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Olfactory signals in uence food intake in a variety of speei. To maximize the chances of

nding a source of calories, an animal's preference for fatt foods and triglycerides already
becomes apparent during olfactory food search behavior. Haever, the molecular identity
of both receptors and ligands mediating olfactory-dependat fatty acid recognition are,
so far, undescribed. We here describe that a subset of olfacry sensory neurons
expresses the fatty acid receptor CD36 and demonstrate a reeptor-like localization
of CD36 in olfactory cilia by STED microscopy. CD36-positey olfactory neurons share
olfaction-speci c transduction elements and project to numerous glomeruli in the ventral
olfactory bulb. In accordance with the described roles of CB36 as fatty acid receptor or
co-receptor in other sensory systems, the number of olfactoy neurons responding to
oleic acid, a major milk component, in C&® imaging experiments is drastically reduced
in young CD36 knock-out mice. Strikingly, we also observe miked age-dependent
changes in CD36 localization, which is prominently presenn the ciliary compartment
only during the suckling period. Our results support the imlvement of CD36 in fatty acid
detection by the mammalian olfactory system.

Keywords: olfactory receptor, CD36, Ca 2C imaging, STED, signal transduction, microscopy, fatty acid, o Ifaction

Introduction

Mammals have a demand to consume food with high fat contentsipysdue to an evolutionary
pressure-derived propensity to hoard energy. Behavioraiesld rodents have provided evidence
for a role of olfaction in preference for fatty foods and trigdyides Ramirez, 1993; Kinney and
Antill, 1996; Takeda et al., 200Humans are also capable of detecting fatty acids by their od
(Bolton and Halpern, 2010; Wajid and Halpern, 2012; Chukir et2013. Even in combination
with other odorants present in food, humans can detect fattenohby the sense of smell alone
(Boesveldt and Lundstrom, 20)LZhe molecular basis of fat detection by olfactory senseryrons
is unknown so far.

Canonical sensory neurons in the main olfactory epitheliuxpress one allele out of 1200
olfactory receptor gene3(ick and Axel, 1991 Upon stimulation, olfactory receptors activate

Abbreviations: TAAR, trace amine associated receptor; CNG, cyclic nucleotidd,g&@ill, adenylate cyclase type IlI; CD36,
cluster of di erentiation 36; GC-D, guanylate cyclase D; c¥i&yvaccenyl acetate (cVA); OMP, olfactory marker protein.
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a specic Gas isoform (Gagy; Belluscio et al.,, 1998leading goat anti-rabbit A21070, Alexa Flubr488 donkey anti-rabbit,
to cAMP increase by activation of type Il adenylyl cyclaseA21206, Alexa Fludt 488 donkey anti-goat A11055, Alexa
(ACIII; Wong et al., 2000 The membrane depolarizes through Fluor® 568 donkey anti-goat A11057, Alexa Flfo#488 donkey
Na® and C&C inux due to opening of cyclic nucleotide- anti-rat A21208, Alexa Fludt 568 goat anti-rat A11077, Alexa
gated (CNG) channelsBfunet et al., 1996and subsequent Fluor® 633 goat anti-rat A21094), all were used in a dilution
activation of calcium-activated chloride channefge(sert et al., of 1:500. Additional counterstaining was performed with TO-
2009. Additional subpopulations of olfactory neurons are PROR-3 (1:2000, Life Technologies, T3605).
de ned by speci c expression of non-canonical receptors and/o
distinct signaling mechanisms. Neurons expressing tradeeam Solutions
associated receptors (TAARS) lack olfactory receptors, lauesh PBS~ : 2.68mM KCI, 1.47mM KHPO4;, 136 MM NacCl,
Gagt-dependent signaling cascade. The axons of TAAR neuror&1 mM NgHPOy, pH 7.4; PBS: 1x PBS™ , 0.9 mM Cadj,
project to a specic set of glomeruli in the dorsal region of0.48 mM MgC$, pH 7.4; 2x Laemmli bu er: 20% glycerol, 4%
the olfactory bulb Johnson et al., 2012; Pacico et al., 2012 SDS, 125mM Tris, 0.02% bromophenol blue, 200mM DTT,;
Another neuronal subpopulation expresses the receptor gubnylidomogenization bu er: 300 mM sucrose, 5 mM Tris-Cl, 0.1 mM
cyclase GC-D and recognizes natriuretic peptides and smdiDTA, pH 7.4C 1 fresh cOmplete Mini Protease Inhibitor
gaseous molecules (G@nd CS). These neurons project their Cocktail tablet (Roche); Solubilization bu er: 10% glycerol,
axons to a specic region of the caudal olfactory bulb, andl50 mM NaCl, 20 mM Tris-Cl, 1% CHAPSO, 1 cOmplete Mini
form approximately 12 “necklace glomeruliH( et al., 2007; Protease Inhibitor Cocktail tablet (Roche); Fixative siolut
Leinders-Zufall et al., 2007; Munger et al., 2010 2.68mM KCI, 1.47mM KHPO4, 0.136 mM NaCl, 8.1 mM
In our study, we found that up to 8% of mature olfactory NayHPO4, 0.2mM CaCl, 4% sucrose, 4% paraformaldehyde;
neurons express the transmembrane glycoprotein cluster &CSF (arti cial cerebrospinal uid): 119mM NaCl, 26 mM
di erentiation 36 (CD36). CD36 is a well described receptar fo NaHCO;z, 2.5 mM KCI, 1 mM NabPO4, 10 mM glucose, 2.5 mM
fatty acids (brahimi et al., 199pthat was so far unidentied CaCp, 1.3 mM MgC}, pH 7.4.
in the peripheral mammalian olfactory system, although it has
already been detected in central parts (e.g., piriform cortexStandard Immunostaining Protocol
nucleus of the lateral olfactory tracGlezer et al., 2009A  Tissue was rinsed two times in PBS followed by incubation
CD36 homolog is expressed in a subpopulation of insect olfgictorin fresh blocking solution [1x PESC, 0.1% Triton X-100, 1%
neurons and plays an essential role in the detection of thg fat gelatin (Sigma, G7765)] for at least 1 h. Primary antibodiese
acid-derived pheromoneisvaccenyl acetate (cVBenton et al., diluted in blocking solution and put on the tissue over nigtit a
2007. We here describe that CD36 is localized in cilia of olfagtor 4 C. After ve times rinsing in PBS™ for 5 min each, the tissue
neurons during the rst weeks of life. Mice lacking CD36 displaywas incubated in secondary antibody (1:500) solution for 1 h
reduced response rates when challenged with oleic acid,la w&he tissue was rinsed three times for 5min each and mounted

described CD36 ligand. in ProLong® Gold antifade reagent (Life Technologies).
Materials and Methods Quantitative Real-time PCR

Total RNA from olfactory epithelium (septum und turbinates)
Animals was isolated with RNeasy Mini Kit (Qiagen) including DNasel

All animal procedures were in compliance with the Europearfligestion. cDNA was prepared using iScript cDNA Synthesis
Union legislation (Directive 86/609/EEC) and FELASAKIt (Bio-Rad). PCR reactions were performed with an iQ5
recommendations. The study was approved by the LagedBermal cycler (Bio-Rad) using iQ SYBR Green Supermix.
(Landesamtes fiir Gesundheit und Soziales Berlin, TO2p4/1EXpression levels were calculated using the ddCt method.
C57BL/6 (Charles River Laboratories, Sulzfeld, Germany) arPrimers for housekeeping genalb-tubulin were used as
CD36 knockout mice Rebbraio et al., 199%vere housed at RT describedPubacq et al., 2009Predesigned QuantiTect primers
in a 12:12h light dark cycle with food and wated libitum, ~ for CD36 (QT01058253), mOR-EG (QT00278789) and Olfr124

Mice were used for analysis at ages between P6 and P14, unl€g§00304794) were purchased from Qiagen. PCR conditions
indicated otherwise. were 30 S, 94:, 30 S, 55(:, 30 S, 72(:, 35 CyCIeS.

Antibodies OE Membrane Preparation and Western Blotting

Primary antibodies: rat anti-CD36 (AbD Serotec, MCA2748Membrane preparation was performed on ice to avoid protein
MCA2748A488, dilution 1.200); goat anti-CNGA2 (Santa Gruzdegradation. Olfactory epithelium was collected, homogeahj
M-20, dilution 1:200); rabbit anti-ACIll (Santa Cruz, C-20, and centrifuged for 30 min at 20,000 g at3 After solubilization,
1:200); rabbit anti-ANO2, dilution 1:100R@sche et al., 20,0 protein samples were mixed with Laemmli buer and
rabbit anti-mOR-EG, dilution 1:200Baumgart et al., 20)4 separated in a 10-15% SDS gel. Proteins were transferred
rabbit anti-Gays (Santa Cruz, C18, dilution 1:200), goat anti-to nitrocellulose membrane. Membranes were blocked in 5%
OMP (Wako, 019-22291, dilution 1:1000). Secondary antémdi dry milk (Bio-Rad) in TBST and incubated with the antibodies
(Life Technologies) were coupled to Alexa Fluor dyes (Alexthat were detected using ECL SelEbhnd ECL Hyper Im
Fluor® 568 donkey anti-rabbit A10042, Alexa Flior633 (Amersham).
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Olfactory Neuron Dissociation Cryosections
Dissociation of olfactory sensory neurons was performedgisi The head was xed for 2h at € in xative solution,
the Miltenyi neural tissue dissociation kit for postnatal mens.  cryoprotected in 30% sucrose, and embedded in Leica tissue
Main olfactory epithelium was collected in pre-heated enzyméreezing medium (Leica Microsystems). Sections ofmiR
mix 1 (10m solution 1C 1950m solution 2) and cut into smaller thickness were cut on a Leica CM 1900 UV cryostat (Leica
pieces with spring scissors. After 15min incubation at@®n  Microsystems), adhered to Super FrbstPlus cryoslides
the MACSmixTMube Rotator (Miltenyi), enzyme mix 2 (38  (Thermo Scienti ¢) and stored at 25 C.
solution 3C 15m solution 4) was added and incubated for 10 min
at 37 C on the Tube Rotator. Vibratome Sections

For immunohistochemistry, samples were centrifuged folPups were decapitated and the skin, lower jaw, palate, and front
2min at 800rpm and resuspended in 480 xative solution. teeth were removed from the head. The back part of the head
The cells were dispersed on adhesion slides (Pol{sisleles, was removed and the front part was glued to the specimen plate
Thermo Scientic) on which an area was encircled withof a VT1200S microtome (Leica Microsystems) and embedded
a hydrophobic marker pen (PAP pen, Sigma-Aldrich). Thein 2% low-gelling temperature agarose. Sections of 100-200
cells were incubated in xative solution for 10 min at room thickness were cut and collected in ice-cold ACSF in a 24 well
temperature without moving the slides to let the OSNs settlplate. Sections were xed for 20 min at room temperature and
down on the glass. All washing and staining steps werblocked for 1 hin blocking solution. Antibody staining wather
performed very carefully, as OSNs and their connection tgerformed for 3h with a CD36 antibody conjugated to Alexa
the glass slide were very fragile. Solutions were suckedyo kFluor 488 or following the standard immunostaining protocol.
pipetting and new solutions were applied by slowly pipetting
them in one corner of the encircled area. Primary antibodyWhole-mount and En Face Preparation
solution was applied for 1-3h, secondary antibody solutiorMice were decapitated and skin and bones removed. The head

for 45 min. was split with a razor blade 1 mm beside the sagittal midline
to expose one nasal cavity. Turbinates, nasal septum or bulbs
Transcriptome Sequencing were carefully removed, and xed for 10-30min at room

For transcriptome sequencing, olfactory epithelium from wildtemperature. The tissue was collected in Ringer's soluti¢mowi
type P8 pups was collected and dissociated as described abdeeching the epithelial surface. Epithelium sheets werefalye
CD36 expressing cells were separated using the magnetic dedinsferred to an adhesion slide (Polysfeslides, Thermo
separation system from Miltenyi Biotec (MiniMAOSeparator ~ Scienti c) by moving it with ne forceps and xed for 10 min
with Anti-Rat IgG MicroBeads). RNA from the CD36-enriched at room temperature. Top view preparations were handled very
fraction and from the cells passing the column was isolatedautiously to prevent damage of ne cilia structures. Alig@ns
using the RNeasy Micro Kit (Qiagen). Sequencing librariesewemnwere applied by pipetting next to the tissu®erland and
generated by Eurons MWG Operon (Ebersberg, Germany)Neuhaus, 2014 Antibody staining was performed for 3h or o.n.
Brie y, a fragment cDNA library with fragment sizes of 200—

450 bp was created for every sample. Libraries were sequendeiia Characteristics

on Illlumina HiSeq 2000 with chemistry v3.0 and with 1100 En face preparations were used to characterize cilium
bp single read module. Reads were mapped on a “proteircharacteristics of CD3 and mOR E® OSNs. Analyzed
coding unspliced-genes” reference from Ensemble (GRCm38.pkgions were randomly chosen with bright eld microscopy,
created by Euro ns MWG Operon) using the software BWA- confocal images of both uorescence stainings were taken.
backtrack. 55.06 and 53.97% reads were mapped of 25607 Tidge] Echneider et al., 20) Was used to mark all cilia of one
and 28205993 total reads for the CD36-enriched fractionthed OSN. A freehand line was drawn for every cilium from its base a
CD36-depleted fraction, respectively. The mean read coeerathe knob to its end. Selections were collected in the ROl manag
(covered reference bases/sum of all reference bases)néedou (regions of interest) and the length was measured by ImageJ.
for 148.5 for the CD36-enriched and 185.7 for the CD36-Data was transferred to Excel and further processed.

depleted cell fraction. Samples were normalized using the

Trimmed Mean of M-values (TMM) method Robinson and Microscopy

Oshlack, 201)) and analyzed using the Integrative GenomicsWide eld uorescence microscopy of cryosections and for
Viewer (Robinson et al., 20)1Mapped reads were termed by olfactory neuron counting was documented using bright
gene accession numbers. To assign gene names to providetl microscopy on a Leica DMI6G000 B system (Leica
accession numbers, we used a self-made “WebRequest’ towmlicrosystems). Whole-mount stainings of turbinates and
designed and kindly provided by Sven Fabricius (http://wwwolfactory bulbs and vibratome sections were analyzed with t
designerco.de/). Gene names were automatically requéssted  uorescence stereo microscope M205FA (Leica Microsystems).
the NCBI database (http://www.ncbi.nlm.nih.gov/), expadrte = Documentation of stainings in cryosectioms facgreparations,

an overview table and manually imported in Excel. Gene funmcti and vibratome sections was predominantly performed using
was evaluated manually by PubMed searches. Olfactory receptmnfocal microscopy with TCS SPE and TCS SP5 systems (Leica
transcripts were counted when detected by at least 10 ramicrosystems). For G5 imaging in main olfactory epithelium
counts. slices, we used an upright confocal microscope DM6000CFS
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(Leica Microsystems) equipped with a 20x 1.0 NA objectivelo remove unspeci c probe binding and washed again in 2x
Images were further processed using LAS AF, ImageJ, a®BC and 0.2x SSC. To aid antibody penetration, the slices were
Photoshop. To analyze protein distribution in more detail weincubated in PBST (1x PBS , 0.1% Tween-20) for 10 min
used stimulated emission depletion (STED) microscopylia following blocking solution (1x PBS , 0.1% Triton X-100, 10%
et al., 2008 We used the TCS STED system on a confocal TCB8ormal goat serum) for 1 h. Anti-digoxigenin-AP Fab fragnten
SP5 1l platform with STED CW laser (Leica microsystems), afRoche, 11093274910) were used in a 1:100 dilution in blocking
described beforé{enkel et al., 2015 solution for 2h at room temperature and additional 16—20h
Cryosections from the age stages E18, PO, P1, P8, P14, P&Y C.
P28, P60, P90, and P180 were co-immunostained with CD36 and Sections were rinsed with PBST three times for 20 min each
OMP antibody, only areas with OMP staining were analyzedand equilibrated in bu er B3 (0.1 M Tris-Cl, 0.1 M NaCl, 50 mM
The LOCI plugin for ImageJ was used for cell counting. EveryilgCI2, 0.1% Tween-20) for 10 min. The nal developing step was
neuron was marked by hand and counted by the software. Fgrerformed using freshly prepared bu er B4 (NBT/BCIP ready-
statistical analysis, we chose de ned stretches oh@00Ilfactory to-use tablets, Roche 11697471001) for at least 30 min up to 3
epithelium lining the septum and counted CD36 and OMPdays, depending on the staining intensity. Reaction was stopped
expressing cells for PO, P1, P8, P14, P21, P28, P60, P90,8hd Py washing the sections with PBST for 5min. After rinsing the
slices in KO, they were mounted in ProLory Gold antifade
RNA In situ Hybridization reagent (Life Technologies, P36930).
RNA in situ hybridization was performed using non- uorescent
digoxigenin labeled probes. CD36 riboprobes cover aroun® 14(Electro-olfactogram Recordings
bp and were prepared as describ&dgzer et al.,, 2009RNAIn  Mice were decapitated and skin and lower jaw removed. The
situ primers (sequence’fo 39: head was split with a razor blade 1 mm beside the sagittal
CD36_IS_Rive_fw GTAAAGCTTATGGGCTGTGATCGGAAC midline to expose one nasal cavity. Turbinates were remowved t
TGTGGGCG uncover the olfactory epithelium of the nasal septum. The head
CD36_IS_Rive_rv GTAGAATTCTTATTTTCCATTCTTGGA was xed in a recording chamber half- lled with agarose and
TTTGCAAGCAC connected to an indi erent electrode. The electro-olfactig
PCR products were cloned into the pcDNA3 vector. The(EOG) recording setup consists of a glass pipette electrodemholde
vector was linearized according to the manufacturer instians ~ xed to a probe that is connected to an IDAC-4 data-acquisitio
(Roche) at the Bor the ¥ end of the insert, to starin vitro  ampli er (Ockenfels Syntech GmbH). The glass pipette is lled
transcription with T7 or SP6 RNA Polymerase to get thewith Ringer's solution and gets in contact to the probe by an
negative sense probe or the positive antisense probe, resdgctivinserted tungsten wire. The stimulus controller (CS-55k&tels
(DIG RNA Labeling Mix (11277073910), transcription bu er Syntech GmbH) generates a continuous humidi ed air ow
(11465384001), Protector RNase Inhibitor (03335399001yrT onto the epithelium with triggered stimulus pulses, and was
SP6 RNA polymerase (10881767001, 10810274001). After 2dnnected to the ampli er. Odors were loaded on a lter paper,
incubation at 37C, the reaction was inactivated by adding 0.2 Minserted in a modi ed syringe and introduced in the stimulais
EDTA (pH 8.0). RNA was cleaned up using the RNeasy Mini Kistream. We used a mixture of 100 odorants (Henkel 100, 1:200
and stored at 80 C. in HoO, Henkel KGaA) for stimulation \(Vetzel et al., 1999
Stored un xed cryosections were thawed and dried on &37 Stimulus air ow was applied for 0.1s. Signals were recorded
heating plate and xed for 20 min at € with PFA-solution. and analyzed with the software AutoSpike (Ockenfels Syntech
Cells were lysed with RIPA bu er (0.25% SDS, 150 mM NaClGmbH).
1% NP40, 0.5% sodium deoxycholate, 1 mM EDTA, 50 mM Tris-
Cl) for 10 min, washed with 2x SSC (20x SSC stock: 3M NaCCaZC Imaging
0.3M NaCgHs07), dehydrated in a graded ethanol series (50;The following solutions were used for €aimaging experiments:
75, 95, 100% ethanol, 5min each) and air dried. After washin@) Extracellular solution (S1): 145mM NaCl, 5mM KCI, 1 mM
the sections for 10 min with 2x SSC, they were incubated i€aCh, 1 mM MgCh, 10mM HEPES; pH 7.3 (adjusted with
250 mI TEA (0.1 M triethanolamine, pH 8.0) on a magnetic stirre NaOH); osmolarity D 300 mOsm (adjusted with glucose).
for 5min. To reduce non-specic probe binding, slices were(b) Oxygenated extracellular solution (S2): 120mM NacCl,
acetylated by adding dropwise 6@Dacetic anhydride following 25mM NaHCG, 5mM KCI, 1mM CaCl, 1mM MgSQ,
incubation for 15min. Sections were washed two times in 26 mM BES; pH 7.3; osmolaritp 300 mOsm. (c) Elevated
SSC and incubated in prehybridization bu er (hybridization potassium solution (S3): 100mM NaCl, 50mM KCI, 1 mM
bu er without probe) for 1h at 55C in a humid chamber. CaCh, 1mM MgCh, 10mM HEPES; pH 7.3 (adjusted with
Finally, the hybridization bu er (10% dextran sulfate, 4xG5S NaOH); osmolarityD 300 mOsm. Oleic acid was diluted in S1
2.5mM EDTA, 50% formamide, 1x Denhardts solution (1% BSAo nal concentrations and solved immediately before use gsin
fraction V, 1% Ficoll PM400, 1% PVP), 259/ml yeast tRNA, vortex and sonication for at least 2 min. A mixture of 10 oduis
50mg/ml heparin, 0.1% Tween-20, 580/ml salmon sperm (Acetophenone, Benzylacetate, Cineol, Cyclohexanonenglige
DNA) containing the riboprobe (15-30 ng/1@@) was added Geraniol, Isoamyacetate, Isovaleric acid, Octanal, Hhatyyic
to the slices for 16—20h at 55 in a humid chamber. Sections acid; nal concentrations 16M each) was used to increase
were washed in 2x SSC, incubated in 0.2x SSC for 1 h & 55response probability. Final DMSO concentrations wer@1%.
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Stimuli and pharmacological agents were applied manually Time-lapse experiments were analyzed using LAS-AF and
via a 5-in-1 multi-barrel “perfusion pencil”\(eitinger et al., MM-AF software (Leica Microsystems). All cellsina eld of view
201). were marked as ROIls and relative uorescence intensitieg wer
Acute main olfactory epithelium slices were prepared froncalculated as arbitrary units. Data are reported as means from
young mice of either sex between postnatal day 6 and 9. Mia least three independent experiments and statistical agslys
were sacri ced by decapitation. Acute coronal main olfagtor were performed using a chi-squared (Fisher's exact) as dittat
epithelium tissue slices were prepared as describe@(ge etal., by data distribution and experimental desigp-values that
2012. Brie y, the skin, lower jaw, teeth and palate were removedteport statistical signi cance (0.05) are individually speci ed in
The anterior aspect of the head was dissected, embedded in 48trre legends. In uorescence imaging experiments, ROIs were
low-gelling temperature agarose, placed in ice-cold oxytgeha de ned to encompass single cells based on visually identi ed
S2, and coronal slices (268n) were cut on a VT1000S morphological features of dye-loaded cells at rest. An irsgea
vibratome (Leica Microsystems, Nussloch, Germany). Slicés uorescence intensity was judged as a stimulus-dependent
were transferred to a submerged, chilled, and oxygenat2§l (Sresponse if the following two criteria were both ful lled: (a)
storage chamber until use. Slices were incubated in uo4/AMthe peak intensity value exceeded a given threshold that was
containing S1 (1@nM; 30 min; RT; Molecular Probes), washed,calculated as the average baseline intensity before stiionl
transferred to a Slice Mini Chamber (Luigs and Neumannplus an intensity value corresponding to twice the baseline
Ratingen, Germany), anchored (0.1 mm thick lycra threaaisy, intensity standard deviation dsp> IpaselineC 2 SD(lpaselind
superfused with oxygenated S23 ml/min; gravity ow). Fluo- (Riviére etal., 2009; Ferrero etal., 2011; Cichy et al. )2()The
4 was excited at 488nm and images were acquired at 1.0 kzcrease in light intensity was observed within 10 s aftensius
(' 10mm optical thickness). application.

>
w

-

0.21 *

expression rate relative
to OMP

CD36 mOR-EG Olfr124 OE m. sn.

FIGURE 1 | CD36 is expressed in the olfactory epithelium. (A)  Quantitative real-time PCR showing expression of CD36 in adt mice compared to two olfactory
receptors (MOR-EG and OIfr124). Data are the mean of ve micen(D 5) and three technical replicates each. Signi cance was caldated using two samplet-test.
Error bars represent SEM*p  0:05). (B) Western blot analysis of whole olfactory epithelium prepation, membrane preparation and supernatant of membrane
preparation of an adult mouse showing CD36 protein expresen. (C) Confocal image of a cryosection (P8) immunostained for CD3@reen) and the mature olfactory
neuron marker OMP (red). CD36 is present in soma, dendrite @nknob. (D) Confocal image (maximum projection) of an adult vomeronasargan cryosection
immunostained for OMP (red) and CD36 (green) showing dengepacked vomeronasal sensory neurons but no CD36 presence ithese neurons.(E) Confocal image
of a cryosection (P8) immunostained for CD36 (green) and theature olfactory neuron marker OMP (red) in CD36- mice, showing absence of labeling(F,G) Single
channels of the picture shown in(E). (H) RNA in situ hybridization of wild-type P8 cryosection showing CD36 mRNK expression in OSNs(I) RNAin situ hybridization
of cryosection from CD36 = mouse showing the absence of CD36 mRNA. Scale bars: 5m (C), 20 mm (D), 20 mm (E), 50 mm (H), 50 mm (I).
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FIGURE 2 | CD36 distribution in the olfactory epithelium. (A) Wide eld microscopy image of a cryosection (P8) immunostaied for CD36. CD36 expressing
neurons are scattered along the olfactory epithelium. (n@yasal cavity; s, septum; t, turbinate; ob, olfactory bulb)(B) Magni cation of the boxed area shown in(A).
Immunostaining for CD36 shows expression in a subset of olfdory neurons. (C) Stitching of uorescence stereo microscopy images of a wholemount turbinate
preparation immunostained for CD36 (P8). Olfactory knobsfdCD36 expressing neurons are detected as small dots all alanthe surface of the epithelium lining the
turbinates Scale bar: 500nm (A), 50 mm (B).

Results Immunostaining of coronal olfactory epithelia cryosectson
revealed CD36 localization in a subset of mature sensory

CD36 Is Expressed in a Subset of Neurons in the neurons, identi ed by expression of the olfactory marker iot

Olfactory Epithelium (OMP; Figure 10). By contrast, we did not nd CD36 expression

We detected CD36 in olfactory epithelia of mice by previousn the accessory olfactory systefiqure 1D). We then used a
proteomic analysis{asche et al., 20),GCD36 protein has also previously generated CD36 knockout mouse strain (CD36
been found to be highly abundant in the proteome of rat ciliaFebbraio et al., 199%0o con rm antibody speci city. Using
(Mayer etal., 2009We therefore analyzed the expression patterrOMP for counterstainings to visualize mature olfactory seypso
of CD36 in the olfactory system. Quantitative real-time PCRnheurons we found CD36 staining to be completely absent from
revealed that the expression level of CD36 was signi cantlthe olfactory epithelium of CD36~ mice (Figures 1E-G.
higher compared to olfactory receptors OIfr73 (mOR-EG)Using RNAIn situ hybridization we moreover detected CD36
and OIfr124 (CD36: 0.161, mOR-EG: 0.009, Olfr124: 0.008RNA in sensory neurons of P8 wild-type midédure 1H), but
Figure 1A), similar as the protein amounts detected in previousnot in olfactory epithelium from CD36~ animals Figure 1I).
proteomic approaches. We also detected the described 88 kD

glycosylated form of CD36 proteirTlle et al., 1983; Abumrad CD36 does not Show Zonal Expression Pattern

et al., 1993; Han et al., 1990y western blot analysis of whole Most olfactory sensory neurons that express a speci ¢ odorant
olfactory epithelium and of olfactory epithelium membranereceptor are restricted to one of four zones of the olfactory
preparations, but not in the supernatant fraction containingepithelium in the nasal cavity in the mous@dssler et al., 1993;
soluble cytosolic proteing={gure 1B). Vassar et al., 1993Also TAAR genes are expressed in unique
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FIGURE 3 | CD36-positive glomeruli in the olfactory bulb. (A) Fluorescence stereo microscopy image (maximum projectigrof an olfactory bulb preparation (P9)
immunostained for CD36. Ventral view onto the right bulb. Mdial side: top; lateral side: bottom.(B) Confocal image (maximum projection) of a vibratome section
immunostained for CD36 demonstrating CD36 staining in gloeruli and nerve bers (P9)(C—F) Fluorescence stereo microscopy images of P8 vibratome seans
from rostral to caudal regions of the olfactory bulb immunasined for CD36. Glomeruli are located in ventromedial OB geons. Dotted line encircles the OB in the rst
image. (d, dorsal; I, lateral; v, ventral; m, medial, congient for C-F). Scale bars: 100mm (B), 200 mm (C-F), 500 nm (A).

populations of sensory neurons spread in single zones of theensory neurons. Immunostaining of four canonical olfagto
olfactory epithelium [iberles and Buck, 2006By contrast, transduction proteins, @q, ACIII, CNGA2, and ANO2, in
CD36 expressing cells were not con ned to a speci ¢ epitheliatlissociated olfactory neurons demonstrated co-expression i
region Figure 2). Analysis of cryosections from both rostral and CD36-positive cells Higures 4A-D. To further uncover the
caudal areas of the olfactory epitheliuFigure 2A) and whole- expression of signaling proteins in CD36-positive neurons,
mount turbinate preparationsHigure 20 revealed non-zonal we performed quantitative real-time PCR and transcriptome

CD36 expression along the septum and on all turbinates. sequencing. Dissociated neurons were sorted via a magnetic
N N cell separation system, yielding in a fraction enriched in36D
CD36-positive Glomeruli in the Olfactory Bulb expressing neurong-{gure 4B. Quantitative real-time PCR of

Next, we immunostained whole-mount olfactory bulb the sorted neurons con rmed the expression ofgg, ACIII,
preparations, and screened the surface for CD36-positiv€eNGA2, and ANO2 Figure 4P. Also transcriptome sequencing
glomeruli. A large subset of glomeruli was labeled at di érenof the CD36-enriched fraction showed transcripts foadgs,
staining intensities Kigure 3A), clearly outnumbering two ACIIl, CNGA2, and ANO?2 together with mRNAs from other
glomeruli per bulb typically observed for canonical olfagtor elements of the canonical olfactory signaling cascadié (Gg13,
neurons with de ned receptor identity \(assar et al., 1994 CNGA4, CNGB1, PDE1C, PDE4A, NKCC1, NCKX4, RTP1,
CD36-positive glomeruli were analyzed in more detail usingRTP2, REEP1Supplementary Table 1. To exclude proteins
vibratome slices Kigures 3B—ff. CD36 was detected in with low abundance, analysis was restricted to transcripé&t th
nerve bers and axon termini Kigure 3B). We analyzed the showed both an expression level of at least 0.1% of ACIIl. The
distribution of CD36-positive glomeruli from rostral to mer transcriptome dataset from CD36 expressing neurons further
caudal parts of the olfactory bulb and found CD36-positiveshowed expression of ORs, but not of TAARs or GUCY2D,
glomeruli predominantly in the ventral and ventromedial feg.  the particulate guanylate cyclase expressed ip @38ponsive
CD36-positive glomeruli were essentially absent in the mosslfactory neurons.
caudal sections of the olfactory bulbiures 3C—F.

CD36 Neurons Express ORs
CD36 Neurons Express Olfactory Signaling To further analyze potential co-expression of ORs and CD36,
Proteins we raised an antibody (panOR) against an amino acid sequence
We tested whether and, if so, which members of themotif that is shared by most ORs. Similar to previous
olfactory transduction machinery are expressed in CD364pa@si results, the non-transmembrane motif with the highest asgr
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CD36 immunostaining: some neurons revealed strong OR and
CD36 staining Figures 5C—B. We then investigated expression
of mMOR-EG, OlIfr71, and OIfr726 with specic antibodies,
but never observed co-localization with CD3eiqures 5F-H,
indicating that individual ORs may be speci cally co-expresse
in CD36-positive neurons.

CD36 is Localized in Olfactory Cilia

Since CD36 was co-expressed with canonical signal transduct
proteins, we investigated whether CD36 was also localized in
olfactory cilia. We used a preparation that allows em face
view onto the epithelial surfac®perland and Neuhaus, 20114
CD36 was localized in a subset of olfactory knobs and cilia
spreading from theseFgures 6A,B, but did not co-express
with the olfactory receptor mOR-EGF{gure 6C). Moreover,
labeling of CD36 and mOR-EG on the same preparation
revealed morphological di erences between both stained cell
populations. To examine these di erences, we analyzed 55 CD36-
positive and 55 mOR-EG-positive olfactory neurons in co-
stainings (from 3 animals) by counting cilia and measuring
cilia length EFigures 6D,B. We counted 14 cilia per mOR-EG
expressing neuron, which is comparable to earlier scanning
electron microscopy studies showing an average of 17 cilia,
each up to 6@mm long (Menco et al., 1997 CD36 expressing
neurons extend only half as many cilia (CD36: 7.60.4 m,
Figure 6F. Moreover, mOR-EG-positive cilia were signi cantly
longer Figure 6G. CD36 expressing neurons therefore seem
to dier from other olfactory neurons by morphological
characteristics.

CD36 Showed a Receptor-like Expression

Pattern in Cilia from Olfactory Neurons

Little is known about the spatial distribution of receptor prite
within olfactory cilia. Using stimulated emission depletion
(STED) super-resolution microscopy, we recently showed that
CNG channels and calcium-activated chloride channels ef th

FIGURE 4 | CD36 neurons express olfactory signal transductio  n Anoctamin family are localized to discrete microdomainglie
proteins. (A-D) Confocal images of dissociated olfactory sensory neurons ciliary membrane ldenkel et al., 2005 We here used STED
from P8 animals. Immunostainings show co-expression of CD3¢green) and microscopy to analyze mOR-EG and CD36 expression patterns

Gags (A), ACIII(B), CNGA2 (C), and ANO2 (D) (red).(E) Normalized CD36
read counts (Trimmed Mean ofM-values (TMM) method) for both cell fractions
CD36-depleted (CD36-dep) and CD36-enriched (CD36-enr) wexd for

in top view en facepreparations Figure 7). Similar to the
ion channels, mMOR-EG dissolved into distinct foci along the

transcriptome sequencing. Diagram illustrates the enharement of CD36 (3.4 olfactory cilia under STED conditions={gures 7A,C,B, while
fold) in the CD36-enriched fraction (257.5) compared to th€D36-depleted acetylated tubulin showed homogenous protein distribution
fraction (75.7).(F) Quantitative real-time PCR results for G, ACIII, CNGA2, (Figures 7G,H. This localization pattern provided rst optical

and ANO2 comparing CD36-enriched and CD36-depleted cell &ction from : o : : : :
evidence for distinct spatial organization of olfactoryeptors in
magnetic CD36 cell sorting in P8 animals. Data was normalizeto OMP. Scale P 9 ryep

bars: 5mm (A-D). cilia of sensory neurons. When analyzing CD36 staining patter
with STED microscopy, we found it also to be localized to
discrete foci in the ciliary membran€&igures 7B,D,F. Together,

of conservation is MAYDRYVAIC at the transition between STED microscopy clearly provided morphological evidence for
transmembrane domain 3 and intracellular loop 2. Althoughthe organization of olfactory receptors in distinct domains
many class A GPCRs share similarity in the DRY motif, thealong olfactory cilia. Since also the ion channels involved in
MAY and VAIC sequences were speci c for ORs and are nobdorant detection showed clustered localization pattetarfkel
found in other GPCRs. Western blot analysis revealed a strorgf al., 201} the presence in such microdomains seems to
band in olfactory epithelium membrane preparations, but notbe a common feature of signaling proteins in olfactory cilia.
in liver (Figure 5A). Immunostaining in cryosections showed The similarity in localization of CD36 is an indicator for a
labeling of the ciliary layer and many mature olfactory nens  potential role of this fatty acid receptor in olfactory signal
(Figure 5B). The immunostaining partially overlapped with transduction.
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FIGURE 5 | CD36-positive neurons express olfactory receptor  s. (A) Western blot analysis of olfactory epithelium (1), membrarpreparation (2), and supernatant
(3) of three P60 mice showing panOR speci city to olfactory ejphelium. Adult liver (4) was used as negative control; absee of GAPDH shows successful membrane
preparation; mMOR-EG demonstrates an olfactory receptorseci ¢ band of same size like the panOR band.(B) Confocal image (maximum projection) of a cryosection
immunostained with the panOR antibody (P8). Scale bar: 2@m. (C—E) Confocal images (maximum projections) of a P8 cryosectiomimunostained for CD36 (green)
and panOR (red).(F—H) Confocal images of P8 cryosections immunostained for CD36g¢een) and speci ¢ olfactory receptors Olfr726(F), Olfr71 (G), and mOR-EG
(H) (red). Scale bars: 20mim (B), 10 mm (C—H).

Absence of CD36 Has No Effect on General animals Figure 8P. To determine whether the amount or the
Morphology of the Olfactory System localization of signaling proteins is changed in the CD36
We further analyzed the potential role of CD36 in olfactorymice, we stained the olfactory epithelium for the olfactory
signaling in CD36 knockout (CD36 ) mice (Febbraio et al., signal transduction proteins &, ACIIl, CNGA2, and ANO2
1999. The gross anatomy of the nasal cavity and the olfactor{Figures 8G-N and performed quantitative PCR (data not
bulb was unaltered Rigures 8A-D. Moreover, the sensory shown).Both experiments revealed no changes in CD3nice
neuron morphology showed no di erences compared to wildcompared to wild type mice.

type mice Figure 8. We counted all OMP-positive sensory

neurons in a 60@nm region of septal epithelium and detected Responses to Oleic Acid are Reduced in

no di erences between wild type (224 neuromspD 10 septum CD36 ~ Animals

regions from 5 animals) and CD36 mice (222 neurons; The olfactory function in wild type and CD36 mice was
n D 8 septum regions from 4 animals). Ciliary morphology rst analyzed by recording epithelial eld potentials (electro
of mMOR-EG expressing neurons was not altered in knockoublfactogram, EOG), elicited by a complex odorant mixtureeTh
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This observation con rms eld potential recordings, whichdd
not reveal a general olfactory de cit of CD38 mice.

Together, our results show that loss of CD36 does not impair
the development or the overall function of the olfactory syst
but instead indicates a speci c role for the CD36 expressing
population of olfactory neurons. Given that CD36 has been
described as a receptor for fatty aci@si(lie et al., 1996; lbrahimi
et al.,, 199p we investigated responses to the known CD36
ligand oleic acid. Since oleic acid and other free fatty acids
are rapidly oxidized, we kept the substances under inert gas
to prevent formation of oxidation products. First, we analyzed
whether olfactory neurons respond to fatty acids, which has
not been shown before. We stimulated olfactory epithelium
slices with oleic acid (2nM and 26M) and recorded C&
signals by confocal imagingFigure 9B. A subset of 10—
15% of neurons from wild type mice responded to the ligand
(Figure 9K), showing that oleic acid can indeed cause®Ca
increases in olfactory neurons of young mice. These resgonse
appear to be dose-dependefigures 9F,G. To analyze the role
of CD36 in oleic acid-induced Ca2+ elevations we also recbrde
signals in neurons from CD36 animals Figure 95 and
compared various signal characteristics as well as the praporti
of oleic acid-sensitive neurons in CD36 to data from wild-
type mice Figures 9H-K). Oleic acid-induced C% responses
not only displayed several di erences in signal shape (amplitude
rise, half-width) as compared with odor-dependent signals
(Figures 9H—). Some oleic acid-speci ¢ signal parameters also
changed with genotypeF{gure 9J. Moreover, we found that
the number of responding cells was signi cantly reduced in
CD36 = mice (Figure 9K), indicating that CD36 plays a role for

FIGURE 6 | CD36 is localized in olfactory cilia. (A) Confocal image of aen . L . g . .
! y * 9 the detection of oleic acid by the main olfactory epithelium.

face preparation immunostained for CD36 showing CD36 localizén in
olfactory cilia (P8)(B) Higher magni cation of the boxed area in(A). CD36
staining is prominent around the knob and along olfactory tia. (C) Confocal Plasticity of CD36 Expression during Postnatal

image of anen face preparation immunostained for CD36 (green) and Development

mOR-EG (red) showing differences in cilia length in both téfently stained cell . s : . e
types, both proteins showed no co-expression.(D) Olfactory cilia counting: AS O|_€'IC _aCId IS a major milk Componem’ we neXt analyzedrglllla
Confocal image of a top view preparation immunostained for 036. Cilia were localization of CD36 from prenatal to adult agégures 10A—5'
marked as demonstrated using a freehand tool from ImageJE) Olfactory cilia Preparations were co-immunostained for mOR-EG to ensure

counting: Confocal image of the sameen face preparation shown in(C), integrity of the tissue. CD36 was localized to a subset of
co-immunostained for mOR-EG.(F) Total number of cilia per knob for oIfactory knobs and cilia Spreading from these. While mOR-
mOR-EG-positive and CD36-positive neurons. CD36-positi cells possess EG was localized to cilia at all ages. clear ciliary locatinadi

half as much cilia compared to mOR-EG expressing cells. Datare shown as ges, y

mean SEM of 55 knobs in 3 individual preparations. Signi cance was CD36 was Only observed from PS'PHqureS 1OC_& At P21,
calculated using two samplet-test (p  0:05). (G) Number of cilia with punctate CD36 staining appeared around several olfactory&nob
different length of mOR-EG-positive and CD36-positive neuns. indicating that CD36 labeled cilia were disintegrated. Thia c
CD36-positive cilia are shorter compared to mOR-EG-posite cilia. Data are of co-stained MOR-EG expressing neurons appeared unchanged,

shown as mean SEM of 55 knobs in 3 individual preparations. Signi cance

was calculated using Mann—Whitneyd-Test (p < 0:01). ruling out a general disassembly or reorganization of aiti¢his

age (higher magni cation inSupplementary Figure 1. Some
regions in the epithelium even completely lacked CD36 ciliary
signals were indistinguishable between wild type and CD36 staining at P21. Around P28, punctate labeling declined gjiyn
mice (Figures 9A-Q, indicating that CD36~ mice are not as well (data not shown), and completely disappeared in older
generally anosmic. animals. Ciliary CD36 staining was lacking in P90 animals
By using confocal imaging in acute slice&uegge et al., 20),2 (Figure 10F. A strong, relatively uniform staining with CD36
we then recorded C& signals in response to odorant mixtures antibodies in adult animals, however, was derived from lkzdbe
(Figure 9D). Brief odor stimulation triggered CG& transients microvilli of sustentacular cellsF{gure 10G and RNA in situ
in a subpopulation of olfactory neurons in both, wild type andhybridization, data not shown). Although ciliary CD36 lding
CD36 = mice, whereas K-mediated depolarization activated was progressively lost between P21 and P28, CD36 was still
most neurons. No di erence in the number of responding cellspresent within somata and dendrites of single neurons until
was observed between wild type and CD36mice (Figure 9K).  adulthood Figure 10G. We counted the relative amount of
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FIGURE 7 | STED microscopy revealed receptor like localizati ~ on of CD36 in olfactory cilia. (A,B) Shown are STED images oen face preparations
immunostained for mMOR-EG and CD36 (P8)C,D) Higher magni cations of the cilia shown in(A,B), respectively. The olfactory receptor nOR-EG and CD36 show
similar staining pattern.(E,F) High magni cation pictures showing localization of CD36 andnOR-EG in discrete spots (examples are indicated by arrowtsals). (G,H)
STED images of dissociated adult neurons immunostained facetylated tubulin (ac. tub). Scale bars: m (A-D,G,H), 500 nm (E,F). *Marks the dendritic knob
(C,D,H).

CD36 expressing neurons among mature OMP-positive neuron®iSCUSSION

from E18 to P180. Analyzing whole cryosections, we found on

average 1.6% CD36 expressing neurons (111/677 44 per Olfactory cues from foods are important for survival of
section) in E18 animals, 8.0% at P8—P14 (328 29/4098 mammals. We here describe a population of neurons in the
436), and gradually decreasing numbers during and post-fyberolfactory epithelium of mice, which is characterized by the
(Table 1). Although we counted 161,353 sensory neurons in totagxpression of the fatty acid receptor CD36 and has distinct
(11,304 of them CD36-positive), it was not feasible to perforninorphological characteristics. Knockout of CD36 does nosea
statistical analyses with whole slice countings, as tie motmber ~ gross morphological or functional alterations in the olfargt

of analyzed cryosections was too low with 1-3 sections per ag@/stem, but reduces the amount of oleic acid-sensitive tolfac
For statistical analysis, we therefore de ned a 6080 epithelial neurons.

stretch along the septum and quanti ed CD36-positive relati CD36 is expressed in the cell soma, dendrite, axon termini
OMP-positive neuronsKigure 10H). Together, the percentage of of olfactory neurons. Also the olfactory receptor proteing ar
CD36 expressing neurons signi cantly increases after hirttil  localized not only in cilia, but also in axon termini in the ottery

P8, and decreases moderately during further aging. Negtsls, bulb (Strotmann et al., 2004 Most notably, its expression in
CD36 completely disappeared from the cilia when mice werelfactory cilia guarantees direct contact to the inhaled High
weaned. We therefore hypothesize that the presence of CD3ésolution STED microscopy showed a scattered distribution
in cilia of olfactory neurons during the suckling period plagss  of CD36, similar to the localization of mMOR-EG. Tubulin, on
important role for adaptation to the particular needs duringgh the other hand, was homogeneously distributed along the.cili
phase of life. Previous C&# measurements in frog cilia revealed discrete
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FIGURE 8 | Olfactory system of CD36 knockout mice. (A,B)  Wide eld uorescence microscopy images of P8 wild type(A) and CD36 = (B) cryosections
immunostained for the mature olfactory neuron marker OMP. [Eactory bulb and turbinates show no morphological abnorméties. (C,D) Head preparation of wild type
(C)and CD36 = (D) P90 animals showing no differences in OB and OE size and shap¢E) Confocal image (maximum projection) of a P8 CD36~ cryosection
immunostained for OMP (red), CD36 (green) and counterstagd with TO-PRO (blue) to visualize cell nuclei. CD36 proteis absent in the olfactory epithelium(F)
Confocal image of a P14 CD36 = en face preparation immunostained for the olfactory receptor mOREG. Immunostaining shows normal mOR-EG localization to
olfactory knobs and cilia and unaltered ciliary length(G—N) Confocal images (maximum projections) of wild typéG-J) and CD36 = (K-N) cryosections
immunostained for classical olfactory transduction proties Gags, ACIII, CNGA2, and ANO2 (green) and counterstained with TO-PR®Iue). Signal cascade proteins
are mainly restricted to the ciliary layer in both wild typeral CD36 =~ P8 animals and no abnormal protein distributions are obserd. Scale bars: 20mm (E,F),

50 mm (G-N), 500 mm (A,B).

signaling events, providing evidence for transduction domma (Matsuzaki et al., 199%@nd by STED microscopy-enkel et al.,
along the ciliary membraneCastillo et al., 2007 Using high 2015. The fact that CD36 was localized in discrete spots in the
resolution STED microscopy, our observation of scatteredRnO cilia supports our hypothesis of it having a role in olfactorynsit
EG expression supports the notion of signaling microdomaingransduction.

in olfactory cilia. An anti-TRPM5 antibody also labeled dister CD36 is a membrane glycoprotein, which belongs to the
spots in olfactory cilial(in et al., 200), and CNGA2 had been scavenger receptor family. CD36 is not speci c for the olfacto
shown to have a punctate distribution by electron microscopyystem but has pleiotropic physiological functions in immune
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FIGURE 9 | Functional investigation of CD36 knockout mice. (A ,B) Representative traces of local eld potentials (electro-fdctogram, EOG) generated in
the main olfactory epithelium of wild typgA) and CD36 = (B) mice upon stimulation with a mixture of 100 odorants (Henkel00). (C) Mean EOG responses to the odor
(Continued)
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FIGURE 9 | Continued

mixture Henkel 100 from the main olfactory epithelium of vditype and CD36 = mice showing no signi cant differences. CD36 = mice possess normal ability to
detect odorants. Data are shown as mean SEM ofn D 6—8 mice at postnatal day 14 (3 individual recordings each).igni cance was calculated using two sample
t-test. Data are shown as mean SEM. (D,E) Representative traces (relative intensity vs. time) illnating odor-, OA- and Kc—dependent Ca2C elevations in olfactory
neurons from a wild type (black) and a CD36= mouse (red). Horizontal bars indicate stimulus applicatio OA concentrations as indicated.(F,G) Dose-dependent
Ca2C elevations recorded from uo-4/AM loaded OSNSs in acute tissuesections from wild type mice.(F) Overlay of average c4c signals (gray curve; 11 randomly
selected neurons) and an original trace from a single OSN éuk) in response to increasing oleic acid (OA) concentratis (0.02, 0.2, and 20mM). Relative

uorescence intensity is plotted as a function of time. Horiantal bars indicate duration of stimulus application(G) Bar graph illustrating the relative proportion of
OA-sensitive neurons as a function of stimulus concentratn [n D 27 (2nM);n D 11 (20nM);n D 11 (200 nM)]. Data are shown as mean SEM. (H-J) Bar charts
comparing different response characteristics as a functio of genotype [wild type (black) vs. CD36= (gray)] and stimulus (odor-mix vs. OA). Signal parameters i
response to odor (10mM each) and OA (2 nM) are normalized to depolarization-depelent ca2C signals (I@; n D 11 randomly selected neurons). Maximum response|
amplitude [Ampmax (H)], rising speed [time-to-peakl) and half-width; full duration at half maximum, FDHMJ)] are plotted. Asterisks denote statistical signi cance
(unpaired, two-sidedt-test; *p  0:05; **p  0:01; age P6—P9). Data are shown as mean SEM. (K) Bar diagram illustrating the portion of neurons respondingp the
odor-mix and to oleic acid, respectively, for wild type (blek) and CD36 = (gray) animals. Cell count was normalized to K-sensitive neurons in each experiment [wild
type: n D 40 (odor-mix), 27 (OA, 2nM), 37 (OA, 2&nM); CD36 = : n D 26 (odor-mix), 40 (OA, 2nM and 20mM)]. Similar portions of neurons responded to the odor
mix. By contrast, the number of OA sensing neurons was signi antly reduced in CD36 = mice. Signi cance was calculated using unpaired, two-sided-tests

(*p 0:01; *p < 0:005; age P6—P9). Data are shown as mean SEM.

defense, metabolism, and angiogeneSikérstein and Febbraio, dimer Or67d/Orco to detect cis-vaccenyl acetaterf{ton et al.,
2009. CD36 is described as a fatty acid receptor and/o2007; Jin et al., 208and by the receptor dimer Or83c/Orco
transporter of long-chain fatty acids. Oleic acid is one @& best for normal responses to the fatty alcohol farnesBlo(ideros
described CD36 ligands exhibiting nanomolar a nityBg@illie et al.,, 201} It has been suggested that SNMP/CD36 may
etal., 199F We show here that oleic acid can induce’€aignals  couple lipid-based extracellular ligands to signaling recepimo
in olfactory neurons, which, in part, depend on CD36 expressionchemosensory communication by capturing fatty acids on the
The fact that all key elements of canonical signal transdact surface of OSN cilia and facilitating their transfer to theooat-
including olfactory receptors, were identi ed in CD36 nem® receptor Benton et al., 2007CD36 was also previously shown
suggests a co-receptor function. We did not nd evidence forto act as a co-receptor for Toll-like receptorsaebe et al., 2005;
TAAR expression in CD36 neuronsS@pplementary Table ),  Jimenez-Dalmaroni et al., 20)%uggesting that CD36-related
which is in accordance with the observation that TAAR-proteins could have transmembrane partners in all their catlul
expressing sensory neurons converge on glomeruli within eoles. Alternatively, CD36 may function itself as a receptgr b
dorsomedial domain of the olfactory bulbi¢hnson et al., 2012; interacting with non-receptor tyrosine kinase®idore et al.,
Pacico et al., 201R distinct from the domain where CD36 2002). So far, the precise molecular function remains unclear in
expressing neurons project to. all sensory systems studied so far. The mechanistic baSiD86

CD36 has already been implicated in fatty acid signaling inigand interactions and signaling is still poorly understdodny
other sensory cells. Exposure to long-chain fatty acids esausbiological system. Itis tempting to speculate that the co-esged
a CD36-dependent G4 rise in taste cellsH-Yassimi et al., olfactory receptors may be involved in fatty acid discrintioa
20089, resulting in attraction to lipid-rich food l(augerette et al., since humans, and possibly other mammals, can discriminate
2009. In addition, the two G-protein coupled receptors GPR40vapor-phase long-chain fatty acidsdlton and Halpern, 2000
and GPR120, which are activated by medium and long chailivhether CD36 also facilitates the recognition of other faityds
fatty acids, are expressed in the taste buds, and knock-oze miremains to be elucidated.
showed a diminished preference for linoleic acid and oleid ac  Remarkably, CD36 is markedly localized to olfactory cilia
(Cartoni et al., 2010 Recent work on gustatory perception during the rst days of life, and largely disappears from cilia
of dietary lipids suggests that CD36 could act as co-factaafter weaning. This temporally restricted localization dD35
for these G protein-coupled receptors that mediate fatty aciéh the signaling compartment coincides with the presence of
preference Gilbertson and Khan, 20)4 Both receptors that high ligand concentrations, since oleic acid is an abundant
have been described in the taste buds have not been detectedatty acid in breast milk. The exact concentration of oledida
CD36 expressing neuronSpplementary Table }, or in whole in vapor phase entering the nasal cavity during suckling is
olfactory epithelium (parra-Soria et al., 2014; Kanageswararunknown. The concentration of oleic acid in milk 00 mM,
et al., 201p These receptors therefore likely do not contributeroughly inferred from approximately 6—8% oleic acid in milk,
to fatty acid responses of olfactory neurons. depending on the maternal dieBaillie et al., 1996is far

In addition, CD36 is involved in insect pheromone signaling.above the concentrations that elicited oleic acid respoimses
Many insect species express SNMP, a CD36 ortholog, as part odar study (2 and 20 nM). During the application of oleic acid
multi-protein signaling complex on dendrites of those antahn to the main olfactory epithelium (& imaging experiments)
neurons that recognize the fatty acid-derived pheromai® we cannot prevent access of the ligand to ambient oxygen,
vaccenyl acetateRpgers et al., 1997; Benton et al., 2007; Jiwhich leaves the possibility that small amounts of the applied
et al., 2008 SNMP seems to couple lipid-based extracellulableic acid could be oxidized. Since the substance was always
ligands to signaling receptors in chemosensory commurocati kept under inert gas until the nal use in the experiments, we
(Benton et al., 2007 since SNMP is required by the receptorare convinced that oxidation products of oleic acid are only
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FIGURE 10 | CD36 localization is regulated. (A—F) Confocal images ofen
face olfactory epithelium preparations for age stages E18-P9Grimunostained
for CD36 (green) and mOR-EG (red) showing localization chges of CD36 in
olfactory cilia. mMOR-EG immunostainings validate succe$sl sample
preparation and show clear ciliary localization at all ageages. CD36 ciliary
localization is restricted to P8(C) and P14 (D). Before, it is found in single
olfactory knobs, but barely in cilia (E18A; P1: B) and later, ciliary localization
decreases (P21:E) and is absent in adult animals (P90F). (G) Confocal image
(maximum projection) of a P90 cryosection immunostained foCD36 (green)
and OMP (red). CD36 is still localized in OSN soma and denrite adult
animals. Additionally, CD36 is expressed in the microviliyer of sustentacular
cells. (H) Cell counting of CD36 and OMP expressing neurons in a stretchf
600 mm epithelium lining the septum. Cell numbers for CD36 were nianalized
to OMP expressing cells. If possible, both sides of every sepm were counted
(n D 2) to get a total number of 7—-10. Signi cance was calculated in
comparison to P8 using two samplet-test. Error bars represent SEM

(*p 0:05). Scale bars, 10nm (A—F).

present in trace amounts. Interestingly, oleic acid trigg@g©

TABLE 1 | Number of CD36 expressing cells in whole slices of age stages

E18-P180.

Age OMP C CD36C  CD36 C neurons/OMP C % CD36 C
neurons  neurons neurons neurons (mean)

E18 708 10 0.0141 1.64

E18 646 12 0.0186

PO 1381 54 0,0391 3.73

PO 1122 39 0.0348

PO 919 35 0.0381

P1 1323 66 0.0499 4.90

P1 1050 55 0.0524

P1 1182 53 0.0448

P8 3556 285 0.0801 8.31

P8 3187 254 0.0797

P8 3683 329 0.0893

P14 5216 453 0.0868 7.92

P14 5672 356 0.0628

P14 3276 288 0.0879

P21 7460 618 0.0828 7.62

P21 9832 799 0.0813

P21 10242 660 0.0644

P28 9713 709 0.0730 7.49

P28 6190 474 0.0766

P28 11202 841 0.0751

P60 16022 1092 0.0682 7.50

P60 13568 1111 0.0819

P90 12042 787 0.0654 6.45

P90 15427 981 0.0636

P180 16734 943 0.0564

Data from single cryosections are presented. Cell counting in whole cryoséons was
performed using a cell counting plugin for ImageJ. OMP- and CD36-expressi neurons
were manually marked and counted by the software. We normalized the amant of CD36
neurons to mature OMP expressing cells.

that daily postnatal exposure to lyral induces plasticity in
the population of OSNs expressing MOR2Ba(iou et al.,
2019. Although intracellular protein distribution was not
analyzed, MOR23 neurons have higher levels of olfactory
receptor transcripts density after odorant exposuediou et al.,
2019. It is possible to investigate in future studies whether
developmentally regulated splicing accounts for the vagiabl
ciliary localization, since several splice variants of CD86tang
the coding region of the protein have been describeth( et al.,
1994; Andersen et al., 2006

Olfactory neurons expressing the same olfactory receptor,
although randomly dispersed within a broad zone of the
epithelium, project axons to two spatially invariant glomeruli
in each olfactory bulb Nlori and Sakano, 20)1 A marked
di erence was observed with regard to the number of labeled
glomeruli since we found approximately 60—80 CD36 glomeruli
clustered on the ventromedial part of the olfactory bulb.

signals that appear somewhat di erent in shape that respons&imilarly, GC-D expressing neurons terminate in more than
to conventional odors. It is thus possible that CD36-dependentwo (about 10-20) “necklace” glomeruli encircling the caudal

transduction varies from canonical odor signaling. Futstedies

will have to address such potential mechanistic di erences.

main olfactory bulb (uilfs et al., 1997; Hu et al.,, 2007
Previous analysis of the rat pup olfactory bulb during suckling

The temporally restricted localization in the signalingbehavior revealed an increase in 2-deoxy-glucose incotipora
compartment is reminiscent to recently published data sh@winin a subset of unusually shaped glomeruli, suggesting that
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receptors projecting to these specialized glomeruli are resipen  Author Note
to a specialized suckling odor cuegicher et al., 1990
Although, the position of these glomeruli is not identical to Recently, another study also reported expression of CD36 mMRNA
those positive for CD36, there could be substantial overlap. 18nd protein in olfactory sensory neurons and sustentacular
both cases, signi cant labeling is observed on the ventuiaie Ccells of 8-12 week old wild-type mice (Lee et al., PLoS ONE
bulb. Interestingly, glomeruli innervated by di erent mOR37 10:€0133412).
positive neurons are also clustered in the ventral domain of
the olfactory bulb Gtrotmann et al., 2000 However, using Author Contributions
transcriptome pro ling, we did not nd OIfr37 family members.
Also TRPM5-expressing OSNs project axons to glomeruli ifExperiments were performed in the laboratories of MS and EN.
the ventral olfactory bulb l(in et al., 200y, and apparently SO and EN initiated the study. Research was designed by SO, TA,
respond to social or sexual chemosignals, but not to regulavlS, EN. Data were collected by SO, TA, SG, TP, SP and analyzed
odors (opez et al., 2034 It has therefore been suggestedby all authors. The manuscript was written by SO and EN (with
that the ventromedial/ventrolateral area of the olfactdmylb, assistance from TA and MS).
in part, constitutes an “olfactory fovea’ critical in process
izn(;(())%mation on semiochemicalsX( et al., 2005; Lin et al., Funding

High percentages of completely anosmic mice die shortly aftefhis ~ work was  supported by the  Deutsche
birth, but the survival rate of these mice can be enhanced bygrschungsgemeinschaft (SPP1392, Exc257, SFB958) and

reducing the litter sizesfunet et al., 1996; Belluscio et al., 1998the volkswagen Foundation. MS is a Lichtenberg Professor of
Wongetal., 2000CD36 ~ pups do notdie due to malnutrition  the Volkswagen Foundation.

or dehydration since initiation of suckling is dependent on
variable blends of maternal “signature odors” that are ledr
and recognized prior to rst sucklingl(ogan et al., 20)2but not
single odor cues such as oleic acid.

Acknowledgments

We thank M. Febbraio (University of Alberta) for the donation
_ of CD36 knockout mice, and L. Helming (Technical University
Conclusions Munich) for providing the animals. N. de Wit is acknowledged

o ) for technical assistance.
We here identied a novel subset of sensory neurons in the

main olfactory epithelium of mice, characterized by exp@ssi .
of CD36. CD36 shows a receptor-like spatial arrangemen$Upp|ementary Material
in olfactory cilia of nursed mice in high resolution STED
microscopy, but is redistributed to intracellular sites afte
weaning. In accordance with the described roles of CD36tas fa
acid receptor or co—regeptor in other. gensory S.yStemS’ alaseinc Supplementary Figure 1 | En-face preparations of the indicate d ages
CD36 causes defects in the recognition of oleic acid by tolfac staining against CD36 (as in Figure 10) '
neurons in young mice. The described dramatic intracellular

. . . . Supplementary Table 1 | Results of transcriptome sequencing o f CD36
re-localization of CD36 after weaning constitutes a renabii expressing cells. Transcripts that were identi ed in the transcriptome datasés

example of the main olfactory SyStem plasticity inthe rst d@j from CD36-positive neurons from P8 animals. Only transcrip with more than 10
life. raw read counts are displayed. The table displays TMM-normeed read counts.

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10389/fncel.
2015.00366

References Belluscio, L., Gold, G. H., Nemes, A., and Axel, R. (1998). Miceieiet in G(olf)
are anosmicNeuron20, 69-81. doi: 10.1016/S0896-6273(00)80435-3
Abumrad, N. A., el-Maghrabi, M. R., Amri, E. Z., Lopez, E., and Grima&diA. Benton, R., Vannice, K. S., and Vosshall, L. B. (2007). An éske@te for a CD36-
(1993). Cloning of a rat adipocyte membrane protein implicated in bigdin related receptor in pheromone detection BrosophilaNature 450, 289—-293.

or transport of long-chain fatty acids that is induced during presmtiyte doi: 10.1038/nature06328

di erentiation. Homology with human CD36J. Biol. Chen268, 17665-17668. Boesveldt, S., and Lundstrom, J. N. (2014). Detecting fat nbofefood from a
Andersen, M., Lenhard, B., Whatling, C., Eriksson, P., and @dghJ. (2006). distance: olfactory-based fat discrimination in humaR&0S ONBE:e85977.

Alternative promoter usage of the membrane glycoprotein COEBAC Mol. doi: 10.1371/journal.pone.0085977

Biol.7:8. doi: 10.1186/1471-2199-7-8 Bolton, B., and Halpern, B. P. (2010). Orthonasal and retronasal rmit
Baillie, A. G., Coburn, C. T., and Abumrad, N. A. (1996). Reverdibiding of oral-cavity-only discrimination of vapor-phase fatty acidhem. Sense&5,

long-chain fatty acids to puri ed FAT, the adipose CD36 homoldgMembr. 229-238. doi: 10.1093/chemse/bjq002

Biol. 153, 75-81. doi: 10.1007/s002329900111 Brunet, L. J., Gold, G. H., and Ngai, J. (1996). General anosmisedalby
Baumgart, S., Jansen, F., Bintig, W., Kalbe, B., Herrmann, C., Klumpers a targeted disruption of the mouse olfactory cyclic nucleotidedat

et al. (2014). Sca olding by MUPP1 regulates odorant-mediatedasiigg in cation channel. Neuron 17, 681-693. doi: 10.1016/S0896-6273(00)80

olfactory sensory neurond. Cell Scil27, 2518-2527. doi: 10.1242/jcs.144220  200-7

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 September 2015 | Volume 9 | Article 366



Oberland et al.

CD36 in the olfactory system

Buck, L., and Axel, R. (1991). A novel multigene family may encodsaod
receptors: a molecular basis for odor recognitid®ell 65, 175-187. doi:
10.1016/0092-8674(91)90418-X

Cadiou, H., Aoudé, I., Tazir, B., Molinas, A., Fenech, C., MeuiN., et al. (2014).
Postnatal odorant exposure induces peripheral olfactory plasticiheatellular
level.J. NeuroscB4, 4857-4870. doi: 10.1523/JNEUROSCI.0688-13.2014

Cartoni, C., Yasumatsu, K., Ohkuri, T., Shigemura, N., YoshidaGBdinot, N.,
etal. (2010). Taste preference for fatty acids is mediated by GR&RAGPR120.
J. NeuroscB0, 8376-8382. doi: 10.1523/JNEUROSCI.0496-10.2010

diacylglycerol ligands and acts as a co-receptor for TIFR®S ONE:e7411.
doi: 10.1371/journal.pone.0007411

Jin, X.,Ha, T. S., and Smith, D. P. (2008). SNMP is a signaling coempoequired
for pheromone sensitivity irDrosophila Proc. Natl. Acad. Sci. U.S.A05,
10996-11001. doi: 10.1073/pnas.0803309105

Johnson, M. A., Tsai, L., Roy, D. S., Valenzuela, D. H., MosleWa&klara, A.,
et al. (2012). Neurons expressing trace amine-associated recppigest to
discrete glomeruli and constitute an olfactory subsystenoc. Natl. Acad. Sci.
U.S.A109, 13410-13415. doi: 10.1073/pnas.1206724109

Castillo, K., Delgado, R., and Bacigalupo, J. (2007). Plasma membradeilfs, D. M., Fllle, H. J., Zhao, A. Z., Houslay, M. D., Garbers, D.ahd

Ca(2+)-ATPase in the cilia of olfactory receptor neurons: possible ro
in Ca(2+) clearanceEur. J. Neurosci26, 2524-2531. doi: 10.1111/j.1460-

9568.2007.05863.x

Chukir, T., Darlington, R. B., and Halpern, B. P. (2013). Shared nesal
identi cations of vapor-phase 18-carbon fatty aci@hem. Sens88, 343-353.
doi: 10.1093/chemse/bjt005

Cichy, A., Ackels, T., Tsitoura, C., Kahan, A., Gronloh, N., §§ctM., et al.
(2015). Extracellular pH regulates excitability of vomeronasal sgm&airons.
J. NeuroscB5, 4025-4039. doi: 10.1523/JNEUROSCI.2593-14.2015

Dubacq, C., Jamet, S., and Trembleau, A. (2009). Evidence fetogeventally
regulated local translation of odorant receptor mRNAs in the axondfattory

Beavo, J. A. (1997). A subset of olfactory neurons that selgcexpress
cGMP-stimulated phosphodiesterase (PDE2) and guanylyl cyclatei2 a
unique olfactory signal transduction pathwaroc. Natl. Acad. Sci. U.S.24,
3388-3395. doi: 10.1073/pnas.94.7.3388

Kanageswaran, N., Demond, M., Nagel, M., Schreiner, B. S., Ba®g&cholz,
P., et al. (2015). Deep sequencing of the murine olfactory recepgorom
transcriptomePLoS ONHE.0:e0113170. doi: 10.1371/journal.pone.0113170

Kinney, N. E., and Antill, R. W. (1996). Role of olfaction in therfation
of preference for high-fat foods in mic&hysiol. Behavs9, 475-478. doi:
10.1016/0031-9384(95)02086-1

Laugerette, F., Passilly-Degrace, P., Patris, B., Niot, |.r&ebM., Montmayeur,

sensory neurond. Neurosc29, 10184-10190. doi: 10.1523/JNEUROSCI.2443- J. P., et al. (2005). CD36 involvement in orosensory detectioniethny

09.2009

Dyba, M., Jakobs, S., and Hell, S. W. (2003). Immuno uorescenowulstied
emission depletion microscopyNat. Biotechnol.21, 1303-1304. doi:
10.1038/nbt897

El-Yassimi, A., Hichami, A., Besnard, P., and Khan, N. A. (200@pl&ic acid
induces calcium signaling, Src kinase phosphorylation, and neansmitter
release in mouse CD36-positive gustatory cells. Biol. Chem.283,
12949-12959. doi: 10.1074/jbc.M707478200

Febbraio, M., Abumrad, N. A., Hajjar, D. P., Sharma, K., Cheng,R&¥arce, S.
F., etal. (1999). A null mutation in murine CD36 reveals an important role i
fatty acid and lipoprotein metabolisnd. Biol. Chem274, 19055-19062. doi:
10.1074/jbc.274.27.19055

Ferrero, D. M., Lemon, J. K., Fluegge, D., Pashkovski, S. L., KoAzah, Datta,
S. R, etal. (2011). Detection and avoidance of a carnivorelmdprey.Proc.
Natl. Acad. Sci. U.S.A08, 11235-11240. doi: 10.1073/pnas.1103317108

Fluegge, D., Moeller, L. M., Cichy, A., Gorin, M., Weth, A., \feggr, S., et al.
(2012). Mitochondrial Ca(2+) mobilization is a key element in oftay
signalingNat. Neuroscil5, 754—762. doi: 10.1038/nn.3074

Gilbertson, T. A., and Khan, N. A. (2014). Cell signaling mechasi®f oro-
gustatory detection of dietary fat: advances and challefges. Lipid Re&3,
82-92. doi: 10.1016/j.plipres.2013.11.001

Glezer, I., Bittencourt, J. C., and Rivest, S. (2009). Neumxmiession of Cd36,
Cd44, and Cd83 antigen transcripts maps to distinct and speci ¢ meubirain
circuits.J. Comp. Neurob17, 906-924. doi: 10.1002/cne.22185

Han, J., Hajjar, D. P., Febbraio, M., and Nicholson, A. C. ()98M&tive and
modi ed low density lipoproteins increase the functional expressidrthe
macrophage class B scavenger receptor, CD®ol. Chen72, 21654—-21659.
doi: 10.1074/jbc.272.34.21654

Henkel, B., Drose, D. R., Ackels, T., Oberland, S., Spehr, M., antiaNspE.
M. (2015). Co-expression of anoctamins in cilia of olfactory sgnseurons.
Chem. Sensd§, 73—-87. doi: 10.1093/chemse/bju061

Hoebe, K., Georgel, P., Rutschmann, S., Du, X., Mudd, S., Crozagt Kal.
(2005). CD36 is a sensor of diacylglyceridbisture 433, 523-527. doi:
10.1038/nature03253

Hu, J., Zhong, C., Ding, C., Chi, Q., Walz, A., Mombaerts, P., e{28i07).
Detection of near-atmospheric concentrations of CO2 by an afgct
subsystem in the mous8cienc817, 953-957. doi: 10.1126/science.1144233

Ibarra-Soria, X., Levitin, M. O., Saraiva, L. R., and Logan, D. 2014).
The olfactory transcriptomes of micePLoS Genet.10:e1004593. doi:
10.1371/journal.pgen.1004593

Ibrahimi, A., Sfeir, Z., Magharaie, H., Amri, E. Z., Grimaldi, P., arfouArad,

N. A. (1996). Expression of the CD36 homolog (FAT) in broblast cells:

e ects on fatty acid transportProc. Natl. Acad. Sci. U.S93, 2646-2651. doi:
10.1073/pnas.93.7.2646

Jimenez-Dalmaroni, M. J., Xiao, N., Corper, A. L., Verdino, P., AirgeD.,
Larsen, D. S., et al. (2009). Soluble CD36 ectodomain bindsinelgatharged

lipids, spontaneous fat preference, and digestive secretlo@$in. Invest115,
3177-3184. doi: 10.1172/JC125299

Leinders-Zufall, T., Cockerham, R. E., Michalakis, S., BielGlskbers, D. L., Reed,
R. R., et al. (2007). Contribution of the receptor guanylyl cyclageD to
chemosensory function in the olfactory epitheliuRroc. Natl. Acad. Sci. U.S.A.
104, 14507-14512. doi: 10.1073/pnas.0704965104

Liberles, S. D., and Buck, L. B. (2006). A second class of chesmogeaceptors in
the olfactory epitheliumNature442, 645-650. doi: 10.1038/nature05066

Lin, W., Margolskee, R., Donnert, G., Hell, S. W., and Restrepo, 007(2
Olfactory neurons expressing transient receptor potential channé M
(TRPMS5) are involved in sensing semiochemicBisic. Natl. Acad. Sci. U.S.A.
104, 2471-2476. doi: 10.1073/pnas.0610201104

Logan, D. W., Brunet, L. J.,, Webb, W. R., Cutforth, T., Ngai, ahd
Stowers, L. (2012). Learned recognition of maternal signaturersod
mediates the rst suckling episode in mic€urr. Biol. 22, 1998-2007. doi:
10.1016/j.cub.2012.08.041

Lopez, F., Delgado, R., Lépez, R., Bacigalupo, J., and Restrep@pIa).(
Transduction for pheromones in the main olfactory epithelium is meeliat
by the Ca2+ -activated channel TRPM&. Neurosci34, 3268-3278. doi:
10.1523/JNEUROSCI.4903-13.2014

Matsuzaki, O., Bakin, R. E., Cai, X., Menco, B. P., and Ron@etl. (1999).
Localization of the olfactory cyclic nucleotide-gated channédusiit 1 in
normal, embryonic and regenerating olfactory epitheliuNeurosciencé4,
131-140. doi: 10.1016/S0306-4522(99)00228-6

Mayer, U., Killer, A., Daiber, P. C., Neudorf, I., Warnken, U.,i8dker, M., et al.
(2009). The proteome of rat olfactory sensory cieoteomic®, 322—-334. doi:
10.1002/pmic.200800149

Menco, B. P., Cunningham, A. M., Qasba, P., Levy, N., and RReR, (1997).
Putative odour receptors localize in cilia of olfactory receptor calisat and
mouse: a freeze-substitution ultrastructural studyNeurocyto6, 691-706.
doi: 10.1023/A:1018554029186

Moore, K. J., El Khoury, J., Medeiros, L. A., Terada, K., Geuld,uSter, A. D.,
etal. (2002). A CD36-initiated signaling cascade mediatesmmatory e ects
of beta-amyloidJ. Biol. ChenR77, 47373-47379. doi: 10.1074/jbc.M208788200

Mori, K., and Sakano, H. (2011). How is the olfactory map formed and
interpreted in the mammalian brainnnu. Rev. Neurosc34, 467-499. doi:
10.1146/annurev-neuro-112210-112917

Munger, S. D., Leinders-Zufall, T., McDougall, L. M., Cockerh&mE., Schmid,
A., Wandernoth, P., et al. (2010). An olfactory subsystem th&tade carbon
disul de and mediates food-related social learni@urr. Biol.20, 1438—1444.
doi: 10.1016/j.cub.2010.06.021

Oberland, S., and Neuhaus, E. M. (2014). Whole mount labeling afigithe main
olfactory system of micd. Vis. Expdoi: 10.3791/52299

Paci co, R., Dewan, A., Cawley, D., Guo, C., and Bozza, T.2j2@h olfactory
subsystem that mediates high-sensitivity detection of ilelatminesCell Rep.
2,76-88. doi: 10.1016/j.celrep.2012.06.006

Frontiers in Cellular Neuroscience | www.frontiersin.org 17

September 2015 | Volume 9 | Article 366



Oberland et al.

CD36 in the olfactory system

Ramirez, 1. (1993). Role of olfaction in starch and oil prefereee. J. Physiol.
265, R1404—-R1409.

Rasche, S., Toetter, B., Adler, J., Tschapek, A., DoernerKiirfenbach, S., et al.
(2010). Tmem16b is specically expressed in the cilia of olfactoryosgns
neurons.Chem. Sens88, 239-245. doi: 10.1093/chemse/bjg007

Reisert, J., Lai, J., Yau, K. W., and Bradley, J. (2005). Machafithe excitatory
Cl- response in mouse olfactory receptor neuroNsuron45, 553-561. doi:
10.1016/j.neuron.2005.01.012

Ressler, K. J., Sullivan, S. L., and Buck, L. B. (1993). A zajalieation of odorant
receptor gene expression in the olfactory epitheliudell 73, 597-609. doi:
10.1016/0092-8674(93)90145-G

Riviére, S., Challet, L., Fluegge, D., Spehr, M., and Rodrigu@909). Formyl
peptide receptor-like proteins are a novel family of vomeronasal chersosen
Nature459, 574-577. doi: 10.1038/nature08029

Robinson, J. T., Thorvaldsdottir, H., Winckler, W., Guttman,, Mander, E. S.,
Getz, G., et al. (2011). Integrative genomics vieNat. Biotechnol29, 24—26.
doi: 10.1038/nbt.1754

Robinson, M. D., and Oshlack, A. (2010). A scaling normalizatiorthme for
di erential expression analysis of RNA-seq da@enome Biol11:R25. doi:
10.1186/gb-2010-11-3-r25

Rogers, M. E., Sun, M., Lerner, M. R., and Vogt, R. G. (199™pSh a novel
membrane protein of olfactory neurons of the silk maththeraea polyphemus
with homology to the CD36 family of membrane proteids.Biol. Chen272,
14792-14799. doi: 10.1074/jbc.272.23.14792

Ronderos, D. S., Lin, C. C., Potter, C. J., and Smith, D. P. J2Gknesol-
detecting olfactory neurons iDrosophila J. Neurosci34, 3959-3968. doi:
10.1523/JINEUROSCI.4582-13.2014

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012) Iikage to ImageJ:
25 years of image analysiat. Method®, 671-675. doi: 10.1038/nmeth.2089

Silverstein, R. L., and Febbraio, M. (2009). CD36, a scaveegeptor involved
in immunity, metabolism, angiogenesis, and behavigci. SignaR:re3. doi:
10.1126/scisignal.272re3

Strotmann, J., Conzelmann, S., Beck, A., Feinstein, P., BreandiMombaerts,
P. (2000). Local permutations in the glomerular array of the mouse olfact
bulb.J. NeuroscR0, 6927-6938.

Strotmann, J., Levai, O., Fleischer, J., SchwarzenbachendkBreer, H. (2004).

Tang, Y., Taylor, K. T., Sobieski, D. A., Medved, E. S., andkyipR.

H. (1994). Identi cation of a human CD36 isoform produced by exon
skipping. Conservation of exon organization and pre-mRNA splicing
patterns with a CD36 gene family member, CLA-L. Biol. Chem269,
6011-6015.

Teicher, M. H., Stewart, W. B., Kauer, J. S., and Shepherd, G 980)1Suckling
pheromone stimulation of a modi ed glomerular region in the developing rat
olfactory bulb revealed by the 2-deoxyglucose metBodin Res194, 530-535.
doi: 10.1016/0006-8993(80)91237-8

Vassar, R., Chao, S. K., Sitcheran, R., Nufiez, J. M., Vosshall,and Axel, R.
(1994). Topographic organization of sensory projections to thactdiry bulb.
Cell79, 981-991. doi: 10.1016/0092-8674(94)90029-9

Vassar, R., Ngai, J., and Axel, R. (1993). Spatial segregétomo@nt receptor
expression in the mammalian olfactory epitheliu@ell 74, 309-318. doi:
10.1016/0092-8674(93)90422-M

Veitinger, S., Veitinger, T., Cainarca, S., Fluegge, D.elBaglt, C. H., Lohmer,
S., et al. (2011). Purinergic signalling mobilizes mitochondrial2%€) in
mouse Sertoli cells]. Physiol589, 5033-5055. doi: 10.1113/jphysiol.2011.
216309

Wajid, N. A., and Halpern, B. P. (2012). Oral cavity discriminatiohvapor-
phase long-chain 18-carbon fatty acidShem. Sense37, 595-602. doi:
10.1093/chemse/bjs041

Wetzel, C. H., Oles, M., Wellerdieck, C., Kuczkowiak, M., Gisselm@nand
Hatt, H. (1999). Specicity and sensitivity of a human olfactoryceptor
functionally expressed in human embryonic kidney 293 cells and Xenopus
Laevis oocytes. Neuroscil9, 7426—-7433.

Wong, S. T., Trinh, K., Hacker, B., Chan, G. C., Lowe, G., Gadgaet al.
(2000). Disruption of the type Il adenylyl cyclase gene leads topheral
and behavioral anosmia in transgenic micleuron 27, 487-497. doi:
10.1016/S0896-6273(00)00060-X

Xu, F., Schaefer, M., Kida, I., Schafer, J., Liu, N., Rothmar.,.,Cet al. (2005).
Simultaneous activation of mouse main and accessory olfactory Hayibs
odors or pheromonesJ. Comp. Neurol489, 491-500. doi: 10.1002/cne.
20652

Conict of Interest Statement: The authors declare that the research was

Olfactory receptor proteins in axonal processes of chemosensory reuronconducted in the absence of any commercial or nancial relatigps that could

J. NeuroscR4, 7754-7761. doi: 10.1523/JNEUROSCI.2588-04.2004
Takeda, M., Sawano, S., Imaizumi, M., and Fushiki, T. (200BfeRence for
corn oil in olfactory-blocked mice in the conditioned place preferete=g and

be construed as a potential con ict of interest.

Copyright © 2015 Oberland, Ackels, Gaab, Pelz, Spehr, SpehrwraldeThis

the two-bottle choice test.ife Sci69, 847—854. doi: 10.1016/S0024-3205(01)s an open-access article distributed under the terms dErémtive Commons

01180-8

Talle, M. A., Rao, P. E., Westberg, E., Allegar, N., MakowskiMitler, R. S.,
et al. (1983). Patterns of antigenic expression on human monoegtde ned
by monoclonal antibodiesCell. Immunol. 78, 83-99. doi: 10.1016/0008-
8749(83)90262-9

Attribution License (CC BY). The use, distribution or rdpation in other forums
is permitted, provided the original author(s) or licenseraedited and that the
original publication in this journal is cited, in accordaneith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 18

September 2015 | Volume 9 | Article 366



