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Abstract

The capacity of the mammalian olfactory system to detect an enormous collection of different chemical compounds is based
on a large repertoire of odorant receptors (ORs). A small group of these ORs, the OR37 family, is unique due to a variety of
special features. Members of this subfamily are exclusively found in mammals, they share a high degree of sequence homology
and are highly conserved during evolution. It is still elusive which odorants may activate these atypical receptors. We have
reasoned that compounds from skin, hairs, or skin glands might be potential candidates. We have exposed mice to such
compounds and monitored activation of glomeruli through the expression of the activity marker c-fos in juxtaglomerular cells
surrounding ventrally positioned glomeruli in the olfactory bulb (OB). Employing this methodology it was found that
stimulation with long-chain alkanes elicits activation in the ventral part of the OB, however, none of the OR37 glomeruli.
Analyses of long-chain hydrocarbon compounds with different functional groups revealed that long-chain aliphatic aldehydes
elicited an activation of defined OR37 glomeruli, each of them responding preferentially to an aldehyde with different chain
lengths. These results indicate that OR37 receptors may be tuned to distinct fatty aldehydes with a significant degree of ligand
specificity.
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Introduction

The capacity of the mammalian olfactory system to detect

a vast number of structurally diverse odorous compounds

is based on a large repertoire of odorant receptors (ORs)

(Buck and Axel 1991). Macrosmatic species like mice possess

more than a thousand different receptor subtypes, each en-

coded by an individual gene (Young and Trask 2002; Zhang

and Firestein 2002; Godfrey et al. 2004; Malnic et al. 2004).
This huge repertoire has evolved by a series of gene duplica-

tions (Ben Arie et al. 1994; Glusman et al. 1996; Sosinsky

et al. 2000; Xie et al. 2000; Lane et al. 2001), driven by pos-

itive selection individual genes have incorporated mutations

which led to amino acid changes, thereby creating an enor-

mous sequence diversity and thus the receptor variability

which is the basis for recognizing and discriminating a wide

range of odor molecules. Olfactory sensory neurons (OSNs),
which express the same OR, are typically widely scattered

throughout the olfactory epithelium (OE) and their axons

project to 2 specific glomeruli in the olfactory bulb (OB)

(Ressler et al. 1993, 1994; Vassar et al. 1993, 1994;

Strotmann et al. 1994; Mombaerts et al. 1996). Although

these features—receptor diversity, scattered distribution of

receptor-specific OSNs and the dual wiring pattern—appear

to be the prevalent principle in the mammalian olfactory sys-
tem, there is an exception from this rule. Genes encoding re-

ceptors of the so-called OR37 subfamily share a high degree

of sequence homology to each other (Hoppe et al. 2003),

which is even the case across species border (Hoppe et al.

2006). Thus, in contrast to the variability of most other

ORs, the OR37 receptors are highly conserved. The proteins

encoded by the OR37 genes differ structurally by an inser-

tion of 6 amino acids in their third extracellular loop (Kubick
et al. 1997). Moreover, OSNs, which express a member from
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the OR37 subfamily, are not dispersed throughout one of the

OR expressing zones in the OE but concentrated in a small

patch (Strotmann et al. 1999). Finally, the OR37 neurons do

not project to 2 glomeruli but target only a single glomerulus

in the ventral domain (Strotmann et al. 2000). Phylogenetic
analyses have shown that this unique OR37 type of receptor

exists exclusively in mammalian species (Hoppe et al. 2006),

suggesting that it may recognize compounds, which are par-

ticularly relevant for mammals. In this context, it is interest-

ing to note that a characteristic feature of mammals is their

hairy skin, which coincides with sebaceous glands that se-

crete waxy material (Thody and Shuster 1989). This sebum

is a complex mixture of lipids, including long hydrocarbons
with a mainly protective function for the skin and hair. It

seems conceivable that some of the compounds on the body

surface may serve as signaling molecules. Based on these con-

siderations, we set out to explore whether OR37 receptors

may be activated by such long-chain molecules.

Materials and methods

Experimental animals

The study was performed using our previously generated

transgenic mouse strains, which carry targeted mutations

of IRES-taulacZ or IRES-tauGFP at the mOR37A-,

mOR37B- or mOR37C-locus (Strotmann et al. 2000). Ani-

mals were housed at the Central Unit for Animal Research

at the University of Hohenheim. For tissue preparations, an-

imals were killed by cervical dislocation or by CO2 asphyx-
iation and subsequent decapitation as approved by the

regional administrative authority.

Odorants

Tetradecane and pentadecane were purchased from Acros
organics, hexadecane from Fisher scientific, tetradecanal

from Fluka, and tetradecanoic acid, tetradecanol, hexadeca-

nol, and hexadecanoic acid from Sigma. Hexa-, hepta-, and

octadecanal were synthesized from the alcohols by using the

2-iodoxy benzoic acid oxidation method in a dimethyl sulf-

oxide/CHCL3 1:1 mixture as previously described (Frigerio

and Santagostino 1994; Frigerio et al. 1999). All reactions

were carried out under an argon atmosphere in oven-dried
glassware with magnetic stirring. Solvents used for extrac-

tion and purification were distilled prior to use. Nuclear

magnetic resonance (NMR) spectra were recorded at 300

(75) MHz on a Varian UnityInova spectrometer with CDCl3
(d = 7.26 ppm in 1H NMR spectra and d = 77.0 ppm in 13C

NMR spectra) as internal standards and analyzed by Spin-

Works3.1.8 (copyright 2011, Kirk Marat, University of

Manitoba, Winnipeg, Canada). NMR spectra are available
on request from the authors. Gas chromatography using an

Agilent GC 6890N (Agilent Technologies) revealed a purity

between 98% and 95%.

Odor exposure

Odor exposure for OB analyses

For the exposure to an odor, adult mice (2–12 months old)

were placed individually into a clear closed plastic box

(ca. 10 cm height · 13 cm width · 20 cm length), which

had 2 connections to attach plastic tubes (10 cm length,
0.8 cm inner diameter) on one side and small holes for the

outgoing air on the opposite side. The box was supplied with

a constant stream of air (4 L/min) flowing through an acti-

vated charcoal filter and a manual 3-way valve. The valve

was adjusted to deliver into the box either a stream of air

through 1 tube or air containing an odorant through the

other tube. Prior to the exposure to the odorant, the mice

were exposed to air for 60 min for the detection of c-fos
mRNA or 120 min for the detection of c-Fos protein; this

allowed the animals to acclimate to the box and to decrease

c-fos level due to cage and self-odors. In the meantime, the

test substance (;25 mg) was placed into 1 of the 10 cm tubes

and prewarmed to 37 �C allowing material to evaporate.

Charcoal-filtered air flowing over this material was passed

into the box. The mice were exposed to the odorant in inter-

vals to minimize adaptation. The odorant was presented for
2 min, then air for 3 min; 6 such intervals were performed

within 30 min. After this stimulus period, the mice were ei-

ther sacrificed immediately for in situ hybridization analyses

or after 60 min for immunohistochemistry.

Odor exposure for OE analyses

For the exposure to an odor, young mice (postnatal day,

P13–P15) were placed individually into a closed plastic

box (ca. 6 cm height · 10 cm width · 10 cm length). Prior

to the exposure to the odorant, the mice were kept in the

box for 120 min; in the meantime, the test substance

(;25 mg) was placed into a second plastic box of the same

size. The animals were transferred into this box for 60 min.

After exposure to the odor, they were put back to the first
box for 30 min and then killed by CO2.

Immunohistochemistry

For sectioning, all bones surrounding the OB and the nasal

turbinates were excised. To remove the air from the nasal

cavity, the specimens were immersed in fixative (4% parafor-
maldehyde in 150 mM phosphate buffer, pH 7.4, 4 �C), and
a light vacuum was applied for 5 min; fixation was continued

for 10 min on ice. Subsequently, the tissue was cryoprotected

by incubation in 25% sucrose in phosphate-buffered saline

(PBS) (0.85% NaCl, 1.4 mM KH2PO4, 8 mM Na2HPO4,

pH 7.4) overnight at 4 �C. Finally, the tissue was embedded

in ‘‘Tissue FreezingMedium’’ (Leica Microsystems) and fro-

zen on dry ice. Twelve micrometer sections were generated
using a CM3050S cryostat (Leica Microsystems) and

mounted onto microscope slides (Superfrost slides, Menzel).

Sections were air dried for 30 min and rinsed in PBS for
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10 min at room temperature. Mouse anti-beta-galactosidase

(Promega) (1:700) and rabbit anti-c-fos (Santa Cruz Biotech-

nology) (1:450) were diluted in PBS/0.3% Triton X-100 con-

taining 10% normal goat serum (NGS) (Dianova) and

incubated overnight at 4 �C. After 3 rinses for 5 min in
PBS, the bound primary antibodies were visualized by incu-

bating appropriate secondary antibodies conjugated toAlexa

488 or Alexa 568 (Invitrogen) diluted in PBS/0.3% Triton X-

100 containing 10% NGS for 2 h at room temperature. After

washing for3 times for5min, the sectionswere counterstained

with 4#,6-Diamidin-2#-phenylindoldihydrochlorid (DAPI)

(1 lg/mL, Sigma Aldrich) for 3 min at room temperature,

rinsed with H2O, and mounted in MOWIOL (33% glycerin,
13% polyvinylalcohol 4-88 [Sigma] in 0.13 M Tris pH 8.5).

In situ hybridization

A digoxigenin-labeled antisense riboprobe for c-fos (NCBI

accession number NM_010234) was generated from a partial

cDNA clone (positions 160–1841) in pGem-T vector by

using the T7/SP6 RNA transcription system (Roche Diag-

nostics) as recommended by the manufacturer. In situ hy-

bridization experiments were performed on 12-lm section

that were prepared from unfixed tissue embedded in Tissue

Freezing Medium and frozen on dry ice. Sections were ad-
hered to starfrost slides (Knittel Gläser) and fixed with 4%

paraformaldehyde in 0.1 M NaHCO3, pH 9.5 for 45 min at

4 �C. They were incubated in PBS for 1 min, 0.2 M HCl for

10 min, 1% Triton X-100 for 2 min, and finally twice in PBS

for 30 s, all at room temperature. Subsequently, the sections

were incubated in 50% formamide in 5· standard sodium cit-

rate (SSC) (1· SSC: 150 mM NaCl, 15 mM Na-citrate, pH

7.0) for 10 min. The sections were then covered with hybrid-
ization buffer (50% formamide, 2· SSC, 10% dextran sulfate,

0.2 mg/mL yeast tRNA, 0.2 mg/mL sonicated herring sperm

DNA) containing the probe and incubated in a humid cham-

ber (50% formamide) at 65 �C overnight. For posthybridiza-

tion, the sections were washed twice for 30min in 0.1· SSC at

65 �C and treated with 1% blocking reagent (RocheDiagnos-

tics) in Tris-buffered saline (TBS) (100 mM Tris, pH 7.5,

150 mM NaCl) with 0.3% Triton X-100 for 30 min at room
temperature. They were then incubated with an anti-digox-

igenin alkaline phosphatase (AP)–conjugated antibody

(Roche Diagnostics) diluted 1:750 in 1% blocking reagent

in TBS with 0.3% Triton X-100 for 30 min at 37 �C. After

2 washes in TBS for 10 min, they were rinsed in AP buffer

(100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl2). Hy-

bridization signals were visualized by using nitroblue tetra-

zolium and 5-bromo-4-chloro-3-indolyl phosphate in AP
buffer as substrates. Finally, the sections were rinsed with

H2O and mounted in MOWIOL.

X-Gal staining

For detecting b-galactosidase activity, freshly frozen tissue

was sectioned and mounted onto starfrost slides (Knittel

Gläser). The sections were fixed with 0.5% glutaraldehyde

in PBS for 10 min at 4 �C, rinsed with H2O, and incubated

with buffer A (100 mM phosphate buffer pH 7.4, 1 mM

MgCl2, and 5 mM ethyleneglycol-bis(2-aminoethylether)-

N,N,N#,N#-tetraacetic acid) followed by incubation in buffer
B (100 mM phosphate buffer pH 7.4, 1 mM MgCl2, 0.01%

sodium deoxycholate, and 0.02% Nonidet P40), each for

5 min at room temperature. The blue precipitate was gener-

ated by exposure in the dark at 37 �C to buffer C (buffer B

with 5 mM potassium ferricyanide, 5 mM potassium ferro-

cyanide, and 1 mg/mL of X-Gal) for 1–3 h. Sections were

finally washed in distilled water, optionally incubated for

2 min with toluidine blue solution (0.1% toluidine blue, SER-
VA, in 10% acetic acid), washed again with distilled water,

dried, and mounted in Vectamount mounting medium

(Vector Laboratories).

Microscopy and photography

Sections were analyzed using a Zeiss Axiophot microscope

(Carl Zeiss MicroImaging). Images were captured using

a Zeiss Axiocam for transmitted light and a ‘‘Sensi-Cam’’
CCD camera (PCO-imaging) for fluorescent images.

Quantitative analyses

Quantitative analyses were performed according to Oliva

et al. (2008). For cell counts, the sections were examined with

a ·40 objective. An OR37 glomerulus was defined as a region

of X-gal or green fluorescent protein–labeled neuropil de-
limited by toluidine blue or DAPI-stained juxtaglomerular

cells (JCs); c-Fos immunoreactive and DAPI-stained cells

that were immediately adjacent to the OR37 glomerulus

(maximal 4 nuclei widths from the outer boundary of the

axon fibers within the glomerulus) were counted in serial sec-

tions. c-Fos signals were counted when their signal intensity

was above background and the signal was colocalized with

a DAPI-stained nucleus. The percentage of c-Fos immuno-
reactive cells from the number of DAPI-stained cells sur-

rounding the glomeruli was determined and given as

means ± standard error of the mean. Statistical significances

were determined by an unpaired t-test using the Graphpad

software (GraphPad Software, Inc.); these values were cor-

rected by Bonferroni correction. For comparing the different

aldehydes, the significance was therefore set at P < 0.003 (a =

0.05, pairwise comparisons = 15); for comparing the alde-
hydes with alcohols and acids, the significance was set at

P < 0.016 (a = 0.05, pairwise comparisons = 3).

Immunocytochemistry

The olfr62 and OR37A were expressed as N-terminal fusion

proteins with the first 39 amino acids of bovine rhodopsin

in a modified pcDNA5/FRT/TO (Invitrogen) vector. The
pRK5-Rho expression vector containing the rho-tagged

IC6 receptor was kindly provided by Dietmar Krautwurst

(Deutsche Forschungsanstalt für Lebensmittelchemie,
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TU-München). Receptor expression was monitored

24 h posttransfection. Cells were fixed for 4 min in 4%

methanol-free paraformaldehyde (Polyscience Inc.) and

permeabilized with 0.25% Triton X-100 for 4 min. To mon-

itor cell surface expression, the permeabilization step was

omitted. All solutions were diluted in PBS. Subsequently,
unspecific binding was blocked with 5% fetal calf serum for

30 min. Cells were incubated in a 1:500 dilution overnight

with a primary monoclonal mouse IgG B6-30 directed

against the N-terminal rhodopsin epitope kindly provided

by W. Clay Smith (University of Florida). Fluorescence

labeling was obtained by 1-h incubation with a 1:2000

dilution of a polyclonal goat anti-mouse Alexa Fluor

546–conjugated secondary antibody (Invitrogen). Coun-
terstaining of the cell nuclei was achieved with Hoechst

33342 at 1:10 000 dilution. For analysis, we used the fully

automated high content imaging system BD Pathway

Bioimager 855 (BD Bioscience).

Cell culture

Cell culture was essentially performed as described in Bufe
et al. (2002). Briefly, HEK293T cells were grown in cell cul-

ture medium DMEM (Sigma), containing 5% heat inacti-

vated bovine calf serum (Biochrom), 10 000 U/mL

penicillin G (Sigma), 10 mg/mL streptomycin (Sigma),

and 2 mM L-glutamine (Sigma). Cells were cultured till

80–90% confluence and seeded in 1:10 dilutions on optic

96-well l-clear plates (Greiner) coated with 10 lg/mL

poly-D-lysine (Sigma). After 24 h, cells were cotransfected
with a given OR, the G-protein chimera G15-Golf47 and

RTP1s in equal amounts using jetPEI (PeqLab).

Calcium imaging

For single-cell calcium imaging with the Bioimager, cells

were incubated 24–48 h posttransfection with bath solution

containing 2 lMFura 2 AM (Invitrogen), 1.25 mM proben-
ecid, and 5% signal enhancer from the ratiometric calcium

assay kit (BD Bioscience) for 2 h. Changes in calcium-

dependent fluorescence were recorded with the Bioimager

at 0.5 Hz data acquisition rate and analyzed using the

attovision 1.6 software (BD Bioscience).

FLIPR experiments were performed essentially as described

in Bufe et al. (2002). Briefly, HEK293T cells were incubated

24–48 h posttransfection with bath solution containing 2 lM
Fluo 4 AM (Invitrogen) and 1.25 mM probenecid for 2 h.

Changes in calcium-dependent fluorescence were recorded

with the FLIPR3 at 0.5 Hz data acquisition rate and analyzed

using the FLIPR 2.1.2 software (Molecular Devices).

Results

A first straightforward approach to assess whether long-chain

hydrocarbons may be recognized by OR37 receptors, analyz-

ing the activity of the corresponding glomeruli in the OB by

live imaging techniques, as performed for glomeruli at the dor-

sal and lateral surface (Meister and Bonhoeffer 2001; Fried

et al. 2002; Spors and Grinvald 2002; Wachowiak and Cohen

2003; Mizrahi et al. 2004; Takahashi et al. 2004; Igarashi and

Mori 2005; Lin et al. 2006; McGann et al. 2006; Oka et al.
2006; Fletcher et al. 2009), was not practicable because the

OR37 glomeruli are located on the ventral surface of the

OB and therefore not accessible for such imaging approaches.

As an alternative, we decided to use the expression of the im-

mediate early gene c-fos in JCs as an indicator of glomerular

activation; this procedure has been successfully applied in sev-

eral recent studies (Guthrie et al. 1993; Lin et al. 2004; Salcedo

et al. 2005; Oliva et al. 2008; Clarin et al. 2010). Our transgenic
mouse lines in which the glomeruli for 3 distinct OR37 sub-

types can be visualized by axonal markers (Strotmann et al.

2000) allow to unequivocally identify the distinct OR37

Figure 1 Exposure of mice to long-chain hydrocarbons activates glomeruli
in the OR37 area of the mouse OB. (A) X-Gal–stained section through the
OR37A glomerulus counterstained with toluidine blue. (B) Adjacent section
to the one shown in A hybridized with a c-fos–specific antisense riboprobe;
after exposure of the mouse to tetradecane (C14), the OR37A glomerulus is
not surrounded by c-fos–reactive cells. The dotted line indicates the position
of the OR37A glomerulus. (C) Section from the neighborhood of the OR37A
glomerulus; after exposure of the mouse to tetradecane, c-fos–positive
glomeruli are visible in the ventral domain of the bulb. (D) Cross section
through the OR37 area of the bulb; after exposure of the mouse to
pentadecane (C15), c-fos–positive glomeruli are visible in the ventral domain
of the bulb. (E) Cross section through the OR37 area of the bulb; after
exposure of the mouse to hexadecane (C16), c-fos–positive glomeruli are
visible in the ventral domain of the bulb. Scale bars, A–E: 100 lm. This figure
appears in color in the online version of Chemical Senses.
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glomeruli. In a first set of experiments, the OR37 area was

investigated after exposure of mice to the C14 alkane (tetra-

decane) using the labeled OR37A glomerulus as landmark.

On a continuous series of sections through the anterior region

of the OB, the OR37A glomerulus could be clearly identified
by X-gal staining in the ventral domain, as shown rep-

resentatively in Figure 1A. Probing adjacent sections with

a c-fos–specific antisense riboprobe resulted in hardly any

c-fos–positive cells in the proximity of the OR37A glomerulus

(Figure 1B). However, inspection of the OR37A neighbor-

hood revealed that glomeruli in this region were encircled

by c-fos–positive cells (Figure 1C). This finding is in line with

the observation that ventral glomeruli were activated by tetra-
decane in the rat OB (Ho et al. 2006). Visualizing the glomer-

ulus of another OR37 subtype (OR37B and OR37C) revealed

that also these glomeruli were located distantly from the clearly

c-fos–positive glomeruli (data not shown). The exposure of

mice to the C15 (pentadecane) or the C16 (hexadecane) alkane

(Figure 1D,E) resulted in similar patterns of activated glomer-

uli in the ventral OB; again, neither the OR37A nor the -B or

the -C glomerulus was surrounded by significant numbers of
c-fos–positive cells (data not shown).

Based on the results that an exposure of mice to the long-

chain alkanes elicited activation of glomeruli in a region close

to the area of identifiable OR37 glomeruli, we considered

structurally related compounds as candidates for activating

OR37 glomeruli. Therefore, long-chain compoundswith a dis-

tinct functional group were assessed next; in first approaches,

C14–C16 aldehydes were analyzed. After exposure of mice to
tetradecanal, the OR37A glomerulus (Figure 2A) was in fact

surrounded by numerous c-fos–positive cells, as shown on

a representative section in Figure 2B. In animals, which were

exposed to clean air, only very few c-fos–positive cells could be

detected at the OR37A glomerulus (Figure 2C,D). Thus, tet-

radecanal was the first compound that induced activity at the

OR37A glomerulus. To obtain amore precise affiliation of the

activated cells to this glomerulus, we tried to visualize the c-
Fos protein in JCs together with the beta-galactosidase inside

the glomerulus bydouble immunostaining.As shownbya rep-

resentative section in Figure 2E,F, indeed many cells contain-

ing c-Fos protein were visible surrounding the OR37A

glomerulus after exposure of mice to tetradecanal, confirming

that the C14 aldehyde induced activity at the OR37A glomer-

ulus. Again, as demonstrated for the in situ hybridization,

when mice were exposed to clean air, only very few c-Fos
protein–positive JCs were detectable at the OR37A glomeru-

lus (Figure 2G,H). The finding that the C14 alkane induced

hardly any c-fos expression, but the corresponding C14

Figure 2 The OR37A glomerulus is activated after exposure of the mouse
to tetradecanal. (A) X-Gal–stained section through the OR37A glomerulus
counterstained with toluidine blue. The dotted line indicates the position of
the OR37A glomerulus. (B) Adjacent section to A hybridized with an
antisense riboprobe to c-fos; after exposure of the mouse to tetradecanal
(C14al), the OR37A glomerulus is encircled by numerous positive cells. The
dotted line indicates the position of the OR37A glomerulus. (C) X-Gal–
stained section through the OR37A glomerulus counterstained with
toluidine blue. (D) Adjacent section to C hybridized with an antisense
riboprobe to c-fos; after exposure of the mouse to clean air, no c-fos–
positive cells are detectable at the OR37A glomerulus. The dotted line
indicates the position of the OR37A glomerulus. (E) Cross section through
the OR37A glomerulus which is visualized with an antibody against
b-galactosidase; the section is counterstained with DAPI. (F) The OR37A

glomerulus is encircled by numerous cells containing the c-Fos protein after
exposure of the mouse to tetradecanal. (G) Cross section through the
OR37A glomerulus which is visualized by an antibody against b-galactosi-
dase; counterstaining with DAPI. (H) After exposure of the mouse to clean
air, hardly any c-Fos–positive cells are detectable at the OR37A glomerulus.
Scale bars: 100 lm in A to D; 50 lm in E–H. This figure appears in color in
the online version of Chemical Senses.
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Figure 3 Tetradecanal activates distinct OR37 glomeruli to a different degree. (A) Cross section through the OR37A glomerulus which is visualized with an
antibody against b-galactosidase, counterstaining with DAPI. (B) After exposure of the mouse to tetradecanal, c-Fos–positive cells are visible at the OR37A
glomerulus and neighboring glomeruli (arrow). (C) Cross section through the OR37B glomerulus visualized with an antibody against b-galactosidase;
counterstaining with DAPI. (D) A few c-Fos–positive cells are detectable at the OR37B glomerulus after exposure of the mouse to tetradecanal. (E) Cross
section through the OR37C glomerulus visualized with an antibody against b-galactosidase, counterstaining with DAPI. (F) Hardly any c-Fos–positive cells are
detectable at the OR37C glomerulus after exposure of the mouse to tetradecanal. Scale bars: 100 lm in A and B; 50 lm in C–F. This figure appears in color in
the online version of Chemical Senses.
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aldehyde was very effective, indicated a significant degree of

discrimination capacity of this OR37 subtype.

A closer examination of the sections after the exposure of

mice to tetradecanal revealed that several glomeruli in the

vicinity of OR37A were also surrounded by c-Fos–positive
JCs (Figure 3A,B). The location of these glomeruli close to

OR37A raised the possibility that they represent glomeruli

formed by the neurons expressing other OR37 subfamily

members. To test this, we next analyzed mice in which the

OR37B or the OR37C glomerulus, respectively, can be visu-

alized. As shown in Figure 3C,D, the OR37B glomerulus was

indeed surrounded by c-Fos–positive cells, indicating its ac-

tivation by tetradecanal. The lower abundance of positive
cells around OR37B suggested that it was less strongly acti-

vated than OR37A. Interestingly, hardly any c-Fos–positive

cells were visible around the OR37C glomerulus (Figure

3E,F). These results indicated that tetradecanal activated

these 3 OR37 glomeruli to a different degree. To obtain

a quantitative measure of this observation, we determined

the number of c-Fos–positive JCs surrounding the respective

glomeruli. For this purpose, a series of sections covering the
entire size of a glomerulus, as shown for OR37A in Figure 4,

were analyzed. Because glomeruli vary slightly in size and

may thus be encircled by different numbers of cells, we also

counted the total number of JCs on DAPI-counterstained

sections and calculated the percentage of c-Fos–positive

cells. It was found that an exposure to tetradecanal elicited

c-Fos expression in about 39% (38.7 ± 4.6%; n = 11;

Figure 5A) of the JCs at the OR37A glomerulus, in about
16% (16.3± 12.1%; n = 7; Figure 5A) at the OR37B glomerulus

and about 6% (6.3 ± 3.5%; n = 12; Figure 5A) at the OR37C

glomerulus. The number of c-Fos–positive cells surrounding

theOR37C glomerulus was not higher than in control animals,

which were exposed to clean air (8.1 ± 2.4%; n = 4; Figure 5A).

The quantifications confirmed the notion that these OR37

glomeruli responded differentially to tetradecanal.

We next analyzed whether aldehydes with longer chain
length induce c-Fos expression in JCs at these glomeruli.

The exposure of mice to pentadecanal indeed activated

the OR37A glomerulus (Figure 5C,D); in fact, 51.0 ±

7.6% (n = 8) of the JCs were c-Fos positive (Figure 5B), which

is significantly more than after exposure to tetradecanal (see

Figure 6A). At the OR37B glomerulus, about 46% (46.4 ±

5.6%, n = 5; Figure 5B) of the JCs were c-Fos positive, at

the OR37C glomerulus again hardly any cell (5.9 ± 3.8%;
n = 8; Figure 5B), comparable to exposure to clean air

(8.1 ± 2.4%; n = 4; Figure 5B). Because the increase in chain

length resulted in fewer activated JCs around OR37A, but

more around OR37B, even longer aldehydes were analyzed

Figure 4 Series of sections through the OR37A glomerulus of a mouse
exposed to tetradecanal; on every section, numerous c-Fos–positive cells
surrounding this glomerulus are detectable. Scale bar: 50 lm in A–H. This
figure appears in color in the online version of Chemical Senses.
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next. At the OR37A glomerulus, the number of c-Fos–

positive cells decreased when the chain length was increased

from C16 to C18; the C17 and C18 aldehydes were not dif-

ferent from the air control (Figure 6A). At the OR37B glo-

merulus, the number of activated JCs was increasing from

the C14 to C16 aldehyde and decreased from C16 to C18

(Figure 6B). Interestingly, at the OR37C glomerulus, a large
number of c-Fos–positive cells were detectable for the C16

and C17 aldehydes; the number decreased again from C17

to C18 (Figure 6C). Together, these results indicated that

the glomeruli of 3 highly homologous members of the

OR37 subfamily were differentially activated upon exposure

of mice to a particular long-chain fatty aldehyde (multiple

statistical comparison of glomerular activation is shown in

Supplementary Table 1). To directly visualize this feature

in one individual, we crossed the transgenic lines in which

the OSNs with different OR37 subtypes coexpress distinct

histological markers (Strotmann et al. 2000) and exposed

them to selected aldehydes. In the OB of OR37A/C double

transgenic mice, tetradecanal induced c-Fos expression in
many cells surrounding the OR37A glomerulus (Figure

7A), whereas the OR37C (Figure 7B) glomerulus was almost

devoid of labeled cells. A similar result was obtained after

exposure of OR37B/C double transgenic mice to pentadeca-

nal: in this case, the OR37B glomerulus (Figure 7D) was in-

tensely labeled and the OR37C glomerulus (Figure 7E) was

Figure 5 Differential activation of the OR37A, B, and C glomeruli after exposure of mice to long-chain aldehydes. (A) Percentage of c-Fos–positive JCs
induced by tetradecanal (C14al) compared with clean air exposure. Tetradecanal: OR37A: 38.7 � 4.6% (n = 11); OR37B: 16.3 � 12.1% (n = 7); OR37C: 6.3 �
3.5% (n = 12). Clean air: OR37C: 8.1 � 2.4% (n = 4). ns, statistically not significant. (B) Percentage of c-Fos–positive JCs induced by pentadecanal (C15al)
compared with clean air exposure. Pentadecanal: OR37A: 51.1 � 7.7% (n = 8); OR37B: 46.4 � 5.6% (n = 5); OR37C: 5.9 � 3.8% (n = 8). Clean air: OR37C:
8.1 � 2.4% (n = 4). ns, statistically not significant. (C) Cross section through the OR37A glomerulus visualized by an antibody against b-galactosidase,
counterstaining with DAPI. (D) After exposure of the mouse to pentadecanal (C15al), the OR37A glomerulus is encircled by c-Fos–positive cells. Scale bar:
50 lm in C and D. This figure appears in color in the online version of Chemical Senses.
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almost without c-Fos–positive JCs. The results thus con-

firmed the differential responsiveness of distinct OR37 glo-

meruli in one individual.

The finding that the glomeruli robustly responded to alde-

hydes of different chain lengths but were basically unrespon-

sive to the corresponding alkanes suggested rather high

ligand specificity. To further explore this feature, we exam-

ined the OR37A and the OR37B glomerulus for their respon-
siveness to carbon compounds with distinct functional

groups. For OR37A, the C14 compounds were tested,

for OR37B the C16 compounds, because the respective alde-

hydes induced strong activation at these glomeruli.

The exposure to the alcohol compound tetradecanol

(Figure 8A,B) or to tetradecanoic acid (Figure 8C,D) in-

duced expression of c-Fos in significantly fewer cells around

the OR37A glomerulus than the aldehyde (tetradecanal vs.
tetradecanol: 38.7 ± 4.6% vs. 26.0 ± 5.9%; n = 5 for tetrade-

canol, P = 0.0004) (tetradecanal vs. tetradecanoic acid:

38.7 ± 4.6% vs. 9.3 ± 3%; n = 6 for tetradecanoic acid,

P = 0.0001) (Figure 8G). With the acid compound, a glomer-

ulus next to OR37A was activated in several bulbs (see

Figure 8D), in these cases, some c-Fos–positive cells were po-

sitioned at the border between these glomeruli, thereby in-

creasing the number of c-Fos–positive cells that were
counted around OR37A, which implicated overestimating

the amount of activated cells for OR37A. Thus, the

OR37A glomerulus showed selectivity for the aldehyde.

The exposure of mice to the C16 alcohol (Figure 8F) was

significantly less effective in activating the OR37B glomeru-

lus (18.3 ± 6.6%; n = 8) than the aldehyde (Figure 8E); less

than half as many JCs were c-Fos positive (Figure 8H). A

neighboring glomerulus to OR37B was activated by hexade-

canol in several cases (e.g., see Figure 8F), thus also leading

to an overrating for this compound at OR37B. An exposure

to hexadecanoic acid resulted in even fewer positive cells
(4.3 ± 5.5%; n = 9) (Figure 8H). These data showed that also

the OR37B glomerulus showed selectivity for the aldehyde.

These analyses revealed that OR37 glomeruli were strongly

activated when mice were exposed to long straight chain

aldehydes, which are also termed fatty aldehydes. To our

knowledge, these molecules have not been described as

ligands for other ORs, raising the question, whether they

activate other glomeruli, as well. To obtain first insight into
this question, the sections containing the OR37 glomeruli

were examined for glomeruli with c-Fos–positive JCs. As

shown in Figure 9A,B, an exposure of mice to pentadecanal

induced c-Fos expression at several glomeruli which were

grouped around OR37A within the ventral domain of the

bulb. In the medial or lateral domains (Figure 9C,D), glo-

meruli showed very little c-Fos expression; a few activated

glomeruli could be detected also in these domains (data not
shown), however, they were sparse. An analysis of the ventral

region of the bulb along the anterior–posterior axis revealed

that groups of activated glomeruli similar to the one seen in

Figure 6 Differential activation of the OR37A, -B, and -C glomeruli after exposure of mice to long-chain aldehydes. (A) Percentage of c-Fos–positive JCs at
the OR37A glomerulus induced by long-chain aldehydes. C14al: 38.7 � 4.6% (n = 11); C15al: 51.0 � 7.6% (n = 8); C16al: 32.3 � 4% (n = 6); C17al: 6.5 �
2.6% (n = 8); C18al: 4.9 � 1.8% (n = 7); clean air: 6.6 � 3.3% (n = 6). The curve illustrates the response profile of the OR37A glomerulus toward C14–C18
aldehydes. *, statistically significant; ns, statistically not significant. (B) Percentage of c-Fos–positive JCs at the OR37B glomerulus induced by long-chain
aldehydes. C14al: 16.3 � 12.1% (n = 7); C15al: 46.4 � 5.6% (n = 5); C16al: 51.2 � 8.8% (n = 12); C17al: 35.7 � 7.7% (n = 6); C18al: 21.1 � 4.8% (n = 7);
clean air: 7.7 � 2.7% (n = 8). The curve illustrates the response profile of the OR37B glomerulus toward C14–C18 aldehydes. *, statistically significant; ns,
statistically not significant. (C) Percentage of c-Fos–positive JCs at the OR37C glomerulus induced by long-chain aldehydes. C14al: 6.3 � 3.5% (n = 12);
C15al: 5.9 � 3.8% (n = 8); C16al: 34.8 � 22.4% (n = 6); C17al: 49.1 � 7.3% (n = 9); C18al: 12.5 � 5.5% (n = 9); clean air: 8.1 � 2.4% (n = 4). The curve
illustrates the response profile of the OR37C glomerulus toward C14–C18 aldehydes. *, statistically significant; ns, statistically not significant. This figure
appears in color in the online version of Chemical Senses.
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Figure 9Bwere detectable in the anterior part of the bulb, cov-

ering an area of about 600 lm; the OR37 glomeruli were con-

stantly found within that region. Posterior to that domain,

hardly any c-Fos–positive glomeruli were detectable, not even

in the ventral region (Figure 9E,F). These analyses indicated
that pentadecanal induced c-Fos expression predominantly in

the anterior–ventral domain of the bulb.

Altogether, these analyses revealed that an exposure of

mice to distinct fatty aldehydes induced c-Fos expression

in JCs at defined OR37 glomeruli. These data strongly sug-

gested that the OR37 receptors and thus the corresponding

sensory neurons, which express these ORs, were activated.

To confirm this notion, we first tried to assay a representative

OR37 receptor in a heterologous expression system. In an

attempt to examine the agonist profile of the OR37A recep-

tor in a heterologous expression system, we applied condi-
tions that were successfully used for the functional

characterization of the mouse OR olfr62 (Zhuang and

Matsunami 2007). While we could see robust calcium tran-

sients for olfr62 upon stimulation with its cognate ligand 2-

coumaranone, we observed an activation of OR37A neither

by tridecanal, tetradecanal, tetradecanol, and other odorants

Figure 7 Long-chain aldehydes activate distinct OR37 glomeruli to a different degree. (A) Cross section through the OR37A glomerulus (visualized by
intrinsic green fluorescent protein fluorescence) from an OR37A-ITGFP/OR37C-ITlacZ double transgenic mouse. After exposure to tetradecanal, numerous c-
Fos–immunoreactive cells (visualized by an anti-c-fos antibody in green) are detectable surrounding the OR37A glomerulus. (B) Cross section (84 lm distant
from the one shown in A) through the OR37C glomerulus (visualized by an anti-b-galactosidase antibody in red) from the same individual as in A. After
exposure to tetradecanal, hardly any c-Fos–positive cells are detectable at the OR37C glomerulus. (C) Cross section with a cut through the OR37A (green) and
the OR37C glomerulus (red); c-Fos–positive cells (green) are visible at the OR37A glomerulus but not at the OR37C glomerulus after exposure to tetradecanal.
(D) Cross section through the OR37B glomerulus (visualized by an anti-b-galactosidase antibody in red) from an OR37B-ITlacZ/OR37C-ITGFP double
transgenic individual. After exposure to pentadecanal, numerous c-Fos–immunoreactive cells (visualized by an anti-c-fos antibody in green) are visible
surrounding the OR37B glomerulus. (E) Cross section (48 lm distant from the one shown in D) through the OR37C glomerulus (visualized by intrinsic GFP
fluorescence) from the same individual as in D. Hardly any c-Fos–positive cells are detectable at this glomerulus after exposure to pentadecanal. (F) Cross
section with a cut through the OR37B glomerulus (red) and the OR37C glomerulus (green); c-Fos–positive cells (green) are visible at the OR37B glomerulus
but not at the OR37C glomerulus after exposure to pentadecanal. Scale bar: 50 lm in A–F. This figure appears in color in the online version of Chemical
Senses.
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(Supplementary Figure 1) nor by tridecanol, tetradecanoic

acid, and hexadecanal (data not shown). Control experi-

ments showed that the lack of response was not caused by

noticeable differences in expression and cell surface localiza-

tion. However, we saw that other ORs with identified ligands
also show only a weak or no detectable response. One pos-

sible explanation for the lack of activation of OR37A thus

may be that ORs differ in their capability to couple to the

chimeric G-protein G15-Golf47.

We therefore analyzed next whether native OSN expressing

theOR37 receptors were activated by visualizing c-Fos expres-

sion in the OE after exposure of mice to selected compounds.

On cross sections through theOEof transgenic animals, OSNs
expressing a defined OR37 subtype were identified using im-

munohistochemical detection of b-galactosidase, as shown

for OR37A in Figure 10A. An exposure of mice to pentade-

canal, which strongly activated the OR37A glomerulus, in-

duced expression of c-Fos in distinct cells in the OSN layer

(Figure 10B); a punctuate labeling was obtained, consistent

with the location of the c-Fos protein in the nucleus. An

overlay of the c-Fos staining and the OR37A immunoreactiv-
ity revealed thatOR37A expressingOSNswere c-Fos positive,

demonstrating that they were indeed activated (Figure 10C).

Using pentadecane—which induced no c-Fos expression

around the OR37A glomerulus—as a stimulus, led to c-Fos

expression in the OE (Figure 10E), however, OSNs expressing

OR37A were not positive (Figure 10F). To verify that

heptadecanal, which strongly activated the OR37C glomeru-

lus, accordingly activated the OR37C expressing cells, corre-
sponding experiments were performed using mice from this

line. As seen in Figure 10G–I, these cells were in fact c-Fos

positive.

Discussion

In the present study, we have demonstrated that an exposure

of mice to an airstream containing long-chain aliphatic com-
pounds induced the expression of c-fos in JCs surrounding

distinct glomeruli. These findings demonstrate that the

Figure 8 Compounds with the same carbon chain length but distinct
functional groups activate an OR37 glomerulus to a different degree. (A)
Cross section through the OR37A glomerulus visualized by an antibody
against b-galactosidase, counterstaining with DAPI. (B) A few c-Fos–positive
cells are detectable at the OR37A glomerulus after exposure of the mouse to
tetradecanol (C14ol). (C) Cross section through the OR37A glomerulus
visualized by an antibody against b-galactosidase, counterstaining with
DAPI. (D) A few c-Fos–positive cells are detectable at the OR37A glomerulus
after exposure of the mouse to tetradecanoic acid (C14ac). (E) Cross section

through an OR37B glomerulus visualized by an antibody against b-galac-
tosidase; numerous c-Fos–positive cells are detectable at the glomerulus
after exposure of the mouse to hexadecanal (C16al). (F) Cross section
through an OR37B glomerulus visualized by an antibody against b-galac-
tosidase; a few c-Fos–positive cells are detectable at the glomerulus after
exposure of the mouse to hexadecanol (C16ol). (G) Percentage of c-Fos–
positive JCs at the OR37A glomerulus after exposure of mice to compounds
with the same carbon chain length but distinct functional groups.
Tetradecanal: 38.7 � 4.6% (n = 11); tetradecanol: 26.0 � 5.9% (n = 5);
and tetradecanoic acid: 9.3 � 3% (n = 6). *, statistically significant. (H)
Percentage of c-Fos–positive JCs at the OR37B glomerulus after exposure of
mice to compounds with the same carbon chain length but distinct
functional groups. Hexadecanal: 51.2 � 8.8% (n = 12); hexadecanol: 18.3 �
6.6% (n = 8); hexadecanoic acid: 4.3 � 5.5% (n = 9). *, statistically
significant. Scale bar: 50 lm in A–F. This figure appears in color in the online
version of Chemical Senses.
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experimental procedure allowed an identification of glomer-

uli, which are activated by such compounds and in turn, is

a suitable approach in search for OR types, which are acti-

vated by them. This is of particular importance as these ex-

tremely hydrophobic molecules are supposed to be difficult

to solubilize and might therefore not lead to receptor activa-

tion in heterologous expression systems (see Supplementary

Figure 1). The location of glomeruli activated by long-chain
alkanes in the ventral portion of the bulb (Figure 1) is in line

with previous studies of rats using the 14C-deoxyglucose

technique (Ho et al. 2006); thus suggesting a similar chemo-

topical organization of the OB in both species. The observa-

tion that none of the hitherto analyzed compounds in rats

and mice led to activated glomeruli in the area of the

OR37 glomeruli at the ventral midline of the bulb (Johnson

et al. 1998, 1999, 2002, 2004; Xu et al. 2003) suggested that
unique compounds are the ligands for OR37 receptors. This

notion is in line with several unusual features of the OR37

receptor types.

The procedure that was used in this study has allowed for

the first time to identify chemical compounds, which are able

to activate JCs surrounding the glomerulus of distinct OR37

subtypes (Figure 4). Interestingly, in all cases, the active com-

pounds turned out to be long-chain fatty aldehydes,

which—to our knowledge—were never described as active

ligands for ORs in any previous studies. This finding implies

that the structurally unique OR37 receptors with their inser-
tion in the E3 loop may be specifically tuned for recognizing

long-chain fatty aldehydes. This view is supported by our

observation that the related alcohols or acids had only little

or no effects, respectively (Figure 8). The finding that alde-

hydes elicited stronger c-Fos expression at the OR37 glomer-

uli compared with the corresponding alcohols or acids may

partly be due to the higher vapor pressure of the aldehydes.

However, their physiochemical properties are most likely
not entirely responsible for the observed differences in

activation intensity because the alkanes induced no activa-

tion of the glomeruli but have an even higher vapor pressure

Figure 9 Distribution of activated glomeruli after stimulation with a long-chain fatty aldehyde. (A) Cross section through the anterior–ventral region of the
bulb counterstained with DAPI. The OR37A glomerulus is visualized by an antibody against b-galactosidase. (B) After exposure of the mouse to pentadecanal
(C15al), clusters of glomeruli in the ventral domain are surrounded by numerous c-Fos–positive cells. The OR37A glomerulus is visualized by an antibody
against b-galactosidase. (C) Dorsomedial part of the OB on the same section shown in A and B. Counterstaining with DAPI. (D) After stimulation of the animal
with pentadecanal, glomeruli in the dorsomedial part of the OB are surrounded by only a few c-Fos–positive cells. (E) Cross section through the more
posterior region of the OB (600 lm distant from the one shown in A–D) of a mouse stimulated with pentadecanal. Counterstaining with DAPI. (F) In the
contrast to the anterior–ventral domain, in the more posterior–ventral domain hardly any glomeruli with c-Fos–positive JCs were detectable. Scale bar:
100 lm in A–F. This figure appears in color in the online version of Chemical Senses.
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than the aldehydes. The specificity that became apparent for

the OR37 receptors when using these few compounds would
be rather untypical for ORs and OSNs, which usually re-

spond to a broader spectrum of chemical structures (Sato

et al. 1994; Duchamp-Viret et al. 1999; Malnic et al. 1999;

Araneda et al. 2000; Bozza et al. 2002; Mombaerts 2004;

Grosmaitre et al. 2006; Malnic 2007; Touhara 2007; Saito

et al. 2009). For the OR37 receptors, this feature seems to

be extended to a different ligand specificity of each OR37

subtype, with OR37A responding preferentially to the C15
aldehyde, OR37B to the C16 aldehyde, and OR37C to the

C17 aldehyde. In view of the concept that ORs with similar

primary structure are supposed to interact with structurally

related chemical compounds (Mori and Yoshihara 1995;

Malnic et al. 1999), this finding is particularly striking, as

all 3 OR37 subtypes share a very high degree of sequence

identity (Hoppe et al. 2000). However, the result is in perfect

accordance with the phylogenetic sequence conservation
for each subtype (Hoppe et al. 2003, 2006), which has led

to the speculation that the ligands for the OR37 subtypes

may be of particular biological relevance. In the context

of our previous finding that receptors of the OR37 family

are exclusively found in mammalian species (Hoppe et al.

2006), the identification of long-chain fatty aldehydes as li-

gands for OR37 receptors is of particular relevance. Long-

chain aliphatic compounds have been found as constituents
in exocrine secretions of various mammalian species (Brooke

and Decker 1996; Li et al. 1997; Wood 2003; Hayes et al.

2004; Zhang et al. 2008). There is currently no information

available showing whether those fatty aldehydes, which we

have identified as activators of OR37 glomeruli, are constit-

uents of sebaceous secretions; however, this may just be

Figure 10 Long-chain aldehydes induce c-Fos expression in OSNs expressing OR37 receptors. (A) Cross section through OE of an OR37A-ITlacZ mouse;
OR37A expressing cells were visualized by an antibody against b-galactosidase. Counterstaining with DAPI. (B) Pentadecanal (C15al) elicits c-Fos expression
in distinct cells within the OE. (C) An overlay of the c-Fos staining and OR37A immunoreactivity revealed that OR37A expressing OSNs were c-Fos positive.
(D) Cross section through OE of an OR37A-ITlacZ mouse; OR37A expressing cells were visualized by an antibody against b-galactosidase. Counterstaining
with DAPI. (E) Pentadecane (C15) elicits c-Fos expression in distinct cells within the OE. (F) An overlay of the c-Fos staining and OR37A immunoreactivity
revealed that OR37A expressing OSNs were not c-Fos positive. (G) Cross section through OE of an OR37C-ITlacZ mouse; OR37C expressing cells
were visualized by an antibody against b-galactosidase. Counterstaining with DAPI. (H) Heptadecanal (C17al) elicits c-Fos expression in distinct cells within
the MOE. (I) An overlay of the c-Fos staining and the OR37C immunoreactivity revealed that OR37C expressing OSNs were c-Fos positive. Scale bar: 20lm
in A–I. This figure appears in color in the online version of Chemical Senses.
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because they are not particularly enriched in this material.

A low abundance of such compounds could argue in favor

of their possible function as signaling molecules.

Supplementary material

Supplementary material can be found at http://

www.chemse.oxfordjournals.org/
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