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Expression of Insulin System in the Olfactory Epithelium: First Approaches
to its Role and Regulation
M.-C. Lacroix,*�� K. Badonnel,*�� N. Meunier,*��§ F. Tan,– C. Schlegel-Le Poupon,� D. Durieux,*�� R. Monnerie,*�� C. Baly,*��
P. Congar,*�� R. Salesse*�� and M. Caillol*��
*INRA, UMR 1197 Neurobiologie de l’Olfaction et de la Prise Alimentaire, Recepteurs et Communication Chimique, Jouy en Josas, France.

�INRA, UMR 1197 Neurobiologie de l’Olfaction et de la Prise Alimentaire, Biochimie de l’Olfaction et de la Gustation, Jouy en Josas, France.

�Université Paris-Sud, UMR1197, Orsay, France.

§Université de Versailles Saint Quentin en Yvelines, Versailles, France.

–INSERM U564, Equipe AVENIR, Cytokines: Structure and Signalisation Tumorale, Angers, France.

Animals are known to regulate their body weight through a com-

plex homeostatic mechanism. The control of food intake plays a

crucial role in these regulations and is mainly ensured by the hypo-

thalamus. To achieve this control, the hypothalamus receives inputs

from circulating factors, and from external signals transmitted by

sensory organs, such as food availability and quality (1). Insulin is

one of the most important metabolic signals between the endocrine

system and the brain. Previous studies in the baboon reported that

the intracerebroventricular administration of insulin decreased food

intake, whereas, in mice, the selective deletion of insulin receptors

(IR) in neurones resulted in hyperphagia leading to obesity (2). IR

are widely distributed throughout the central nervous system, with

a high level of expression being observed in the cortex, hippocam-

pus, hypothalamus and olfactory bulbs (3). IR expression in the

olfactory bulb suggests that insulin may in part regulate food

intake by modulating the olfactory message. Indeed, food odours

are among the major determinants for food choice and intake. Con-

versely, the nutritional status of individuals influences odour detec-

tion. In primates and humans, fasting results in an increased

perception of some food-related odours (4), whereas satiety regard-

ing one type of food is correlated with a reduction in olfactory

detection specific to this food (5). Odours signals are processed

through multiple steps starting in the olfactory mucosa (OM) and

then reaching the olfactory bulb, before being integrated in differ-

ent areas of the central nervous system. To date, the neural bases

for these olfactory performance modulations by the nutritional sta-

tus have been only identified in the olfactory bulb, at the level of

mitral cells (6), the projections of which constitute the principal
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Food odours are major determinants for food choice; their detection is influenced by nutritional

status. Among different metabolic signals, insulin plays a major role in food intake regulation.

The aim of the present study was to investigate a potential role of insulin in the olfactory

mucosa (OM), using ex vivo tissues and in vitro primary cultures. We first established the

expression of insulin receptor (IR) in rat olfactory mucosa. Transcripts of IR-A and IR-B isoforms,

as well as IRS-1 and IRS-2, were detected in OM extracts. Using immunocytochemistry, IR pro-

tein was located in olfactory receptor neurones, sustentacular and basal cells and in endothe-

lium of the lamina propria vessels. Moreover, the insulin binding capacity of OM was quite high

compared to that of olfactory bulb or liver. Besides the main pancreatic insulin source, we dem-

onstrated insulin synthesis at a low level in the OM. Interestingly 48 h of fasting, leading to a

decreased plasmatic insulin, increased the number of IR in the OM. Local insulin concentration

was also enhanced. These data suggest a control of OM insulin system by nutritional status.

Finally, an application of insulin on OM, aiming to mimic postprandial insulin increase, reversibly

decreased the amplitude of electro-olfactogramme responses to odorants by approximately 30%.

These data provide the first evidence that insulin modulates the most peripheral step of odour

detection at the olfactory mucosa level.

Key words: rat olfactory mucosa, insulin-receptor, insulin, electro-olfactogramme.
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output of the olfactory bulb. Among the nutritional signals, insulin

has been shown to act at the level of olfactory bulb. The response

of mitral cells to odours is mostly increased after a subcutaneous

insulin injection (7), and more recent studies have established that

insulin modulates the electrical activity of olfactory bulb neurones

through phosphorylation of the voltage-gated ion channel Kv1.3

(8). However, the olfactory bulb only comprises the second level of

odour detection. Data obtained in our laboratory suggest that met-

abolic status could also control the first level of odour detection.

Leptin, orexins and their receptors are expressed in the OM (9, 10).

Interestingly, fasting causes a significant enhanced transcription of

both leptin and its receptors (10). Moreover, fasting also modulates

the expression of a subset of transcripts in the OM, some of which,

such as the odorant-binding protein 1F, are involved in odour

detection (11). In view of these data, we decided to investigate the

presence and localisation of insulin receptor in the OM, its role and

possible regulation.

The OM consists of a pseudostratified neuroepithelium (olfactory

epithelium, OE) that lies on a lamina propria (Fig. 1). The OE is

composed of olfactory receptor neurones (ORNs) interspersed with

non-neuronal sustentacular cells (SUS). Olfactory receptors are

expressed on cilia of the dendritic knobs of ORNs. Throughout life,

ORNs and SUS are renewed through the proliferation of horizontal

(HBC) and globose basal cells (GBC), located at the base of the OE

(12). The lamina propria is composed of Bowman’s glands, blood

vessels, fibroblasts and ORNs axons wrapped in ensheathing cells.

First, we checked the expression of the insulin receptor in the dif-

ferent OM cell types, the occurrence of its two variant types (IR-A

and IR-B) (13), its level of expression, localisation and insulin bind-

ing capacity. We also examined a possible local insulin production

by the OM. Finally, we checked whether the modification of the

nutritional status influenced insulin system expression in the OM,

and whether insulin application on this tissue was able to modulate

the responses of ORNs to odorants.

Materials and methods

Reagents

Antibodies directed against the following antigens were used: human CK14

(mouse monoclonal, clone LL002; Biogenex, San Ramon, CA, USA), CK18

(mouse monoclonal, clone RGE 53; Servibio, Meudon, France), b-tubulin iso-

type III (mouse monoclonal, clone SDL.3D10; Sigma Aldrich, Saint-Quentin

Fallavier, France), bovine ⁄ porcine insulin (rabbit polyclonal antibody, Immu-

nostar; Euromedex, Mundolsheim, France), human insulin-receptor b [IRb
immunocytochemistry: rabbit polyclonal antibody ab10991 (Abcam, Cam-

bridge, UK) or rabbit polyclonal antibody sc-711 (Santa-Cruz, Tebu, Le Per-

ray-en-Yvelines, France); western: rabbit polyclonal antibody sc-711], insulin

receptor substrate-1 and -2 (IRS-1, IRS-2; rabbit polyclonal antibodies;

Santa-Cruz), human Pdx1 (rabbit polyclonal antibody kindly supplied by Dr

R. Scharfmann, INSERM, Paris, France) (14) and globose basal cells (GBC2

antibody) kindly supplied by Dr J. E. Schwob (Tufts University School of

Medicine, Boston, MA, USA) (15). Labelling were visualised using fluorescent

secondary antibodies obtained from Molecular Probes (Alexa 488-conjugated

goat anti-mouse, Alexa 488-conjugated goat anti-rabbit, Alexa 555-conju-

gated donkey anti-mouse, Alexa 555-conjugated donkey anti-rabbit; Invitro-

gen, Cergy Pontoise, France) or an avidin-biotin-peroxidase kit (ABC Elite,

Vectastain, Abcys, Paris, France). Control sera were obtained from Jackson

ImmunoResearch Laboratories (West Grove, PA, USA) and mouse IgG1 and

IgG2b controls came from Immunotech (Marseille, France). Modified Eagle’s

Joklic medium, collagen type IV, L-ascorbic acid 2-phosphate and bovine

insulin were obtained from Sigma Aldrich and RDB from Euromedex. Dul-

becco’s modified Eagle’s medium ⁄ Ham F-12 (F12 ⁄ DMEM) low glucose

(1.4 g ⁄ l) and newborn calf serum (NCS) came from Eurobio (Courtaboeuf,

France). Dispase II (2.4 U ⁄ ml) was obtained from Roche Diagnostics (Meylan,

France). Recombinant Human Epidermal Growth Factor (EGF), GlutaMAX,

penicillin ⁄ streptomycin and Trizol Reagent were obtained from Invitrogen.

The rat insulin radioimmunoassay (RIA) kit came from Linco Research Milli-

pore (Saint-Quentin en Yvelines, France).

Experimental animals

All animal experiments were conducted in accordance with the European

Communities Council Directive of 24 November 1986 (86 ⁄ 609 ⁄ EEC). Every

effort was made to minimise the number and suffering of rats. Experiments

were carried out on young (1–3 weeks) or adult (2–3 months) male Wistar

rats born in our laboratory. They were kept under controlled conditions of

light (12 : 12 h light ⁄ dark cycle, lights on 08.00 h) and temperature (22 �C)

with free access to pellet food (M25; Dietex, Saint-Gratien, France) and tap

water. To determine the effect of fasting, control rats were fed between

17.00 h and 08.00 h. For starved rats, food but not water was withheld for

48 h. For all experiments rats were killed at the beginning of the light phase

(08.00–11.00 h) by decapitation, which was properly conducted by skilled

staff using well-maintained equipment, ensuring rapid death. The OM and

control tissues (olfactory bulb, pancreas, liver and kidneys), were rapidly col-

lected and either frozen in liquid nitrogen for RNA and protein extraction or

incubated in Dispase solution for the culture of OE cells. For fasting experi-

ments, blood was collected and plasma was stored for later analysis of insu-

lin levels.

SUS

NC

OE

ORNm

BL

ORNi

GBC
HBC

FbBG Fb

OEC

LP BG BV

Fig. 1. Schematic representation of the olfactory mucosa (OM). OM lines

the dorsal aspect of the nasal cavity (NC). OM consists of a pseudostratified

epithelium (OE) and a lamina propria (LP), separated by a basal lamina (BL).

The upper compartment of the OE, toward the NC, is composed of susten-

tacular cells (SUS) and mature olfactory receptor neurones (ORNm). The

medium part consists of immature ORN (ORNi) and the basal part of glo-

bose cells, horizontal basal cells (GBC and HBC, respectively) and SUS end

feet. Lamina propria is composed of olfactory ensheathing cells (OEC), fibro-

blasts (Fb), Bowman’s gland (BG) and blood vessels (BV).
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Primary culture of olfactory epithelium

Adult rats were deeply anaesthetised with sodium pentobarbital (CEAV,

Libourne, France; 100 mg ⁄ kg) and killed by decapitation. To prevent contam-

ination by the respiratory epithelium, we only collected nasal septum epithe-

lium. The OE was cultivated as previously described with few modifications

(16). Briefly, after 45 min of incubation in 2.4 U ⁄ ml Dispase II solution at

37 �C, the olfactory epithelium was carefully separated from the lamina

propria. Epithelial fragments were then gently triturated to separate the cells

mechanically. Cell suspensions from different animals were pooled in a

15-ml conical tube and F12 ⁄ DMEM was added. The cell suspension was

centrifuged and the pellet re-suspended in a culture medium composed of

F12 ⁄ DMEM containing NCS (10%), GlutaMAX (2 mM), penicillin (10 U ⁄ ml),

streptomycin (10 lg ⁄ ml) and L-ascorbic acid 2-phosphate (200 lM). Medium

supplementation with insulin, as described in Feron et al. (16), was omitted.

Each rat epithelium yielded approximately 1.5 million cells. Cells were plated

in four-well NUNC culture plates on 15-mm sterile glass coverslips coated

with collagen IV (5 lg ⁄ cm2) and placed at 37 �C in a humidified atmo-

sphere of 5% CO2 in air. The equivalent of one rat epithelium was equally

distributed in a four-well culture plate. The culture medium was changed

every 48 h. EGF (25 ng ⁄ ml) was added to the culture medium only from the

fourth day of culture, to promote the development of non-neuronal cells.

Cultures were stopped after 2 or 10 days of culture, and the cells were

either fixed for 20 min at room temperature in paraformaldehyde L-lysine

metaperiodate (PLP; 2% paraformaldehyde, 0.1 M L-lysine, 0.01 M metaperio-

date) in phosphate-buffered saline (0.1 M PBS, pH 7.4) for immunocyto-

chemistry experiments, or lysed in guanidium-thiocyanate for total RNA

isolation. As reported by Feron et al. (16) three types of cells, SUS, HBC and

ORNs, were identifiable after 2–3 days of culture. After 6 days of culture,

ORNs could no longer be detected (16; our own unpublished data).

Immunocytochemistry (ICC)

ICC assays were performed on either olfactory mucosa sections or OE cells

in culture. Tissue sections were prepared as previously described (10). OE

cells were fixed in PLP, as described above. For both OM sections and OE

cells, nonspecific staining was blocked by incubation for 1 h at room tem-

perature with non-immune serum appropriate to the secondary antibody at

a dilution 1 : 10 in PBS containing 2% bovine serum albumin (BSA) and

0.2% Triton X-100. The OM sections and OE cells were then incubated over-

night at 4 �C with primary antibody in PBS containing 0.2% BSA and 0.05%

saponin. The following antibodies were used to identify different cell types

in the olfactory epithelium: anti-b-tubulin III for neurones (1 : 800); anti-

CK14 for horizontal cells (1 : 20; 15); anti-CK18 for sustentacular cells

(1 : 50; 15). Antibodies against IR (ab10991 or SC 711), IRS-1, IRS-2, Pdx1

and insulin were used at the following dilutions: 1 : 500, 1 : 50, 1 : 100,

1 : 100, 1 : 1000 and 1 : 1000, respectively. For insulin ICC, OM sections

were submitted to a demasking step at 94 �C in citrate buffer. Controls

included the incubation of non-immune serum or nonspecific IgG in place

of each primary antibody. Controls for IR and insulin also included preincu-

bation of the IR antibody with 250 lg of rat liver plasma membranes (see

preparation of membranes in Insulin radio-receptor assay section) and of

the insulin antibody with 10 lg bovine insulin, for 1 h at room temperature.

After centrifugation, the supernatant was incubated with OM sections or OE

cells under the same conditions as the first antibodies. After washes in PBS,

labelling was visualised using secondary antibodies conjugated either with

fluorochrome (1 : 500, 1 h at room temperature) or biotin revealed by avi-

din-peroxidase kit with diaminobenzidine (DAB 0.5 mg ⁄ ml) and H2O2

(0.005%). Some sections or cells that had undergone ICC for IR, insulin and

Pdx1 were then processed for a double-labelling after a 30-min blocking

step in non-immune goat serum (1 : 10 in PBS, 2% BSA, 0.05% saponin)

followed by incubation with CK14, CK18 or b-tubulin III antibodies as

mentioned above. For immunofluorescence detection, preparations were

washed in PBS and mounted in Vectashield (AbCys, Paris, France). For DAB

detection, sections were air dried, dehydrated in ethanol, cleared in xylene

and mounted in DePex (GURR; Labonord, Villeneuve d’Ascq, France). Images

were acquired on either a DMBR Leica microscope equipped with an

Olympus DP-50 CCD camera using Cell^F software (Olympus Soft Imaging

Solutions GmbH, OSIS, Münster, Germany) or a Zeiss LSM 510 confocal

microscope equipped with an ion-Argon (458 nm ⁄ 488 nm ⁄ 514 nm) and a

Helium-Neon (543 nm) laser Carl ZeissAG, Oberkochen, Germany). They were

processed using Cell^F, Image J (free Java port of NIH image, http://rsbweb.

nih.gov/ij/) or Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA) soft-

wares. Images were adjusted for contrast and brightness to equilibrate light

levels. Same levels of adjustment were used for the zero primary control as

for those with primary antibody. Image content was not altered in any case.

Confocal observations were made at the Mima2 facilities in Jouy-en-Josas

(France).

Insulin extraction

After deep pentobarbital anaesthesia, the rats were sacrificed by decapita-

tion. The OM was dissected, weighted and subjected to mild enzymatic

digestion with RDB (30 min at 37 �C in Jocklic medium) to eliminate as far

as possible any blood trapped in the tissue. After two washes with Joklic

medium, tissue fragments were centrifuged (1500 g for 10 min), and the

pellet was frozen in liquid nitrogen and stored at )80 �C until extraction.

Insulin extraction was performed on fragments corresponding to each OM,

using an acid-alcohol extraction protocol. At the end of the procedure,

supernatants were lyophilised and reconstituted in 110 ll RIA buffer (Rat

insulin RIA kit; Linco Research). An aliquot (10 ll) was taken for a Peterson

protein assay (17). Rat pancreas (tissue control) and 1-ml aliquots of

HCL ⁄ ethanol mix (blank control) were extracted under the same conditions.

To evaluate insulin losses during extraction, 2 ng ⁄ ml rat insulin aliquots

were extracted under the same conditions and evaluated in RIA. Mean

recovery was 60%. A similar efficiency of insulin extraction was obtained by

adding 125I-insulin directly after OM homogenisation.

RIA

The insulin concentration in OM extracts and plasma was determined using

the sensitive insulin RIA kit (Linco Research). The limit of sensitivity of the

assay was 0.02 ng ⁄ ml. Inter and intra-assay coefficients of variation were

11% and 6%, respectively. We checked that blank control did not displace
125I-insulin. Dilutions of olfactory mucosa extracts paralleled those of rat

insulin. Insulin extracts were normalised to fresh tissue weight.

Western blotting

Olfactory mucosa tissues were homogenised in a cold buffer (10 mM Hepes-

NaOH, 150 mM NaCl, 1 mM ethyleneglycol tetraacetic acid) containing 1%

Nonidet-P-40, 1% phenyl-methylsulphonyl fluoride (PMSF) and a cocktail of

anti-proteases (Complete; Roche Diagnostics). Samples were centrifuged for

30 min at 12 000 g, the supernatants were collected and protein levels

quantified using the Peterson method. Whole OM extract dilutions or liver

membranes (60 lg) as control, prepared as described in radio receptor assay

section (see below) were loaded onto a 8% SDS-PAGE. Following electrotrans-

fer, membranes were blocked with 4.5% nonfat milk and then incubated with

the sc-711 IR antibody (1 : 500, overnight at 4 �C). After extensive washing

in PBS-0.5% milk (4 · 15 min each), the membranes were incubated with

horseradish peroxidase-conjugated anti-rabbit secondary antibody (1 : 5000;

Sigma Aldrich). The targeted proteins were detected using an ECL western

blotting detection kit (Amersham Biosciences, Orsay, France).
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Reverse transcription-polymerase chain reaction (RT-PCR)

The presence of mRNAs coding for IR, IRS-1, IRS-2, insulin, Pdx1, PC1 ⁄ 3 and

PC2 was assessed by RT-PCR on total RNAs extracts from OM (n = 3) or from

OE cells in culture (n = 3). As controls, RT-PCR was performed on total RNAs

of rat hypothalamus, liver, kidney and olfactory bulb. Rat pancreas total RNAs,

either purchased from BioChain (Hayward, CA, USA), or kindly supplied by

Dr R. Scharfmann, were also used as a control. Total RNAs were extracted

using the guanidium-thiocyanate-phenol-chloroform extraction method. The

purity and integrity of the RNAs were checked before carrying out the analyt-

ical procedures. RT on 4 lg of total RNA was followed by PCR performed as

previously described (10). GAPDH gene expression was run as a quality

control test for all cDNA samples. The primer sets used are described in

Table 1. One microliter of cDNA was amplified in a 20-ll final volume PCR,

consisting of denaturation at 94 �C (45 s), annealing (45 s) at appropriate

temperatures for each primer set as mentioned in Table 1 and extension at

72 �C (45 s), for 40 cycles (IR-A and IR-B, Pdx1), 25 cycles (GAPDH) and 35

cycles (IRS-1, IRS-2, PC 1 ⁄ 3, PC2, preproinsulin I, preproinsulin II). For prepro-

insulins and Pdx1 amplifications, a second run of PCR was performed (nested

PCR). One microliter of preproinsulin I and II and of Pdx1 first PCR products

(diluted 1 : 100) was used for a second run of amplification using internal

primer sets (preproinsulin-i and Pdx1-i, Table 1) for 35 additional cycles. PCR

products were resolved on 1.5–3% agarose gel, sequenced (Genome Express,

Paris, France) then analysed using BLAST programmes.

Real time PCR (qPCR)

To quantify IRs and preproinsulin transcripts in OM collected on normally fed

(n = 5) or fasted for 48 h (n = 5) adult rats, 60 ng of cDNA obtained by

reverse transcription was mixed with 10 ll Power SYBR Green PCR Master Mix

(Applied Biosystems, Foster City, CA, USA) and 300 nM of each primer comple-

mentary to either IR, insulin or b-actin (chosen as the reference gene) in a

20-ll total volume (Table 2). The reaction mixture was finally transferred into

a 96-well optical reaction plate, sealed with appropriate optical caps and run

on the ABI Prism 7900HT apparatus (Applied Biosystems) under standard

conditions. Each sample was run in triplicate and standard controls of both

the specificity and efficiency of the qPCR assays were performed. Data were

expressed as DCt, corresponding to threshold cycle (Ct) values normalised to

the b-actin one in the same individual sample.

Table 1. Primers for Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and Nested RT-PCR.

Gene product Primers (5¢ to 3¢) Amplicon size (bp) Annealing �C References

PCR

IR

Forward TTCATTCAGGAAGACCTTCGAG IR-A 223 58 (57)

Reverse CAGGCCAGAGATGACAAGTGAC IR-B 259

IRS1

Forward GCCAATCTTCATCCAGTTGC 337 58 (57)

Reverse CATCGTGAAGAAGGCATAGG

IRS2

Forward AGCTGGTGGTAGTCATACCC 391 58 (57)

Reverse CAGGTTCATATAGTCAGA

PC1 ⁄ 3
Forward TGGAACCAGCACCGTACTGTTGG 132 55 (58)

Reverse TCCACTCCTCTCCTGTCATTCTGGA

PC2

Forward CAGCTTCACGATGAGGTTCA 226 53 (59)

Reverse CCTCACATGCATTTGTTTGG

GAPDH

Forward AAGGCTGAGAATGGGAAGCTG 564 58 (10)

Reverse AAGCGGCATGTCAGATCCACA

Nested PCR

PreproINS I-e

Forward GCTACAATCATAGACCAT 392 56 (60)

Reverse GGCGGGGAGTGGTGGACTC

PreproINS II-e

Forward GCTACAGTCGGAAACCATC 381 56

Reverse ACAGGGTAGTGGTGGGCCT

PreproINS-i

Forward ATGGCCCTGTGGATGCGCTT 330 60

Reverse GTTGCAGTAGTTCTCCAG

Pdx1-e

Forward TACGCGGCCACACAGCTCTACAAGGAC 582 56 (61)

Reverse CCACTTCATGCGACGGTTTTGGAACCAGA

Pdx1-i

Forward CTCGCTGGGAACGCTGGAACA 225 56

Reverse GCTTTGGTGGATTTCATCCACGG
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Insulin radio-receptor assay (RRA)

OM, liver and olfactory bulb membranes (as controls) were prepared as fol-

lowed: tissues were collected on fed (n = 4) or fasted for 48 h (n = 4) adult

rats and homogenised in a Teflon glass homogeniser with a four-fold volume

of 1 mM NaHCO3 buffer containing 20% sucrose, 1 mM ethylenediaminetetr-

acetic acid, 1 mM PMSF and 10 lg ⁄ ml leupeptin maintained at 4 �C. Homo-

genates were centrifuged at 9000 g for 30 min at 4 �C and resulting

supernatants were further centrifuged at 105 000 g for 60 min at 4 �C. Pellets

were suspended in the insulin binding assay buffer (see insulin binding assay

section; 1 ml of buffer ⁄ g of homogenised fresh tissue) and stored at )80 �C.

Protein concentration in membranes suspensions was determined using the

method of Peterson.

Binding of 125I-labelled insulin (125I Tyr A14 porcine IR grade, specific

activity 371 lCi ⁄ lg; NEN, Boston, MA, USA) to OM, liver and olfactory bulb

membranes was performed in duplicate. Incubations were carried out over-

night at 4 �C. The incubation volume of 250 ll in binding assay buffer

(118 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 10 mM Na2HPO4, 1% BSA,

pH = 7.8) consisted of 50 ll of 125I-insulin (30 000 c.p.m., 15 fmole ⁄ tube),

100 ll of membrane suspension (300 lg for liver and olfactory bulb or

500 lg of proteins for OM) and 100 ll of serial dilutions (0–1 lg ⁄ tube) of

unlabelled bovine insulin (Sigma Aldrich) or human recombinant insulin

growth factor (IGF)-1 (as specificity control; Chiron, Emeryville, CA, USA). At

the end of the incubation period, 1 ml of cold assay buffer was added and

samples were centrifuged at 12 000 g for 30 min at 4 �C. Pellets were

washed with 200 ll of 10% sucrose. The radioactivity of the pellet was

determined in a gamma counter (LKB 1272 clini gamma, LKB Instruments,

Victoria, Australia). Specific binding (B0) was determined as the difference

between total and nonspecific binding in the absence or presence (8 lg) of

insulin. Scatchard plots were analysed with the LIGAND programme (G. A.

Mcpherson, Biosoft, Cambridge, UK) by two sites noncomparative models.

Electro-olfactogramme (EOG)

EOG experiments were performed on hemi-heads prepared from six male

rats aged 1–3 weeks and killed by decapitation. EOG recordings were made

from rat OE in an opened nasal cavity configuration. The head was rapidly

cut longitudinally and the nasal septum was removed to expose the endo-

turbinates. Experiments were performed at room temperature on both hemi-

heads. One hemi-head was kept in a humid chamber for later use, whereas

the experiment was performed on the other.

For recordings, the hemi-head was placed in a recording chamber on a

custom-designed platform (Siskiyou, Inc., Grants Pass, OR, USA) of an

upright Olympus BX51WI microscope (Olympus, Rungis, France) equipped

with a low magnification objective (· 4) and MPC-325 motorised microma-

nipulators (Sutter Instruments, Novato, CA, USA). The odour stimulation

device was modified from a previously described apparatus (18). Briefly, the

hemi-head was kept under a constant flow of humidified filtered air

(approximately 70 l ⁄ h) delivered close to the endoturbinates through a

9-mm glass tube. This tube was positioned 2 cm from the epithelial surface

and was centred on the recorded endoturbinates. This preparation enabled

the recording of stable signals for more than 3 h. Odour stimulations were

performed by blowing air puffs (100 ms, 20 l ⁄ h) through an exchangeable

Pasteur pipette enclosed in the glass tube and containing a filter paper

impregnated with 20 ll of a given odorant (one odorant-one pipette). To

prevent any air saturation with the odorant, an air flush was applied to the

Pasteur pipette before it was placed in the glass tube and before subsequent

odorant application.

EOG voltage signals were recorded using an Multiclamp 700B patch-

clamp amplifier (Axon Instruments, Molecular Devices, Union City, CA, USA)

used in a DC current-clamp configuration (I = 0), low-pass bessel filtered at

1 kHz and digitised at a rate of 2 kHz using an Digidata 1322a A ⁄ D con-

verter (Axon Instruments) interfaced to a Pentium PC and Pclamp 9.2 soft-

ware (Axon Instruments). A reference Ag ⁄ AgCl electrode was placed on the

frontal bone overlaying the olfactory bulb. Recordings were made with glass

micropipettes of 4–5 MX filled with a mucosal saline solution (45 mM KCl,

20 mM KC2H3O2, 55 mM NaCH3SO4, 1 mM MgSO4, 5 mM CaCl2, 10 mM HEPES,

11 mM glucose, 50 mM mannitol, pH 7.4, 350 mOsm adjusted with manni-

tol). The composition of this solution was chosen to match the composition

of mucus as closely as possible, according to previous studies (19). The

recording electrode was placed in the centre of endoturbinates II’ and III.

This position provided robust, reproducible and long-lasting EOG recordings

in the range 6–19 mV in response to isoamyl acetate and citral (1 : 10 pure

odorant diluted in dimethyl sulphoxide). Odour stimulation with dimethyl

sulphoxide alone always produced a signal of < 1 mV amplitude.

One drop of approximately 0.1 ll of mucosal saline solution alone or

with 1 lM bovine insulin was delivered by capillarity onto the recorded area

of endoturbinates II’ or III using another glass micropipette (approximately

5 lm in diameter). This drop covered approximately 1 mm of the diameter

of the olfactory epithelium and was checked under the microscope. Insulin

treatment (0.5–1 ng by endoturbinates) alternated between the two endo-

turbinates (II’ and III) of the different hemi-heads. Responses to both odor-

ants were then recorded every 5 min on each endoturbinate. Analysis were

performed off-line using Clampfit 9.2 (Axon Instruments). Peak amplitude

and onset slope (from 10% to 90%) were measured. EOG responses decay

was fitted with a double exponential function, showing fast and slow com-

ponents. Fast decay (from 100% to 50%) and slow decay (from 40% to

10%) slopes were respectively measured and normalised to the response

prior to local treatment.

Statistical analysis

Data presented in the text and figures are expressed as mean � SEM. For

qPCR and binding analysis, statistical comparisons were performed using the

nonparametric Mann–Whitney test. To analyse EOG data, we first used a

two-way analysis of variance (ANOVA) to determine the overall significance of

the time and insulin treatment effects. When the ANOVA indicated a signifi-

cant effect, post-hoc Tukey or Bonferroni multiple comparison of means test

were used to determine individual differences between responses at each

time considered, and differences over time for each treatment. P < 0.05 was

considered statistically significant.

Table 2. Primers for Quantitative Reverse Transcriptase-Polymerase Chain

Reaction.

Gene product Primers (5¢ to 3¢) Amplicon size (bp)

IR-A

Forward CAGGCCATCCCGAAAGC 60

Reverse GGTGTAGTGGCTGTCACATTGC

IR-B

Forward TTACCTGCACAACGTGGTTTTT 58

Reverse CTCAGCACCATTGCCTGAAG

PreproINS1

Forward GCCCAGGCTTTTGTCAAACA 71

Reverse TCCCCACACACCAGGTACAGA

PreproINS2

Forward GGCTTTTGTCAAACAGCACCTT 66

Reverse TCCCCACACACCAGGTAGAGA

b-actin

Forward GACCCAGATCATGTTTGAGACCTT 61

Reverse CACAGCCTGGATGGCTACGT
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Results

Expression and cellular distribution of insulin receptor
in the olfactory mucosa

Both insulin receptor transcripts are present in the OM

Total RNAs prepared from OM and from liver (with hypothalamus

and olfactory bulb as controls) were reverse transcribed and analy-

sed by PCR using oligonucleotide primers flanking exon 11 of the

IR sequence to amplify long (IR-B) or short (IR-A) isoforms. As pre-

viously described (20), liver preferentially expressed the long form

of the IR, and hypothalamus and bulb expressed the short form,

and the amplified transcripts revealed the expected size. We found

that both isotypes were expressed in the OM (Fig. 2A). OE cells in

culture expressed IR-A and -B at 50 h; both transcripts were still

detected after 10 days of culture (Fig. 2B). Real-time PCR (primer

sets in Table 2), as used to evaluate the respective level of expres-

sion of both IR transcripts in the OM, showed that IR-A and -B

were equally present. Expression levels in the OM of both IR-A and

IR-B were similar to their respective controls: the olfactory bulb for

IR-A (DCt: OM = 7.79 � 0.18, n = 3; olfactory bulb = 8.38 � 0.19,

n = 3) and the liver for IR-B. (DCt: OM = 8.81 � 0.81, n = 3;

liver = 7.61 � 0.58, n = 3).

Insulin receptors are expressed in the OM and localised
in neuronal and non-neuronal cells

Western blot analysis of OM protein extract and liver membranes

(as a control), using antibody against IRb-subunit (sc-711),

showed the same major band of the expected size for IRb
(97 kDa; Fig. 2C).

OM sections were subjected to immunohistochemical analysis

with a second type of antibody against the IR b-chain (ab 10991).

Tissue section analysed with IR b-chain revealed with fluorescent

secondary antibody (Fig. 3A), showed a strong IR immunoreactivity

in the EO at the apical pole, corresponding to SUS cells and mature

neurones, and at the basal pole corresponding to GBC and HBC

basal cells. Immature neurone somata in the medium part of the

OE were very faintly labelled. We also detected a signal in the lam-

ina propria in the endothelium of blood vessels. The signal detected

in Bowman’s glands (yellow arrow) resulted in part from back-

ground because it was also observed in control sections incubated

with non-immune rabbit serum (Fig. 3B, yellow arrow). A second set

of tissue sections incubated with the second IR b-chain antibody

(sc-711) and revealed with DAB secondary antibody showed more

acute IR labelling on mature ORNs (ORNm), especially on their

knobs (Fig. 3D), on immature ORNs (ORNi; Fig. 3E) and on SUS and

basal cells (Fig. 3F).

Primary cultures of OE cells were used to confirm the cellular

localisation of IR by double-labelling. After 50 h of culture, all cell

types initially present in the epithelium could be easily character-

ised. Non-neuronal and neuronal cells were labelled by IR b-chain

antibody (ab 10991; Fig. 3G). The strongest labelling was present on

the neurites of neurones (Fig. 3G arrow). Double-labelling with

b-tubulin III confirmed that approximately 70% of neurones

expressed IR with a high density signal on their neurites (Fig. 3H).

Some neurones did not display a double-labelling signal, thus

revealing an absence of IR expression (Fig. 3I). SUS cells identified

by CK18 (Fig. 3J) and HBC cells identified by CK14 (Fig. 3K) also

exhibited IR labelling. No signal was observed in cells incubated

with IR antibody pre-incubated with liver membranes (Fig. 3L) or

cells incubated with non-immune rabbit and mice serum at

the same concentrations as IR, CK or b-tubulin III antibodies
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Fig. 2. Expression of both insulin receptor transcripts in the olfactory mucosa (OM). (A) reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of

insulin receptor (IR)-A and IR-B in OM; PCR products for full-length (IR-B, 258 bp) and truncated (IR-A, 222 bp) mRNAs were detected on a 3% agarose gel

stained with ethidium bromide. Control lanes were loaded with amplified cDNA derived from the liver (L), hypothalamus (H) and olfactory bulb (OB) as controls.

The liver expressed IR-B and hypothalamus and olfactory bulb expressed IR-A mRNAs. Both IR-A and IR-B were observed in OM. (B) RT-PCR analysis of both

IR isoforms in olfactory epithelium cells in culture. IR-A and IR-B were detected after 50 h of culture (neuronal and non-neuronal cells) and 10 days of culture

(non-neuronal cells). (C) IR protein is expressed in OM. Different amounts of total OM protein extracts were separated by SDS-PAGE, transferred onto nitrocel-

lulose membranes and probed with IRb (sc-711) antibody. Liver membranes (L, 60 lg) were used as controls.
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Fig. 3. Localisation of insulin receptor in olfactory mucosa (OM) and olfactory epithelium (OE) cells. (A) Insulin receptor (IR) localisation in OM section (light

microscope, Alexa 488 detection). Stronger signal was detected in the upper part of the OE corresponding to sustentacular cells (SUS) and mature olfactory

receptor neurones (ORNm), in basal cells (BC, white arrow) and in the endothelium of blood vessels located in the lamina propria (white arrow head). Lower

signal was observed in immature ORNs (ORNi). The signal detected in Bowman’s glands (yellow arrow) resulted in part from the background as it was also

observed in control sections (B; yellow arrow), incubated with non-immune rabbit serum. (C–F). More acute IR detection in OE sections, revealed with DAB, con-

firmed IR localisation in ORNm (D, E) and ORNi (D), in the dendritic knobs of ORNm (Kn, E) and in the SUS and BC (F). No signal was observed in control sec-

tions incubated with non-immune rabbit serum (C). (G, H, I, L) IR detection in OE cells after 50 h of culture (light microscope). Non-neuronal and neuronal cells

were labelled (G). An intense signal was observed in neuronal neuritis (G, white arrow head). No signal was observed in control cells incubated with IR antibody

pre-incubated with liver membranes (L). (H, I, J, K, M) OE cells were double-labelled with IR antibody (Alexa 488 detection, green signal) and different antibodies

(b-tubulin III, and CKs; Alexa 555 detection, red signal) to identify them. OE cells expressing IR were characterised by double-labelling (merged yellow signal)

and analysed with a confocal microscope. Neurones identified by b-tubulin III expressed IR particularly in their neuritis (H); some neurones (red) did not

express IR (I). IR expression was also observed in SUS cells identified by CK 18 (J) and horizontal basal cells identified by CK 14 (K; white arrow indicates IR

green labelling of a neurone laying on these cells). No signal was observed in double-labelled control cells incubated with non-immune rabbit and mice serum

at the same concentrations as IR, CK or b-tubulin III antibodies (M).
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(double-labelling control; Fig. 3M). Unfortunately, we did not suc-

ceed in identifying GBC cells using Dr J. E. Schwob’s GBC antibody,

because of a strong aspecific signal.

Insulin binding on olfactory mucosa membranes (Fig. 4)

Membranes from OM bound 125I-insulin. At a final membrane con-

centration of 2 mg ⁄ ml, 5% of the 125I-insulin was specifically

bound. Half-maximal displacement of tracer insulin (IC50) was

obtained with an insulin concentration of 0.5 nM. Recombinant IGF-

1 was 100-fold less potent in competiting for 125I-insulin (Fig. 4A).

Data analysed by Scatchard plot (Fig. 4B) suggested a two-orders

receptor sites model: a high affinity site with an affinity constant

of 1 � 0.2 109 ⁄ M and a binding capacity (Bmax) of 18 � 9 fmol ⁄ mg

and a low affinity site with an affinity constant of 0.06 �
0.01 109 ⁄ M and a Bmax of 122 � 23 fmol ⁄ mg (n = 4). As a com-

parison, binding characteristics of membranes prepared from livers

and olfactory bulbs collected on the same animals were: liver, high

affinity site, affinity constant of 1.9 � 1.5 109 ⁄ M and Bmax of

153 � 90 fmol ⁄ mg and low affinity site, affinity constant of

0.09 � 0.05 109 ⁄ M and Bmax of 2.8 � 1.4 pmol ⁄ mg; olfactory bulb,

high affinity site, affinity constant of 3 � 0.58 109 ⁄ M and Bmax of

69.53 � 10.86 fmol ⁄ mg and low affinity site, affinity constant of

0.26 � 0.2 109 ⁄ M and Bmax of 0.7 � 0.2 pmol ⁄ mg (data not

shown).

IRS-1 and -2 are expressed in the OM (Fig. 5)

Among the proteins phosphorylated after insulin binding to its

receptors, IRS-1 and IRS-2 are considered as major mediators in

metabolic functions and are strongly expressed in the brain (21,

22). The expression of both IRS transcripts was detected in OM

(Fig. 5A, B). Transcripts were of the same size as those detected

in total RNAs prepared from hypothalamus (IRS1) and kidney

(IRS2) used as controls. OM sections were subjected to ICC anal-

ysis with antibodies against IRS-1 and IRS-2 (Fig. 5C). IRS-1 and

IRS-2 were found to be widely expressed in OM cells. No signal

was observed on control sections incubated with non-immune

rabbit serum.

Local production of insulin in the olfactory mucosa

A possible local production of insulin was verified by testing the

presence of transcripts for preproinsulin I and II and for factors

related to insulin production, such as Pdx1 and PC1 ⁄ 3 and PC2.

The immunodetection of insulin and Pdx1 was also performed on

OM sections or OE cells after 50 h of culture.

Preproinsulin I and II, Pdx1, PC1 ⁄ 3 and PC2 transcripts are
present in the olfactory mucosa

Total RNA prepared from the pancreas (as a control), OM or OE

cells after 50 h and 10 days of culture were reverse transcribed

and analysed by PCR using the first set of preproinsulin I and II

primers (Table 1). Direct PCR amplification of both preproinsulin

transcripts was only observed with the control pancreas sample

(Fig. 6A, two upper panels). Nested PCR using the preproinsulin

internal nested primer set (Table 1) enabled the detection of both

preproinsulin transcripts in OM and OE cells after 50 h and 10 days

of culture (Fig. 6A, two lower panels). Using real-time PCR (primer

set in Table 2), preproinsulin I and II transcripts were found to be

equally expressed in the OM. However, the two transcripts were

expressed three million times less frequently in the OM than in the

pancreas.

Pdx1 transcript amplification was only observed in OM after a

nested PCR, whereas, in the pancreas, amplification products were

detected after the first PCR (Fig. 6B, left panel). PC1 ⁄ 3 (Fig. 6B, mid-

dle panel) and PC2 (Fig. 6B, right panel) transcripts were detected in

the OM and in the pancreas after one amplification run.

Immunodetection of insulin in olfactory mucosa (Fig. 6C)

Insulin labelling was detected in the OE and in lateral nasal glands

(Fig. 6Ca). In the OE, the signal was mainly localised at the apical

(Fig. 6Cc, arrow 1) and basal pole (Fig. 6Cc, arrow 2). The localisation

of this signal, compared with the CK18 labelling (Fig. 6Ce, arrows 1

and 2), strongly suggested that SUS cells expressed insulin. The

labelling in basal layer corresponded to insulin localisation in the

end feet of SUS cells because it was observed in an area without
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Fig. 4. Insulin binding on olfactory mucosa membranes. (A) Displacement of 125I-insulin bound on olfactory mucosa (OM) membranes isolated from four indi-

vidual normally fed rats. The membranes (2 mg protein ⁄ ml) were incubated with 0.1 nM of 125I-insulin in the presence of unlabelled insulin or insulin growth

factor-1 over a range of concentration from 0–1000 ng ⁄ ml (Values are mean � SEM, n = 4). (B) Scatchard plot analysis of insulin displacement curve indi-

cated that the specific binding of this hormone on OM membranes fitted a two-orders binding sites model.
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nucleus (Fig. 6Cd, arrow 2¢) and did not co-localised with CK14

labelling, identifying HBC (Fig. 6Cd). Unfortunately, we did not suc-

ceed to co-localised insulin and CK18 signal. No signal was

observed in the lamina propria, including the endothelium of blood

vessels (Fig. 6Cc, arrow 3) and Bowman’s glands (data not shown).

Control sections incubated with non-immune rabbit serum at the

same concentrations or with insulin antibody pre-incubated with

10 lg bovine insulin (Fig. 6Cb) were negative.

Immunodetection of Pdx1 in OE cells in culture (Fig. 7)

The cellular identity of cells likely to synthesise insulin, and there-

fore to express Pdx1, was verified on OE cells in culture by means

of double-labelling using CKs or b-tubulin III antibodies. When

detected, Pdx1 was localised in the nucleus of cells, as expected. It

was found expressed in some SUS cells (Fig. 7). However, labelling

was also observed in horizontal and neuronal cells (data not

shown).

Insulin content in olfactory mucosa

The insulin content was evaluated in OM extracts by radioimmuno-

assay and compared with levels in the pancreas extracted under

the same conditions. Mean insulin concentrations in the OM

were 7.37 � 0.48 pg ⁄ 100 mg of fresh tissue (n = 7 independent

OM; mean weight of one dissected OM: 100 mg). This concentra-

tion was far lower than in the pancreas (1.15 � 0.2 lg ⁄ 100 mg;

n = 3).

Modulation of insulin-receptor in the OM after 48 h
fasting

Insulin blood levels in fed and fasted animals

As expected, insulin plasma levels were decreased in fasted rats

compared to fed ones (0.3 � 0.1 versus 4.6 � 1.1 ng ⁄ ml respec-

tively, P < 0.01, n = 5).

Fasting has no effect on IR and insulin transcripts
expression in the OM

Real-time RT-PCR was used to quantify and compare IR and insulin

transcripts expression in fed and fasted rats OM. Expression levels

of both IR isoform transcripts were not modified by fasting (DCt:

fed IR-B = 11.23 � 0.96 and IR-A = 10.9 � 0.93; fasted IR-

B = 11.68 � 0.79 and IR-A = 11.32 � 0.70; n = 4). Expression lev-

els of both preproinsulin transcripts were similarly unchanged (DCt:

fed preproinsulin I = 18.21 � 1.21 and preproinsulin II = 17.15 �
0.92; fasted preproinsulin I = 16.70 � 1.11 and preproinsulin II =

15.93 � 1.39).

Fasting increases IR number and insulin content in the
OM (Fig. 8)

Compared with fed animals, fasted animals had a 55% increase of

insulin binding (% of 125I-insulin specific binding; fed = 5.6 � 0.3;

fasted = 8.7 � 1%). Displacement curves (Fig. 8A) analysed by
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Fig. 5. Expression of insulin receptor substrate (IRS)1 and IRS2 transcripts and proteins in the olfactory mucosa (OM). (A, B) Reverse transcriptase-polymerase

chain reaction (RT-PCR) analysis of IRS-1 (A) and IRS-2 (B) transcripts in OM; PCR products were detected on 3% agarose gel stained with ethidium bromide.
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was detected in all OM cells. The strongest signal was observed at the apical pole of olfactory epithelium (OE) (black arrow) and on the endothelium of lamina

propria blood vessel (BV, white arrow). No staining was detected in section incubated with rabbit non-immune serum (right panel).
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the apical (arrow 1) and basal (arrow 2) parts of the epithelium. In the lamina propria, no labelling was observed even in blood vessels endothelium (arrow 3).
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to SUS end feet. Localisation of insulin signal displayed the same distribution as CK 18 labelling (arrows 1 and 2), performed on a different slide (panel e, SUS

identification, Alexa 488 detection).
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Scatchard plot showed that starvation increased high affinity IR

number (Fig. 7B), without affecting affinity constant (Bmax: fed

animals = 18 � 9 fmol ⁄ mg versus starved animals = 55 �
11 fmol ⁄ mg, n = 4, P < 0.05). Insulin content evaluated in OM

extracts by radioimmunoassay was higher in starved animals than in

fed one (26.3 � 5 versus 6.9 � 0.6 pg ⁄ 100 mg fresh tissue, n = 5,

P < 0.01, Fig. 8C).

Modulation of ORN response to odours (Fig. 9)

To determine a neuromodulating role for insulin on ORNs, we per-

formed EOG on endoturbinates II¢ and III treated simultaneously

with mucosal saline solution, with or without 1 lM insulin (Fig. 9A).

Responses to two odorants, isoamyl acetate and citral, were

recorded for 30 min following treatment on both endoturbinates

and normalised to the amplitude of the response prior to local

treatment (Fig. 9B). Under control conditions, isoamyl acetate and

citral applications evoked EOG responses with mean negative peak

amplitudes of )12.20 � 0.75 mV (n = 12) and )10.10 � 1.17 mV

(n = 12), respectively. Treatment with the mucosal saline solution

for 30 min did not significantly change the amplitude of responses

to the two odours (Fig. 9C), whereas local treatment with insulin

(0.5–1 ng by endoturbinates) reversibly reduced their responses. This

reduction was significant 5 and 10 min after the treatment. The

inhibition of isoamyl acetate and citral evoked EOG responses

peaked negatively after 10 min to 60.39 � 11.50% of the control

(n = 6, P < 0.01) and 73.00 � 13.70% of the control (n = 6,

P < 0.05; Fig. 9C) respectively. The amplitude of the response

slowly returned to its initial value, 15–30 min later. The recorded

EOG responses displayed a usually described rapid rising phase and

a slower decay phase comprising fast and slow components

(Fig. 9B). Because the EOG response kinetics was found to highly

correlate with the amplitude across all experimental conditions,

the onset and the two decay slopes were normalised to the

corresponding response peak amplitude prior to statistical analysis.

On average, isoamyl acetate and citral evoked EOG responses

displayed normalised onset slopes of 9.17 � 1.83 ⁄ s and

7.82 � 0.46 ⁄ s respectively (n = 6), followed by normalised fast

decay slopes of )0.53 � 0.13 ⁄ s and )0.77 � 0.09 ⁄ s respectively

(n = 6), and normalised slow decay slopes of )0.17 � 0.02 ⁄ s
and)0.10 � 0.01 ⁄ s respectively (n = 6). These kinetics were stable

over time and were not significantly modified by mucosal solution

local treatments (Fig. 9D). By contrast to its inhibitory effect on

the EOG response amplitude, insulin did not significantly modify

the kinetics of isoamyl acetate and citral evoked responses (n = 6;

Fig. 9D).

Discussion

The present study provides the first demonstration of the presence

of insulin receptors in the olfactory mucosa and of insulin involve-

ment in the modulation of the responses of ORNs to odorants. Fur-

thermore, we show that nutritional status modulates insulin

receptor expression.

CK18/pdx1 (+) 

(A)

(B)

CK18/pdx1 (–) 

20 µm

20 µm

Fig. 7. Localisation of transcription factor Pdx1 in sustentacular cells after

50 h of culture (confocal images). (A) Pdx1 immunoreactivity (green signal)

was present in the nucleus of sustentacular cells (SUS) (red arrow) identified

by CK18 red labelling. (B) Some SUS did not express Pdx1 (white arrow).

Right panels in grey correspond to transmission images.
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Fig. 8. Effect of 48 h starvation on insulin binding and insulin content in

the olfactory mucosa. Each value represents the average of determinations

from four (A, B) or five (C) independent olfactory mucosa (OM) respectively;

Mean � SEM. (A) Binding of 0.1 nM of 125I-insulin to olfactory mucosa

membranes (500 lg) of fed and starved animals was examined in the pres-

ence of 0–1.5 lM unlabelled insulin. Binding, expressed as percentage of

total 125I-insulin, was increased by starvation. (B) Binding capacity (Bmax) of

high affinity sites in OM membranes collected on starved animals was sig-

nificantly increased (*P < 0.05). (C) Insulin concentration in extracts of OM

collected in starved animals was higher than in extracts of OM collected in

fed animals (**P < 0.01; Values are expressed as 100 mg of fresh tissue,

which is the mean weight of one dissected OM).
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We found the presence in the OM of high levels of IR (tran-

scripts and protein), in addition to transcripts encoding for proteins

involved in the first step of the IR transduction cascade (IRS1 and

IRS2). IR can be expressed in two variant forms, a short one (IR-A)

and a long one (IR-B), both transducing insulin signals (13). We

show that both isoforms are expressed in the OM at a comparable

level. This was unexpected because OM is a neuroepithelium and

IR-A is the predominant form expressed in brain tissues (13). The

level of expression of both transcripts is quite high, with the IR-A

level being comparable to that in olfactory bulb and the IR-B level

comparable to that in liver. Insulin binding experiments on OM

membranes also indicate a relatively high level of IR. Scatchard
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transformation of the displacement curve fitted with a two sites

model: a high affinity-low capacity site and a low affinity-high

capacity site as described for the liver, olfactory bulb and many

other tissues (23). Both affinity constants were comparable to those

of the liver receptor. The number of high affinity sites in the OM

was quite high compared to the liver and to the olfactory bulb,

both displaying high specific insulin binding. In the OM and in OE

cells in culture, IR protein was mostly expressed in sustentacular

cells, horizontal cells and in neurones, showing an intense labelling

of neuronal processes. A similar cellular localisation was found for

the two major IRS proteins (IRS-1 and IRS-2). Those results support

possible various roles of insulin in the OM.

As in other peripheral tissues, insulin in OM mainly originates

from the peripheral circulation. How the hormone is transported

from the blood remains to be investigated because the endothelium

of the lamina propria vessels display tight junctions that partially

isolate the OM from blood constituents (24). This transport may

implicate the IR that we detected in the endothelium of the lamina

propria vessels as already described for the blood–brain barrier in

different regions of the brain (25). In addition to the peripheral

insulin source, our data suggest the existence of a second source

of insulin originating from the OM. Two different insulin genes

encoding for preproinsulin I and II are reported in the rat (26).

Extra-pancreatic expression of these genes has been described in

various tissues (27). In the OM and its derived primary cell cultures,

we detected these two transcripts expressed at comparable levels.

The existence of the transcripts coding for the insulin transcription

factor Pdx1 and for the prohormone convertases PC1 ⁄ 3 and 2,

which are required for insulin maturation (28), reinforces the thesis

of a local source of insulin. Indeed, RIA analysis of OM extracts

confirmed the presence of the protein in this tissue. Its concentra-

tion was very low compared to peripheral circulating insulin level

even in starved animals (200- and ten-fold less than circulating

insulin concentrations in a satiated and 48 h starved animal,

respectively). Similar low concentrations have already been reported

in the rat brain (29) and olfactory bulb (8). Insulin protein was

localised in sustentacular cells and in lateral nasal glands. This

detection did not result from insulin binding to its receptors

because no signal was observed in the endothelium of the lamina

propria blood vessels where we detected insulin receptor. Consistent

with the detection of insulin in sustentacular cells, we found Pdx1

expression in the nucleus of these cells in culture.Because plasma

insulin levels are clearly related to nutritional status, we investi-

gated whether fasting influenced IR expression and insulin concen-

tration in the OM both at the mRNA and protein levels. Forty-eight

hours of fasting, leading to insulin plasma level 15-fold less than

in fed animals, induced an increase in insulin binding capacities in

the OM, without any detectable change of the level of both IR

transcripts. This increase was due to a higher IR number (high

affinity sites) but not to an enhancement of their affinity for insu-

lin. Such an inverse relationship between insulin circulating levels

and IR expression was already reported for the liver (30). However,

modulation of IR expression by the nutritional status appears to be

differentially regulated at the two levels of olfactory message pro-

cessing, the peripheral one (OM) and the central one (olfactory

bulb). In the olfactory bulb, insulin binding was not affected by

48 h of fasting (31), although insulin content was increased (8);

4 days of complete fasting were necessary to induce a modification

of insulin binding consisting of a decrease rather than an increase

(32). Concerning insulin concentration in OM, we showed that it

was increased after 48 h of fasting without any modification of

both preproinsulin transcripts levels. Such an increase, when circu-

lating insulin is decreased, reinforces the hypothesis of a local

source of this hormone in the OM. However, enhanced IR expres-

sion could also lead to an increased insulin transport through the

endothelium of lamina propria blood vessels, from the plasma to

the OM.

Regardless of the local or endocrine origin of this insulin, what

would be its physiological role? Because of the expression of both

IR isoforms in neuronal and non-neuronal cells, different effects,

already reported in other tissues, could be postulated. Insulin may

be involved in the maintenance of glucose level in EO cells. Neuro-

nal and non-neuronal cells may be targets for the regulation of the

glucose transporter GLUT4 redistribution by insulin, as suggested in

the hypothalamus (33). In these cells, insulin may also regulate glu-

cokinase gene expression through IR-B signalling (34, 35). At the

sustentacular cell level, insulin may activate the transcription of its

own gene, signalling through its fixation on IR (35). However, one

of the main roles of insulin in OM may concern cell survival

because this tissue is continuously renewed throughout life. Indeed,

the olfactory neurone population is subjected to constant neuro-

genesis and apoptosis (36, 37). Mitogenic and anti-apoptotic roles

for insulin have been reported in different models (38) and this

hormone is an important survival factor for OE cells in culture (39).

In many tissues, this survival effect appears to act through IR-A

signalling (38). Furthermore, previous studies reported the involve-

ment of insulin ⁄ insuline-like growth factor I in neuroprotection (40,

41) and neurogenesis in the OB and the OE (42, 43).

Such essential roles for insulin in the OM would require the

maintenance of a threshold level of the hormone in this tissue

when a rapid decrease of its concentration occurs in the peripheral

circulation. It seems to be the case after 48 h of fasting, when local

insulin concentration is enhanced in the OM.

Very little is known about a peripheral modulation of odour

detection related to feeding status. Previous studies had mainly

focused on how the central nervous system adapts food intake as

a function of nutritional status (44). However, some experiments

have shown that part of this adaptation may also occur at the level

of the peripheral sensory system. This holds particularly true for

taste organs and has been well described in invertebrates (45) and

in rodents where leptin modulates responses to sugars and fatty

acids (46, 47). In the olfactory system, neuropeptide Y and endoc-

annabinoids modulate ORNs activity respectively in axolotls (48)

and in xenopus (49). In mammals, several neurotransmitters and

hormones modulate ORNs activity (50–53), but none of them are

directly related to nutritional status.

As circulating insulin rapidly increases after food intake period,

we tried to mimic such an increase in the insulin environment of

the OM. Insulin application on the OM rapidly and reversibly

decreased EOG responses to odorants. This result provides the first
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evidence of a modulation of odour detection in the OM by a

metabolism-related hormone in mammals. We observed an approxi-

mately 30% reduction in the EOG signal compared to the control

treatment. Such a reduction is similar to the modulation of chemo-

sensory neurones observed in other species (45, 46, 48). It is also

consistent with the reduction in odour detection demonstrated in

satiated animals concomitant with the postprandial rise in circulat-

ing insulin levels (54). Insulin altered the amplitudes but not the

kinetics of EOG responses. It is generally proposed that EOG ampli-

tudes reflect the number of responding neurones and the efficiency

of the signal transduction in the ORNs. By contrast, the EOG kinet-

ics may reflect additional mechanisms involving, among others,

non-neuronal cells, mucus composition or air flow rate (55, 56).

Therefore, we propose that the selective inhibitory effect of insulin

on the EOG amplitudes is most probably due to a direct modulation

of the ORN activity. Patch-clamp recordings of ORNs in the pres-

ence of different concentrations of insulin would certainly help to

unravel the mechanisms underlying the action of this hormone in

the OM.

In conclusion, the present study strongly suggests the implication

of insulin in the OM physiology through two pathways: a promi-

nent endocrine one under the influence of rapid variations follow-

ing food intake (peripheral insulin) and a more targeted one,

through autocrine ⁄ paracrine regulations by local source of this hor-

mone. Insulin coming from the peripheral circulation may finely

tune the first step of odour detection at the OM level, thus further

linking olfaction to the nutritional status of an animal. In addition,

classical insulin roles, such as cell growth and survival, could be

under the influences of both insulin sources.
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