a continuous stream of humidified

air. Pulses were generated by a Picospritzer solenoid-

controlled valve (Intracel). The minimum interval between

each stimulus protocol was of at least 1 min. The odorant
stimulus pathway was cleaned by air between each stimulus

presentation. Experiments were performed at room

temperature.

EOG kinetics was analyzed on the basis of the following

3 parameters: 1) the latency of the response, calculated as

the interval between the beginning of the odorant application

and the time at which the response reached 1% of the

maximal value; 2) the rise time, calculated as the time interval
between 1% and the peak value of the response; and 3) the

time constant of the exponential fit of the recovery phase of

the response, calculated over the time period from the peak

value to 10% of the peak.

Recording electrodes were borosilicate glass pipettes (WPI,

Sarasota) pulled (with a PP-830 puller, Narishige) and fire-

polished to obtain a tip of 10–20 lm diameter. Electrodes were

filled with a mammalian Ringer’s solution (containing 0.6%
agarose and [in mM] 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10

HEPES [pH 7.4], 10 glucose, 1 Na pyruvate) and mounted in

a pipette holder containing an Ag/AgCl wire connected to

the head stage of a patch-clamp amplifier (Multiclamp

700B). The latter was controlled by the Clampex 10.2 software

via a digitizer (Digidata 1400, Molecular Devices). Electrical

signals were low-pass filtered at 25 Hz and digitized at a sam-

pling rate of 1 kHz. The ground electrode was located in the
mouse brain.

Statistics

Data are reported as mean ± standard error of the mean, and

n is the number of used mice. Statistical significance was

evaluated by ANOVA (Igor Software, Wavemetrics), with

a P value <0.05 being considered significant.

Results

Expression of PrPC in the olfactory epithelium of adult mice

To clarify the involvement of PrPC in odorant perception, we

first examined the protein localization in the different areas

of the olfactory epithelium. To this end, we analyzed by confo-
cal microscopy epithelium coronal sections fluorescently

labeled with Ab to PrPC and OMP (a marker for mature OSNs,

Bakeretal.1989).Figure1reportssuchmicrographspertaining

to WT (panels A–C), PrP-OE (D–F), and PrP-KO (G–I) mice.

For clarity, the different areas of the olfactory epithelium are

marked in panel C, whereby AL denotes the apical region

containing OSN dendritic knobs and cilia; OSN, the area with

cellbodiesanddendritesofOSNs;andBL, theunderlyingbasal
lamina. At the bottom of each micrograph, arrows indicate one

of several axon bundles that cluster beneath the basal lamina

and project to the olfactory bulb. In WT mice (panel A), we

observed a weak staining for PrPC in the OSN layer, in contrast

to the intense staining of the apical region containing dendritic

Figure 1 Expression and localization of PrPC in the olfactory epithelium.
Confocal micrographs were taken from the coronal section of the olfactory
epithelium (immunostained with monoclonal Ab 8H4 to PrPC [left panels]
and a polyclonal Ab to OMP [middle panels]) obtained from adult WT (A–C),
PrP-OE (D–F), and PrP-KO (G–I) mice. Some areas of the olfactory
epithelium are indicated on the right of panel C: the apical layer, containing
dendritic knobs and cilia (AL); the area with cell bodies and dendrites of
OSNs (OSN); and the basal lamina (BL). Examples of axon bundles are
indicated by white arrows. Images on the right result from the merge of left
and middle images. Cell nuclei were stained by 4’-6-diamidino-2-phenyl-
indole. Scale bar: 20 lm in all panels. This figure appears in color in the
online version of Chemical Senses.
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knobs and cilia and the even stronger signal of axon bundles

(arrow). Expectedly, PrPC localization became more clearly

evident in PrP-OE mice, in particular in the OSN layer with cell

bodies and dendrites (panel D). As for the PrP-KO olfactory

epithelium (panel G), there was no immunoreactive signal
for PrPC, thus indicating the specificity of the used anti-PrP Ab.

LabelingofepitheliawithanAbagainstOMP(panelsB,E,H)

and the merging of this signal with that for PrPC revealed that

PrPC and OMP colocalized in PrPC-expressing samples (panels

C and F). This is better appreciated in the magnified

micrographs of the epithelium sections reported in Figure 2.

Here, in spite of PrPC faint staining (A), colocalization of PrPC

and OMP could be traced in some WT OSNs (indicated by
arrows inpanels A–C), which becamemorefrequent inPrP-OE

neurons(panelsD–F).Interestingly,althoughcolocalizationof

the 2 fluorescent signals was not evident in all PrP-OE OSNs,

those in which it was present clearly indicate that the 2 proteins

colocalized in the cell body, dendrite, and dendritic knob.

Finally, lack of PrPC signals in PrP-KO specimen (panels

G–I) corroborates the previous conclusion on the specificity

of the anti-PrP Ab.

EOG recordings in adult mice

InlightofthewidespreaddistributionofPrPCinOSNs,wemea-
sured the EOGs of the 3 available mouse lines to understand

whether PrPC plays a role in the olfactory transduction path-

way. In response to odorants, the EOG records the electrical

activity of a population of OSNs as a negative electrical field

potential at the surface of the epithelium, which represents

the integration of generator potentials from individual OSNs
(Ottoson 1955; Scott and Scott-Johnson 2002).

In the first set of experiments, we tested the response of the

epithelium after delivery of a single 100-ms pulse of the vapor

phase of a 0.5-M amyl acetate solution. Amyl acetate was the

chosen odorant because it produces large responses from

mouse olfactory epithelia (Zhao et al. 1998). Figure 3A

reports representative EOGs of the olfactory epithelium from

WT, PrP-KO, and PrP-OE mice, which were recorded at the
turbinate IIb location. As shown, the response had a similar

shape irrespective of the PrP genotype. Additionally, the

responses also remained similar when EOGs were recorded

attheturbinateIII locationoftheepithelium(datanotshown).

Importantly, no significant difference was observed in the

average peak amplitude of the 3 responses (Figure 3B, left

panel), also when decreasing odorant concentrations were

used (Figure 3B, right panel). The latter result indicates that
the 3 mouse lines had equal sensitivity to odorants.

Next, we analyzed EOG kinetics, by estimating the latency

and the rise time of the response, and the time constant of the

termination phase at various odorant concentrations (see

Materials and Methods). Once again, none of these param-

eters varied significantly among WT, PrP-KO, and PrP-OE

epithelia (Figure 4).

It is well known that, if exposed to a prolonged odorant stim-
ulus, or to repetitive brief stimuli, OSNs undergo an adaptive

decrease of the response amplitude. To verify whether this

phenomenon was dependent on PrPC, we first recorded EOG

responses elicited by a continuous (5-s pulse) odorant stimula-

tion.AsillustratedinFigure5A,reportingrepresentativeEOGs

from the olfactory epithelium of WT, PrP-KO, and PrP-OE

miceexposedto5·10–3Mamylacetate,theresponseamplitude

progressively declined with comparable kinetics irrespective of
PrPC expression levels. Further, the extent of adaptation,

calculated as the percentage decrease between the peak value

and the response amplitude at the end of the stimulus (Figure

5A), did not significantly change between samples, also when

exposed to different odorant concentrations (Figure 5B).

We then analyzed the adaptation phenomenon induced by

repetitive brief odorant stimuli, consisting in 2 identical 100-

ms pulses separated by a 3-s time interval. Here, also the
representative EOG responses shown in Figure 6A, which

were elicited by a double pulse of 5 · 10–2 M amyl acetate,

indicate that samples with different PrP genotypes exhibited

comparable adaptation behaviors. No significant difference

in the extent of adaptation, calculated as the ratio between

the second and the first peak amplitude, was observed among

WT, PrP-KO, and PrP-OE olfactory epithelia exposed to

different odorant concentrations (Figure 6B).
Taken together, the above reported EOG responses,

recorded in WT, PrP-KO, and PrP-OE mice after

Figure 2 Magnified micrographs of PrPC localization in OSNs. (A–C) The
immunohistochemical staining of WT OSNs for PrPC and OMP shows that
PrPC is present in the apical region and in the cell body of some neurons (A),
while the merge of the signals for PrPC and OMP (B) indicates that the 2
proteins colocalize, although sparsely (C). (D–F) Instead, the immunohisto-
chemical staining of PrP-OE shows that the fluorescent PrPC signal is more
intense in the cell bodies and is evident also in dendrites (D, lower and upper
arrow, respectively) and that the co-localization between PrPC and OMP (F) is
evident in more neurons than observed in WT samples. (G–I) The signal for
PrPC is absent from PrP-KO OSNs. Scale bars: 10 lm in all panels. This figure
appears in color in the online version of Chemical Senses.
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application of different stimulation protocols, clearly indi-

cate that PrPC did not significantly affect the response to

odorants at the level of the olfactory epithelium.

Discussion

Although several studies have reported that axons of OSNs
harbor high quantities of PrPC (Salès et al. 1998; Moya et al.

2000; Ford et al. 2002; Le Pichon and Firestein 2008; Atoji

and Ishiguro 2009), to the best of our knowledge only 2 of

these reports have analyzed in detail the expression and dis-

tribution of the protein in the entire olfactory epithelium

(Ford et al. 2002; Le Pichon and Firestein 2008). However,

these studies did not clarify whether PrPC expression was

restricted to axons of OSNs (Le Pichon and Firestein

2008) or whether the protein was also present in neuronal

cell bodies and dendrites (Ford et al. 2002). In the present
study, we re-examined the issue also by taking advantage

of transgenic mice with about 4-fold overexpression of PrPC.

This allowed us to better visualize PrPC neuronal

Figure 3 Amplitude and sensitivity of odorant responses at the turbinate IIb location. (A) Representative EOG recordings in response to 100-ms pulses
(delivered at the time indicated in the top trace) of the odorant vapor from a 0.5-M amyl acetate solution. (B) Bar diagrams of the average peak amplitude of
EOGs elicited by a pulse from the 0.5-M odorant solution (left panel) show that the response was not significantly different among olfactory epithelia from
WT, PrP-KO, or PrP-OE mice (n = 4–6). Similarly, no significant difference between WT, PrP-KO, and PrP-OE mice was observed when decreasing odorant
concentrations were used (right panel). In this case, for each PrP genotype, the peak values of the EOG response at each odorant concentration were
normalized to those recorded at 0.5 M. Reported values are mean � standard error of the mean (n = 4).

Figure 4 Kinetics parameters of the odorant response. (A) EOG responses to a 100-ms pulse of vapor from the 0.5-M amyl acetate solution from WT (black
trace), PrP-KO (gray trace), and PrP-OE (dotted trace) epithelia were normalized to the respective peak value. Normalized traces underscore that EOG
responses had comparable kinetics irrespective of the PrP genotype. (B) Latency (left panel), rise time (middle panel), and time constant of the termination
phase (right panel) of EOG responses to different odorant concentrations. In no case, significant differences were observed between WT, PrP-KO, and PrP-OE
samples. Reported values are mean � standard error of the mean (n = 4).

Figure 5 Adaptation to a continuous odorant stimulus. (A) Representative EOG responses to a 5-s pulse of 5 · 10–3 M amyl acetate by WT, PrP-KO, and PrP-
OE olfactory epithelia. Each trace was normalized to the respective peak value. Top traces report the stimulation protocol. The decrease in response amplitude
in the presence of the prolonged odorant stimulus, determined as the percentage reduction in amplitude between the peak and the value recorded at the
end of the 5-s stimulus, did not significantly change in samples with different PrPC levels. (B) No significant difference in the extent of adaptation between
WT, PrP-KO, and PrP-OE mice was observed also when the continuous 5-s pulses were delivered using different odorant concentrations. Reported values are
mean � standard error of the mean (n = 4).
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distribution and to demonstrate that the protein was localized

in all areas of OSNs, although at uneven levels. Indeed,

although PrPC maximal expression was undoubtedly in axons,

lower amounts of the protein could nevertheless be detected in

cell bodies, dendrites, and in the cilia-containing apical layer.

Several reasons may explain the discrepancy between our

findings and those previously reported. These include the
methodology for preparing the olfactory epithelium and

the specificity and sensitivity of the used anti-PrPC antibod-

ies. A further source of variability can be tentatively identi-

fied in the different genotypes of the mouse models under

investigations (FVB mice in our study, compared with

129/Ola, Ford et al. 2002, and B6129, Le Pichon and

Firestein 2008, strains used in the previous works), which

may have originated subtle, yet detectable, differences in
PrPC expression and distribution.

The olfactory phenotype previously reported in PrP-KO

mice (Le Pichon et al. 2009), and the broad distribution

of PrPC in OSNs reported here, prompted us to analyze in

detail the possible involvement of PrPC in the response to

odorants of the olfactory epithelium of adult (FVB) mice.

In this context, it is worth noting that a number of studies,

carried out also with PrP-KO paradigms, have suggested
that PrPC could play a role in the control of Ca2+ homeosta-

sis in neurons (Sorgato and Bertoli 2009; Lazzari et al. 2011).

Hence, because Ca2+ plays a central role in the olfactory

transduction cascade at the level of both excitation and ad-

aptation to odorants (Menini 1999; Matthews and Reisert

2003), it was interesting to verify whether the response to

odorants was altered in PrP-KO and/or PrP-OE OSNs.

However, comparison of EOG recordings, which measure
the generator potentials of a population of OSNs in response

to odorants (Ottoson 1955; Scott and Scott-Johnson 2002),

showed no statistically significant variation in the amplitude

and kinetics of the response to short odorant pulses by the

olfactory epithelium of WT, PrP-KO, and PrP-OE mice. In

addition, comparable extents of adaptive phenomena, in-

duced by both prolonged odorant exposure and repetitive

brief odorant pulses, were equally observed in the olfactory
epithelia expressing different PrPC levels.

In conclusion, our results definitively establish that PrPC

does not affect the EOG response of the olfactory epithelium

to odorants. The EOG, however, allows estimating the capa-

bility of the olfactory epithelium to transduce the odorant

stimulus into generator potentials, but not the production

and transmission of action potentials. Our findings, there-

fore, cannot yet rule out the possibility that PrPC plays a role
in the generation of action potentials in OSNs and/or in their

propagation to the axon terminals. In addition, given that

olfactory nerve terminals release glutamate to stimulate

second-order neurons in the olfactory bulb, another intrigu-

ing possibility could be that PrPC influences Ca2+-dependent

glutamate release at the presynaptic level. This hypothesis

seems reasonable also in view of the above-mentioned impli-

cation of PrPC in regulating Ca2+ homeostasis. Thus, before
definitively ruling out a physiological role of PrPC in the

response to odorants by the olfactory epithelium, further

experiments need to address the above described hypotheses.
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