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Abstract

A growing number of studies report the expression of olfactory receptors (ORs) in many non-chemosensory tissues and organs.
However, within the brain, very few ectopic ORs are exhaustively documented. Their kinetic expression, cellular localization,
and functions remain elusive. Using cDNA microarrays, quantitative PCR, and immunohistochemistry, we studied the cellular
and sub-cellular localization of OlIfr110/111 and Olfr544 and their timely expression in various brain areas of wild-type and
transgenic Alzheimer’s disease-like (SxFAD) mice. We observed that Olfr110/111 and Olfr544 proteins are mainly expressed by
neurons in cortical and hippocampal regions and, to a lesser extent, by astrocytes, microglia, oligodendrocytes, and endothelial
cells. In addition, both ORs are present at the cell membrane and co-expressed with the olfactory Goolf protein, suggesting that
they can be functional. Remarkably, we also found that the expression of the mRNA encoding for Olfr110/111 tends to increase
with age in both the cortex and hippocampus of wild-type and transgenic mice. Moreover, Olfir110/111 transcript expression is
markedly impaired in the brain of Alzheimer’s disease-like mice. A different profile is noticed for Olfir544, for which an
overexpression is observed only in the cortex of 9-month-old animals. In addition, in transgenic mice, olfactory receptors are
observed near amyloid plaques. Altogether, our findings indicate that ORs may play a role in brain functioning, in normal and
pathological conditions.
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Introduction

At the time of their very first identification, nasal olfactory recep-
tors (OR) were described as “seven transmembrane domain pro-
teins whose expression is restricted to the olfactory epithelium”
[1]. However, during the following decade, “ectopic” ORs were
reported to be expressed in rodent and human non-chemosensory
tissues and organs, including testis [2—12], spermatozoa midpiece
and flagella [13, 14], lung [15-17], skin [18-20], kidney [6, 21,
22], pancreas [23], and a variety of other body parts [24-27]. The
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presence of such receptors in non-olfactory tissues prompted a
vivid interest, and numerous studies focused on the elucidation of
their roles in major cellular functions. For example, it has been
demonstrated that ORs are involved in glucose homeostasis [23],
keratinocyte proliferation and migration [18], detection of irri-
tants in pulmonary neuroendocrine cells [16], myocyte adhesion
and migration [28], melanogenesis [19], gut motility [29], renal
secretion of renin [30], and spermatozoa motility [31]. In the
central nervous system, PCR, microarray, and next-generation
sequencing studies revealed the expression of numerous genes
encoding for human, rat, and mouse ORs [32—38]. At the protein
level, three human ORs (OR2A4, OR2H2, and OR6K3) were
immunodetected in the cortex and the hippocampus, along with
two of their olfactory signaling partners, Goolf and adenylyl
cyclase 3 (AC3) [37]. Moreover, a dysregulated expression of
human ORs and olfactory-related genes was observed in several
pathologies, such as Alzheimer’s disease, Creutzfeldt-Jakob’s
disease, progressive supranuclear palsy, schizophrenia, and
Parkinson’s disease [36, 37, 39]. With regard to the latter, it has
been shown for example that several OR transcripts were
expressed in murine mesencephalic dopaminergic neurons [38].
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Significant progress has been made in clarifying the roles
of ORs in some non-olfactory tissues. However, next to noth-
ing is known about the physiological functions of ORs within
the nervous system. For the current study, we decided to start
at square 0 and assess the kinetic cerebral expression and sub-
cellular localization of two olfactory receptors—Olfir110/111
and Olfr544—and partners, during aging and in a mouse mod-
el of Alzheimer’s disease. These two ORs were selected for
the following reasons. On the one hand, the transcript Olfrr110
is overexpressed in the brain of a transgenic Alzheimer’s dis-
ease mouse model (APP/PS1) and co-expressed with Gaolf
and AC3 [36]. On the other hand, we observed that the tran-
script Olfr544 is overexpressed in the cortex and hippocampus
of transgenic 9-month-old 5XFAD mice, another animal mod-
el of Alzheimer’s disease (Supplementary Table 1). Olfi-110/
111 human ortholog is OR5V 1, a class II OR. No conserved
Olfr544 has been identified in humans. However, according to
the Allen Brain Atlas [40], OR52K2, one of the most
expressed OR transcript in the human brain, OR52K2, shares
37% identity with Olfr544. In addition, specific and reliable
antibodies are available for Olfr110/111 and Olfr544 corre-
sponding proteins.

For our purpose, we used cellular and molecular tools such
as cDNA microarrays, polymerase chain reaction, and immu-
nohistochemistry on various tissues and brain areas from wild-
type (WT) and Alzheimer’s-like (5XFAD model) mice, at var-
ious ages. We observed that Olfr110/111 and Olfr544 are
expressed within both the cortex and hippocampus of WT
and 5xFAD transgenic mice, at the transcriptional and protein
levels. In these structures, transcripts of both ORs display age-
and pathology-associated variations of expression. At the cel-
lular level, Olfr110/111 and Olfr544 proteins are expressed at
the membrane of neurons and several other cell types, in com-
bination with Gxolf.

Materials and Methods
Animals

This study was performed using 5xFAD transgenic mice,
overexpressing two transgenes bearing five mutations linked
to familial Alzheimer’s disease: human APP (Swedish muta-
tion K670N, M671L; Florida mutation 1716V; London muta-
tion V7171) and human Presenilin 1 (PSEN1 M146L,
L286V), under the transcriptional control of the mouse 7hy!
promoter. The SXFAD lines from the C57BI/6 genetic back-
ground were maintained by crossing heterozygous transgenic
mice with C57B1/6 F1 breeders. These mice exhibit
Alzheimer’s disease-related symptoms earlier than other ani-
mal models, and amyloid deposition starts in the cortex and
subiculum at 2 months of age [41]. Heterozygous male
5xFAD transgenic animals and wild-type controls were
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obtained after breeding of progenitors purchased from the
Jackson Laboratory. Genotyping was performed by PCR anal-
ysis of tail DNA in order to detect the human APP gene. The
animals were housed in a temperature-controlled environment
(22 £2 °C) with a light/dark cycle of 12 h. The animals had ad
libitum access to drinking water and standard food pellets.
Animal manipulations were carried out in accordance with
the guidelines published in the European Communities
Council Directive of November 24, 1986 (86/609/EEC). All
efforts were made to reduce animal stress, suffering, and
numbers.

Gene Expression Profiling Using Microarray
Procedure

Cortical and hippocampal RNA samples from three WT and
three S5XFAD mice, aged 1, 4, 6, and 9 months (M1, M4, M6,
and M9), were pooled for microarray hybridization. Sample
amplification, labeling, and hybridization were performed in
line with the Agilent one-color microarray-base analysis (Low
Input Quick Amp labeling) protocol (Agilent Technologies,
Les Ulis, France). Briefly, total RNA was reverse-transcribed
into cDNA using the 77 promoter primer. The reaction
intending to synthesize cyanine-3-labeled cRNA from
cDNA was performed in a solution containing ANTP mix,
T7 RNA polymerase, and cyanine 3-dCTP and then incubated
at 40 °C for 2 h. Labeled cRNA was purified and fragmented
before hybridization on Agilent 8x60k Mouse Gene
Expression Arrays (Agilent Technologies), containing
62,975 oligonucleotide probes, at 65 °C for 17 h. Raw micro-
array signals were scanned and extracted using Agilent
Feature Extraction Software (Agilent Technologies). AgiND
R package was used for quality control and normalization.
Quantile methods and a background correction were applied
for data normalization. Microarray data are available in the
ArrayExpress database under accession number E-MTAB-
1937.

RNA Purification and Quantitative Real-Time PCR

Cortex, hippocampus, cerebellum, olfactory mucosa, and eyes
were collected from WT and 5xFAD transgenic mice aged
M4, M6, M9, and M12 (n=6 per group). Total RNA was
isolated using RNeasy Mini Kit (Qiagen, Courtaboeuf,
France), according to the manufacturer’s instructions.

Total RNA was reverse transcribed with the High-Capacity
RNA-to-cDNA Kit (Applied Biosystems, Thermo Fisher
Scientific, Villebon sur Yvette, France) following the manu-
facturer’s instructions and using a Veriti™ 96-Well thermal
cycler (Applied Biosystems). Real-time quantitative PCRs
were carried out (Applied Biosystems® 7500 Fast, Life
Technologies) to detect the expression of the two molecular
targets of interest using a combination of specific primers for
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Olfr110/111 and Olfr544. GAPDH was chosen as a house-
keeping gene and its expression levels served as reference.
The real-time PCR reactions were carried out with 50 ng of
c¢DNA in a mix solution containing 1x iTaq™ Universal
SYBR® Green Supermix (Bio-Rad, Kidlington, UK) and
300 nM of forward and reverse primers. Oligonucleotides
were designed from the nucleotide sequences described in
GenBank:

Olfr110/111 forward primer: 5'-ACCACCTGAATGAA
TTGCAGTAT-3'

Olfr110/111 reverse primer: 5-CAGCTATGGTCACC
ACAATGAT-3'

Olfr544 forward primer: 5'-GGACATCTCGCTGA
ATAAGACG-3'

Olfr544 reverse primer: 5'-CCAGGACTCGGTTG
AAGATG-3'

GAPDH forward primer: 5'-TGACGTGCCGCCTG
GAGAAA-3'

GAPDH reverse primer: 5'-AGTGTAGCCCAAGA
TGCCCTTCAG-3'

Samples were amplified in triplicates. Mean Ct for each
sample was calculated, and relative expression levels were
determined according to the AACt method: ACt values repre-
sent the normalized levels of each target gene compared to the
GAPDH control, and AACt values were calculated by
subtracting the mean ACt of the control population to the
sample ACt. Relative expression levels were calculated using
the 2724 equation. Negative fold change values were obtain-
ed by the equation 1/(mean 2"**“") of each group.

OR Construct, Cloning, and Expression in HEK Cells

The 317 amino acid sequence of Olfr110 and the 334 amino acid
sequence of Olfr544 were obtained from the online NCBI
Protein database (#AAP71232.1 and #ALI87966.1, respective-
ly). To facilitate protein expression and purification from mam-
malian cells, the following insertions were performed: (1) a
Kozak sequence (GCCACCATGG), immediately before the
start codon; (2) a Flag epitope tag (DYKDDDDK) at the
N-terminus of both genes after the start codon; and (3) the bovine
thodopsin C9 (tholD4) epitope tag (TETSQVAPA) at the C-
terminus of the protein. Two glycine linkers (GG) were inserted
after the Flag epitope and before the rho1D4 epitope, respective-
ly, as described by Belloir et al. [42]. Olfi110 and Olfir-544 genes
were cloned into the pcDNA3.1 expression vector (Life
Technologies, ThermoFisher Scientific, France) to produce the
pcDNA3.1-FLAG-OIlfr110-rtho1D4 vector and pcDNA3.1-
FLAG-OIfr544-rho1D4 vector. The native genes coding for
OIfr110 and Olfr544 were also cloned in pcDNA3.1 vector to
produce pcDNA3.1-Olfr110 and pcDNA3.1-O1fr544 vectors.
The plasmids were amplified in E. coli TOP10 cells (Life

Technologies, ThermoFisher Scientific, France) and purified
with a QIAfilter Plasmid Midi kit (Qiagen, Courtaboeuf, France).
The human HEK293T cells (HEK293T) were grown in
DMEM Glutamax culture medium, supplemented with 10%
fetal bovine serum, non-essential amino acids (0.1 mM), pen-
icillin (100 units/mL), and streptomycin (100 mg/mL) (Life
Technologies, ThermoFisher Scientific, France). The cells
were cultivated at 37 °C in a humidified atmosphere contain-
ing 5% CO,. The pcDNA3.1-Flag-Olfr110-tho1D4 and the
pcDNA3.1-Flag-Olfr544-rtho1 D4 plasmids were transfected
into cells using Fugene HD (Promega, Charbonnieres Les
Bains, France). After 24-48 h, the cells were collected.

Immunocytochemistry and Western Blot

OR-transfected HEK293T cells were seeded onto 22-mm cov-
erslips. Transiently transfected cells were washed with PBS
1%, fixed with 4% paraformaldehyde (Antigenfix solution,
Diapath, MM France, Brignais, France), and then incubated
with mouse anti-Flag antibody (F3165, 1:500, Sigma, France)
and rabbit anti-OR antibodies (Olfr110: ab177327, 1:100,
Abcam, France, and OI1fr544: OSR00035G, 1:200,
Invitrogen, France) diluted in PBS with 0.1% Tween 20, 3%
BSA, and 2.25% glycine (Sigma, France), for 1 h at room
temperature. Primary antibodies were detected with goat
anti-mouse Alexa Fluor 488 (A11029, 1:500, Life
Technologies) for Flag and goat anti-rabbit Alexa Fluor 594
(A11037, 1:500, Life Technologies, ThermoFisher Scientific,
France) for ORs, all diluted in PBS containing 1% Tween 20,
3% BSA, and 2.25% glycine, for 1 h at room temperature in
the dark. After washing, the coverslips were inverted and
mounted on glass slides with Prolong Gold Antifade reagent
(Life Technologies). Images were obtained using a LSM 700
(Zeiss, Jena, Germany) confocal microscope, and images
were analyzed using ImageJ (NIH) software.

For the Western blot analysis, lysates of HEK-transfected
cells (HEK-110, HEK-544, and HEK-pcDNA3.1) were pre-
pared by incubating cells on ice for 30 min in a RIPA buffer
supplemented with 1% protease inhibitor cocktail (Sigma,
France). Protein concentration was quantified by using the
Bio-Rad DC™ protein assay kit according to the manufac-
turer’s instructions (Bio-Rad). Equal amounts of proteins were
separated on 12% SDS-PAGE and transferred to nitrocellu-
lose membranes (GE Healthcare, Dutscher, Brumath, France).
After blocking, membranes were probed with the following
antibodies: polyclonal anti-Olfr110 (ab177327, 1:100,
Abcam, France) and polyclonal anti-Olfr544 (OSR00035G,
1:200, Invitrogen, France). Membranes were then incubated
with the appropriate horseradish peroxidase-conjugated sec-
ondary IgG antibodies (Jackson Immunoresearch, West
Grove, PA, USA). Immunoblot signals were visualized with
ECL chemiluminescence kit (GE Healthcare).
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Perfusion and Immunohistochemistry

WT and transgenic SXFAD mice at M6 and M9 (n = 3 per group)
were deeply anesthetized with an intraperitoneal injection of
sodium pentobarbital (355 mg/kg, Ceva Santé Animal,
Libourne, France) and perfused transcardially with 0.9% saline,
followed by 4% paraformaldehyde (Antigenfix solution,
Diapath, MM France, Brignais, France). Brains removed from
perfused mice and heads from newborn mice P5 were post-fixed
overnight in the 4% paraformaldehyde fixative solution and then
cryoprotected in 30% sucrose in phosphate buffer saline (PBS)
solution. Brains and noses were cryosectioned to 16-um slices
in hippocampal, cerebellar areas, and olfactory epithelium (OE)
using a Leica CM3050S cryostat (Leica Microsystems,
Nanterre, France), and stored at — 80 °C until immunostaining.

Brain and OE sections were gently unfrozen at room tem-
perature, and antigen retrieval was carried out by immersion in
sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween-20, pH 6.0) for 20 min at 75 °C and then progressively
cooled down for 15 min. After a washing step in 0.05%
PBS-Tween 20, sections were blocked for 1 h at room tem-
perature in a blocking buffer containing 0.3% Triton X-100,
3% bovine albumin serum (BSA), 10% PBS 10x, and 5%
normal goat or donkey serum (Jackson Immunoresearch
Laboratories, West Grove, PA, USA).

For co-immunostaining, titration experiments were per-
formed at the following dilutions 1:100, 1:200, 1:300, 1:500,
and 1:1000. Final experiments were carried on sections using
the primary antibodies raised against Olfr110/111 (ab177327,
1:100, Abcam, France) or Olfr544 (OSR00035G, 1:200,
Invitrogen, France) and either: anti-NeuN (ab104224, 1:500,
Abcam) for neuronal staining, or anti-GFAP (MAB360,
1:500, Millipore, Merck Chimie, Fontenay sous Bois,
France) for astrocytes staining, or anti-MBP (MCA409S,
1:200, Bio-Rad) for oligodendrocytes staining, or Collagen
IV (C7510-50H, 1:1000, US Biological, Salem, MA, USA)
for endothelial cells staining, or anti-6E10 (SIG-39320, 1:300,
Covance, Ozyme, Saint-Quentin, France) for amyloid plaques
staining, diluted in the blocking solution for 2 h at room tem-
perature. After washing in PBS, sections were incubated with
secondary antibodies, respectively, goat anti-rabbit Alexa
Fluor 594 (A11037, 1:500, Life Technologies, ThermoFisher
Scientific, France) to immunodetect Olfr antigens, and either
goat anti-mouse Alexa Fluor 488 (A11029, 1:500, Life
Technologies) for NeuN, GFAP, and 6E10, or goat anti-rat
Alexa Fluor 488 (A11006, 1:500, Life Technologies) for
MBP, or donkey anti-goat Alexa Fluor 488 (A11055,
1:1000, Life Technologies) for collagen IV for 1.5 h at room
temperature. Nuclei were stained using DNA intercalant
Hoechst (H6024, 1:1000, Sigma-Aldrich, Merck,
Saint-Quentin Fallavier, France).

For co-immunostaining of ORs with either Ibal or Gxolf
protein, sections were first incubated with the primary
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antibodies raised against Olfr110/111 or Olfr544 overnight
at 4 °C. After washing in PBS, sections were incubated for
1.5 h with goat anti-rabbit Alexa Fluor 594 at room tempera-
ture, followed by a blocking step, 2 h incubation at room
temperature with 5% normal rabbit serum (Jackson
Immunoresearch Laboratories) in PBS. After an additional
2-h incubation with AffiniPure Fab Goat anti-Rabbit frag-
ments (Jackson Immunoresearch Laboratories) in PBS at
room temperature, sections were incubated with the primary
antibodies raised against Ibal (019-19,741, 1:1500, Wako,
Sobioda, Montbonnot-Saint-Martin, France) or Goolf (PA5—
27964, 1:1000, Thermo Fisher Scientific) overnight at 4 °C,
and with the corresponding secondary antibody goat
anti-rabbit Alexa Fluor 488 for 1.5 h at room temperature.
Nuclei were stained with DNA intercalant Hoechst.

Co-staining of sections with Alexa Fluor 488-conjugated
Wheat Germ Agglutinin (WGA-Alexa, 3 pg/ml, Molecular
Probes) was used for visualization of the cell membrane.
After washing with HBSS, incubation for 10 min with 3 pg/
ml of WGA Alexa Fluor 488 conjugate in HBSS and a
blocking step for 1 h at room temperature, sections were in-
cubated for 2 h at room temperature with OIfr110/111 or
Olfr544 antibodies. Sections were then incubated for 1.5 h
with the corresponding secondary antibody goat anti-rabbit
Alexa Fluor 594 and DNA intercalant Hoechst.

Sections were mounted using Prolong Gold Antifade re-
agent (Life Technologies). Negative control immunostaining
was performed without the primary antibody, and no immu-
noreactivity was confirmed. Sections were observed under a
LSM 700 (Zeiss, Jena, Germany) confocal microscope, and
images were analyzed using Image] (NIH) software.

Statistics

Statistical analyses were performed with the unpaired,
two-tailed Mann-Whitney non-parametric statistical test. All
data are presented as means = SEM and were analyzed using
GraphPad Prism 6 software. Quantitative PCR data were nor-
malized with M4 animals 272" values fixed to 1, and the
negative fold change values were obtained by the equation
1/(mean 2 4" of each group. Differences between mean
values were considered statistically significant when p < 0.05
(*) and p <0.01 (**).

Results

AD Progression Induces a Massive Time-
and Area-Related Dysregulation of OR Expression

The cortex and hippocampus of 5xFAD mice display an ex-
tensive dysregulated expression of transcripts coding for ol-
factory receptors. Most of them are misexpressed at only one
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time point, whatever the tissue considered. Out of the 164
dysregulated OR transcripts, only ten—OIfr446, Olfr538,
Olfr544, Olfr574, Olfr720, OIlfr868, Olfr1133, Olfri335,
Olfr1466, and Olfr1500—are misexpressed in both brain
areas (Supplementary Table 1). Using RT-qPCR and specific
primers to (in)validate our microarray findings, we determined
that Olfr544 transcript is overexpressed at M9 in 5xFAD an-
imals, both in the cortex and the hippocampus (Fig. 1). Eight
dysregulated genes in the cortex (Olfir173, Olfr446, Olfr544,
Olfr574, Olfr868, Olfir1133, Olfr1466, and Olfi-1500) and sev-
en in the hippocampus (Olfi-446, Olfr544, Olfr574, OIlfr868,
Olfr1133, Olfr1466, and Olfr1500) were compared at M4,
M6, and M9. We confirmed (i) an under-expression of
Olfr173 in the cortex of transgenic mice, at M4 but not at
M6 (Fig. 1a) and OIfr574 in the cortex at M9 but not in the
hippocampus at M6, and (ii) an overexpression of Olfr§68 in
the hippocampus at M4 and M6 and Ollfr1133 in the cortex at
M9 but not in the hippocampus at M4. Only the overexpres-
sion of Olfr544 is confirmed in both the cortex and hippocam-
pus at M9 (Fig. 1a, b). Interestingly, two OR closely related
genes—Gaolf and adenylyl cyclase 3—are misexpressed in
the cortex of SXFAD mice, at M9 (Supplementary Table 1).

Tissue-Dependent Expression of mRNAs Encoding
for OIfr110/111 and Olfr544

We quantified Olfi-110/111, Olfr544, and Gaolf gene expression
using RT-gPCR in the olfactory mucosa, brain (hippocampus,
cortex, and cerebellum), and eyes of WT mice, at M4, M6, MO,
and M12. As expected, both OR genes are expressed in the
olfactory mucosa of WT and 5xFAD mice (Fig. 2a—c).
However, whatever the age considered, Olfi-110/111 is more
strongly expressed than Olfr544 (**p <0.01) (Fig. 2a). We then
individually compared brain and eye expressions to those in the
olfactory mucosa, used as a reference, in the M6 WT group. The
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Fig. 1 The cortex (a) and hippocampus (b) of SXFAD mice display an
extensive dysregulated expression of transcripts coding for olfactory
receptors. As shown on supplementary Table 1, microarray analysis in-
dicates that 164 OR mRNAs are over-/under-expressed. Only ten—
Olfr446, Olfr538, Olfr544, Olfr574, Olfi720, Olfr868, Olfi1133,

following fold change values are obtained for Olfr110/111: — 72
+9 (cortex), — 167 =35 (hippocampus), —273 =3 (cerebellum),
and — 99 £ 18 (eyes) (Fig. 2b). Similar results are observed in M9
and M12 groups. However, at M4, Olfir110/11] mRNA expres-
sion is predominant in the cerebellum (Supplementary Fig. 1a).
Similarly, fold change values obtained for Olfi-544 are — 10 +2
(cortex), — 7 = 1 (hippocampus), —4 + 1 (cerebellum), and —9 =
2 (eyes) (Fig. 2c). Olfir544 mRNA cerebellar expression is the
highest in all age groups (Supplementary Fig. 1b).

Identification of Olfr110/111 and Olfr544
in HEK-Transfected Cells and Olfactory Epithelium

We first examined whether commercial OR antibodies selec-
tively recognize the appropriate OR with immunofluores-
cence detection, using specific OR-transfected HEK cells
(HEK-110, HEK-544) and olfactory mucosa sections as pos-
itive controls (Fig. 3). The cells transiently transfected with
individual OR genes, tagged with a Flag-epitope at the
N-terminus, were stained with both an anti-Flag antibody
and commercially available anti-OR antibodies. The rabbit
anti-Olfr110/111 and anti-Olfr544 antibodies specifically rec-
ognize their corresponding ORs, and these signals co-localize
with the Flag epitopes (Fig. 3a—c, e—g). Anti-OR antibodies
also detect appropriate olfactory receptor neurons with their
distinct dendritic knobs, dendrites, and cell bodies (Fig. 3d, h).
Altogether, these results demonstrate the selectivity of the
commercial anti-Olfr110/111 and anti-Olfr544 antibodies.

OIfr110/111 and Olfr544 Proteins Are Mainly
Expressed in Neurons

Immunohistology reveals the expression of Olfr110/111 and
Olfr544 in the cortex and hippocampus of WT (Supplementary
Figs. 2 and 3) and transgenic mice (Figs. 4 and 5, Supplementary
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Olfir1335, Olfrr1466, and Olfi] 500—are misexpressed in both brain areas.
Concordant and discordant results are observed when microarray data are
compared to qPCR data. Among the validated dysregulated transcripts,
Olfir544 stands out as a gene which is overexpressed at the same time
point, in both the hippocampus and the cortex of transgenic mice
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Fig. 2 Tissue- and time-dependent expression of mRNAs encoding for
Olfr110/111 and Olfr544. a Within the olfactory mucosa, expression of
Olfrr110/111 and Olfr544 mRNA remains stable over time, in both strains.
However, the transcript coding for Olfr544 is found in smaller quantities
than Olfr110/111, at every time point. b, ¢ In comparison with the
olfactory mucosa, Olfir110/111 and Olfir544 mRNAs are poorly expressed
in the central nervous system. A receptor-related expression profile is

Fig. 4). To determine which cell type express those ORs, we
double immunostained the sections with neuron-, astrocyte-, ol-
igodendrocyte-, microglia-, and endothelial-specific antibodies.

Neurons OIfr110/111 and Olfr544 are expressed in cortical
and hippocampal neurons of M9 5XxFAD mice (Fig. 4). More
specifically, both OR proteins are mostly produced by neurons
in the cortical layers V-VI and, to a lesser extent, in the super-
ficial cortical layers. Within the hippocampus, the most prom-
inent staining is observed in the CA1, CA3 layers, the hilus of
the dentate gyrus, and, more faintly, in the dentate gyrus. Both
OIfr110/111 and Olfr544 are weakly expressed in a few cor-
tical and hippocampal neurons of M9 WT mice
(Supplementary Fig. 2).
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observed: Olfi-110/111 is more predominant in the cortex and the eye
(b) and Olfr544 in the cerebellum (¢). n=6 per group. **p <0.01
(Mann and Whitney non-parametric test). M4 4 months, M6 6 months,
M9 9 months, M12 12 months, Tg 5XFAD transgenic mice (striped), WT
wild-type mice (plain), Olfr110/111 and 110 olfactory receptors 110/111
(green), Olfr544 and 544 olfactory receptor 544 (pink)

Astrocytes Olfr110/111 and Olfr544 are weakly expressed in a
few cortical and hippocampal astrocytes of M9 WT mice
(Supplementary Fig. 3). In addition, in 5XFAD animals, a faint
staining is observed in cortical and hippocampal astrocytes, at
M4 and M6, while a stronger labeling is noticed in a few
intermediate filaments in M9 animals (Fig. 5a).

Oligodendrocytes A discrete staining of Olfr110/111 is ob-
served in a few oligodendrocyte filaments in the CA1 stratum
oriens of M9 5xFAD mice. At the same age, in the same
animal, no staining of Olfr544 is observed (Fig. 5b).

Microglia Olfr110/111 and OIfr544 are mainly expressed in
the cell bodies and proximal segments of microglia, in the
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OR-transfected HEK293T cells

FLAG

OIfr110/111

Olfactory Epithelium

FLAG/OIfr110/111/Hoechst ~ OIfr110/111/Hoechst

FLAG Olfr544

FLAG/OIlfr544/Hoechst Olfr544/Hoechst

Fig. 3 Validation of commercial antibodies raised against the two
olfactory receptors (OR). A heterologous OR expression system in a
cell line and the endogenous OR expression in the olfactory epithelium
(OE) were used. HEK 293T cells were transiently transfected with
cDNAs coding for Olfr110, Olfr544, and immuno-labeled using
antibodies against the N-terminal epitope-Flag (a, e) and each OR-

CA1 stratum oriens within the hippocampus of M9 5xFAD
mice (Fig. 5¢).

Endothelial Cells Olfr110/111 and Olfr544 are observed in the
hippocampal CA3 stratum radiatum of M9 5xFAD mice. The
receptors are localized in the lateral compartments, in close
proximity to the lumen, on one side, and the nervous paren-
chyma, on the other side (Fig. 5d).

With the two ORs being overexpressed in the brain of
Alzheimer-like mice, we wondered whether they are associat-
ed with -amyloid plaques. Then, we demonstrated that
OIfr110/111 and Olfr544 are expressed in cells located nearby
amyloid plaques, especially in the hippocampal CA1 stratum
oriens (Supplementary Fig. 5).

The Two ORs Are Expressed at the Membrane
and in Cells Producing Gaolf

In order to make certain that olfactory receptors are
inserted in the cell membrane, we used Alexa488-
conjugated wheat germ agglutinin (WGA), a specific
membrane marker. We observed a co-localization of
Olfr110/111 and OIfr544 with WGA, in the hippocam-
pal CAl pyramidal layer of M6 WT mice (Fig. 6a, b).

specific antibody (b, f). Olfr110 (b) and Olfr544 (f) antibody detect
Flag-Olfr110 and Flag-Olfr544-constructs in the transfected cells,
respectively. These results are confirmed using the anti-Flag antibody
(a, e and ¢, g for overlay). Both OR antibodies recognize specific
olfactory receptor neurons (d, h) in the olfactory epithelium (OE). Scale
bar=10 um

Similar results are observed in other hippocampal areas
and in cortical layers (Supplementary Fig. 6).

To further determine the potential functionality of the ORs,
we investigated whether the olfactory-related protein Goolf is
also expressed in the brain. Gxolf is co-expressed with
Olfr110/111 or OIfr544, in the pyramidal layer of CAl of
M9 5xFAD mice (Fig. 6¢, d). A similar pattern is also noticed
in the dentate gyrus, cornu ammonis fields, and in the cortical
layers (Supplementary Fig. 7).

Time-Dependent Expression of mRNA Encoding
for OIfr110/111 and Olfr544

To assess the kinetic expression of the two ORs of interest, we
used transcript expression values at M4, as a reference (Fig.
7). Expression of Olfir110/111 and Olfr544 mRNAs varies,
according to the age, in the cortex and hippocampus of WT
and 5xFAD mice.

Cortical Olfr110/111 In WT animals (n = 6), the fold changes,
at M6, M9, and M12, are 1.7£0.3, 2.6 £0.5 (*p < 0.05), and
6.5+0.9 (**p <0.01), respectively. In transgenic mice (n = 6),
the fold changes are 7.4 +3.1 (**p<0.01), 12£1.8 (**p<
0.01), and 28.8 £4.4 (**p <0.01), respectively (Fig. 7a).
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Fig. 4 Neuronal expression of
Olfr110/111 and Olfr544. The
cortex and hippocampus of M9
transgenic mice were double-
immunostained with specific
antibodies for neurons (NeuN,
green) and the two studied a
receptors (magenta). Olfr110/111
is expressed by numerous
neurons (a, b), while Olfr544 is
produced by a smaller number of
neurons (¢, d). Scale bar=10 um

Olfr544

Hippocampal OIfr110/111 In WT animals, the fold changes
are 0.8£0.1 n=5),0.8+0.1 (n=06),and 2.1 0.3 (*p <0.05,
n = 6), respectively. In SXFAD animals (z = 6), the fold chang-
esare 1.7£0.5,5+ 1.2 (**p<0.01), and 7+ 1.8 (**p < 0.01),
respectively (Fig. 7b).

Cortical Olfr544 In WT mice (n = 6), the fold changes are 1.1
+0.2, 1.8+0.2 (**p<0.01), and 1.5+0.2, respectively. In
5xFAD mice (n = 6), the fold changes are 1.6+0.3, 1.9+£0.3
(*p <0.05), and 1.5+0.2 (Fig. 7c).

Hippocampal Olfr544 In WT animals (n = 6), the fold changes
are 1.4+0.2, 0.9+0.2, and 1.2+0.2, respectively. In trans-
genic mice, the fold changes are 0.7+0.1 (n=5), 1.3+0.2
(n=6), and 1.5+0.3 (n=06) (Fig. 7d).

A comparison between WT and 5xFAD groups re-
veals significant changes in the expression of the two
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ORs in transgenic mice (Supplementary Fig. 8).
Olfr110/111 mRNA is significantly overexpressed in
the cortex and hippocampus, whatever the age
(Supplementary Fig. 8a-b). Conversely, Olfr544 tran-
script expression is unchanged in the hippocampus and
slightly increased in the cortex, at M6 (Supplementary
Fig. 8c-d).

Gaolf Is Overexpressed in the Cortex at M12

In the olfactory epithelium, olfactory receptors are associated
with a specific G-protein named Gxolf. To assess the putative
functionality of the brain ORs, we compared Gaolf expression
in brain areas, using data in the olfactory mucosa as a refer-
ence. In WT mice, at M6, the fold changes are —45+9 (cor-
tex), — 63 = 16 (hippocampus), — 19 + 0.7 (cerebellum), and —
327+26 (eyes) (Fig. 8a). From M4 to M12, the same
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Fig. 5 Expression of Olfr110/111 and Olfr544 in astrocytes,
oligodendrocytes, microglia, and endothelial cells. Brain sections of M9
transgenic mice were double-immunostained with specific antibodies for
OIfr110/111 or Olfr544 (magenta), astrocytes (a), oligodendrocytes (b),

expression pattern is observed despite varying fold changes
(Supplementary Fig. 1c).

Using transcript values at M4, we compared the kinetic
expression of Gaolf in the cortex and hippocampus of both
strains, at M6, M9, and M12.

Cortical Gaolf In WT animals (n = 6), the fold changes are 0.7
+0.2, 0.9+0.1, and 2.6 0.1 (**p <0.01), respectively. In
transgenic mice, the fold changes are 1 +£0.2, 0.7 +0.02 (**p
<0.01), and 2.3+0.1 (**p <0.01), respectively (Fig. 8b).

Hippocampal Gaolf In WT animals, the fold changes are 0.5 +
0.1 (*p<0.05,n=5),0.8+0.2 (n=5), and 1.2+ 0.2 (n=6),
respectively. In SXFAD mice (n = 6), the fold changes are 0.8
+0.1, 1 £0.2, and 1.6 £0.5, respectively (Fig. 8c).

Discussion

For the very first time, the current study describes extensively
the expression and location of two murine olfactory receptors
(ORs) within two brain areas, namely the hippocampus and
the adjacent somatosensory cortex. We observed that Olfr110/

OR Iba1

(2]
CA1 stratum oriens
LLLOLLMIO

PyGHI0

LLL/IOLLHIO

CA1 stratum radiatum

1422 (@)

and microglia (¢) and endothelial cells (d). Olfr110/111 is expressed by all
cell types but more predominantly by astrocytes and microglia. All cell
types except oligodendrocytes express Olfr544. Scale bar =10 pm

111 and OIfr544 are (i) mainly produced by neurons, (ii) lo-
cated in the cytoplasm and the cell membrane, and (iii) asso-
ciated with one of their usual olfactory partners, Gxolf. Their
expression varies throughout the animal’s life, whether it is a
wild-type or Alzheimer’s-like mouse (Fig. 9). In addition, the
OIfr110/111- and Olfr544-expressing cells are found nearby
amyloid plaques, suggesting a potential role in inflammation.

An Olfactory Machinery in a Non-olfactory Nervous
Tissue

The quality and specificity of many antibodies are often prob-
lematic. In order to assess the reliability of the selected anti-
bodies for the two ORs of interest, we performed a Western
blot using cell lines engineered to produce Olfr110/111 or
Olfr544. Reassuringly, we observed the right band at the right
molecular weight for both receptors (Supplementary Fig. 9).
A first set of immunostaining experiments revealed a
punctuated and sometimes clustered cellular staining,
exhibiting high similarities with those reported in previ-
ous studies [37, 38, 43].

As demonstrated by our dual WGA/Olfr immunostaining
experiments, the two olfactory ORs are detected in the cell
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Fig. 6 OIfr110/111 and Olfr544
are present at the cell membrane
and co-expressed with Gxolf.
Hippocampal sections of a M6
wild-type mouse (a) and M9
transgenic mouse (b) were a
double-immunostained with
specific antibodies for olfactory
receptors (magenta) (a—d) and
Goolf (green) (¢, d). For the
staining of the cell membrane, the
fluorescent WGA marker (a, b)
was used. Both receptors are
observed at the membrane (a, b)

CA1

and are co-expressed with Golf
(¢, d). Scale bar=1 pum (a) or b
10 um (b)

<
O

membrane. To further demonstrate their potential functionali-
ty, we assessed their co-expression with an olfaction-
associated molecule, the Goecolf protein. In the olfactory sys-
tem, ORs are coupled with Gowolf protein [44], required for
transducing an intracellular response after activation of the
receptor by a ligand. Previous studies indicated that the
mRNA encoding for the Guolf protein is present in ner-
vous—cortex, basal ganglia, cerebellum, and eyes [36-38,
45-50]—and non-nervous—Ilungs, kidney, and pancreas
[17, 22, 23]—tissues. We confirm here a combined Olft/
Guaolf expression in the cortex and hippocampus of
wild-type and transgenic mice. Such a finding suggests a true
functionality of the cerebral ORs. However, this does not pre-
clude the possibility that a non-canonical pathway mediates
OIfr110/111 and Olfr544 signaling in the brain. For example,
OR52BI signaling is mediated by a G3y-protein complex
and involves the synthesis of inositol phosphate and diacyl-
glycerol in HCT116 cells [51]. A similar kinetic hippocampal
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expression of Gaolf is observed in both strains. However,
transgenic mice display a decreased cortical expression of
Gaolf at M9. This finding may reflect a global diminution
of several receptors, including ORs and others—adenosine
A2a receptor, dopamine D1 receptor, and adrenergic 32 re-
ceptor—which are known to be associated with Gxolf in the
striatum [52-54].

A Preferential Neuronal Expression

In their seminal article, Buck and Axel reported that, within
the nervous system, olfactory receptors (ORs) were exclusive-
ly expressed in the nasal cavity [1]. Their statement was based
on Northern blot experiments, a technique less sensitive than
those devised afterward, but it is now well established that
ectopic ORs are expressed within the rodent and human cen-
tral nervous system [32-38]. Using the qPCR technique, we
compared Olfr110/111 and Olfr544 mRNA production in four
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Fig. 7 Time-dependent expression of the transcripts coding for Olfr110/
111 (a, b) and Olfr544 (e, d) in the cortex and hippocampus of WT and
5xFAD mice. In both the cortex and hippocampus of wild-type and
transgenic mice, OIfr110/111 expression tends to increase with age (a,
b) and the variation reaches statistical significance at M9 and M12. A
different profile is noticed for Olfi-544 (¢, d). Overexpression is observed

brain areas—cerebellum, cortex, hippocampus, and eye-
balls—from M6 mice. The latter tissue was selected because
the expression of multiple ORs in the mature human retina
was recently reported [S0]. Both receptors are relatively poor-
ly expressed when each nervous region is compared to the
reference tissue, namely the olfactory mucosa, although
Olfr544 is more prevalent than Olfr110/111. In addition, each
receptor displays a specific pattern: Olfir110/111 is predomi-
nantly expressed in the cortex and the eye, while Olfi-544 is
highly produced by the cerebellum.

The brain includes five main cell families: astrocytes, en-
dothelial cells, microglia, neurons, and oligodendrocytes.
Using a specific antibody for each cell type, we drew a cate-
gory map for the hippocampus and the cortex. We observed
that Olfr110/111 and Olfr544 are strongly expressed by neu-
rons in both areas, according to the documented expression
within the referential tissue, the olfactory neuroepithelium
[55, 56], and other nervous tissues [15, 33, 37, 38, 57].
However, ORs are not exclusively found in neurons.
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(striped), WT wild-type mice (plain), Olfr110/111 olfactory receptors
110/111 (green), Olfr544 olfactory receptor 544 (pink)

Olfr110/111 and Olfr544 are, less abundantly, produced by
some astrocytes and microglial cells, as already observed for
some OR-expressing glial cells in several areas of the human
brain [37]. Olfr110/111 is faintly expressed by a few oligo-
dendrocytes and endothelial cells, whereas Olfr544 is only
observed in endothelial cells.

An Age- and Pathology-Dependent Expression

Within the olfactory mucosa, Olfi-110/111 transcript is more
strongly expressed than Olfi544. However, their production
remains steady, whatever the age considered. Conversely, the
kinetic expression of both ORs indicates an age-related dys-
regulation in wild-type animals.

As an example, we observed an increased expression of
Olfr110/111 mRNA in the cortex, at M9 and M12, and in
the hippocampus, at M12. These results are discordant with
a study reporting no age-related modified expression for
Olfr110/111 within the cortex. Nevertheless, this could be
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Fig. 8 Tissue- and time-dependent expression of the mRNA coding for
Goolf. In comparison with the olfactory mucosa, Gaolf is poorly
expressed in the eyes and, to a lesser extent, in the other examined
brain areas (a). Within the cortex, Gaolf is overexpressed at M12 in
both strains (b), while, in the hippocampus of wild-type mice, it is

related to sexual dimorphism, since the previous observations
were made in female mice [36].

A dysregulated expression of human OR genes has been
found in several neuropathologies such as Parkinson’s disease
[37], Alzheimer’s disease (AD), progressive supranuclear pal-
sy, Creutzfeldt-Jakob disease [36], and schizophrenia [39]. We
show here that AD pathology does not affect the nasal expres-
sion of the two ORs of interest. On the contrary, the produc-
tion of numerous ORs transcripts is dysregulated in the cortex
and hippocampus of transgenic mice modeling AD. These
results are partially in line with findings reported in the human
entorhinal and frontal cortices: six OR genes are either under-
or overexpressed, depending on the stage of the disease [36].
In addition, the current study demonstrates that the expression
of many OR transcripts also varies in the hippocampus, in line
with AD symptomatology.

In a study based on APP/PS1 transgenic mice, another
model of AD, it was shown that Olfi110 expression increases
from birth to M 12 [36]. Similarly, a transcriptomic experiment
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under-expressed at M6 (¢). n=6 per group. *p <0.05; **p <0.01
(Mann and Whitney non-parametric test). M4 4 months, M6 6 months,
M9 9 months, M12 12 months, Tg 5xFAD transgenic mice (striped), WT
wild-type mice (plain)

on 5xFAD mice reported a hippocampal overexpression of
Olfr110[58]. In line with these previous studies, we show here
that transgenic SXFAD mice exhibit an enhanced expression
of OIfr110/111 in the cortex, from M6 to M12, and in the
hippocampus, from M9 to M12. Altogether, these results in-
dicate that this OR may play a role in AD pathology. In con-
trast, the putative role of Olfir544 is more uncertain since this
receptor is only overexpressed at M9 in the cortex of SXFAD
mice.

Fig. 9 Graphical summary. Time-, strain-, and cell type-dependent p
expression of Olfr110/111 and Olfr544 in the brain. a Overall, Olfi-110/
111 is more highly expressed in Alzheimer’s like mice and its
overexpression increases with age. No strain- and age-associated
change is observed for Olfir544. b Olfr110/111 and Olfr544 are mostly
expressed by neurons and to a lesser extent by astrocytes, microglia, and
endothelial cells. Only OIfr110/111 is expressed by oligodendrocytes,
during late adulthood in SXFAD mice. OR expression level in neural
cells is indicated using a red gradient, ranging from the lowest to the
highest
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Possible Role(s) as Immuno-modulators
and Mechano-sensors

We report here that the expression of cortical and hippocampal
Olfri10/111, and cortical Olfr544 mRNAs is increased in
5xFAD mice during the late stages of the pathology.
Moreover, both ORs are detected nearby amyloid plaques in
the brains of M9 5xFAD mice. Combined together, our results
suggest that Olfr110/111 and Olfr544 are potentially involved
in neuroinflammatory processes.

In support of this hypothesis, we can cite a study showing
an overexpression of Olfr/10 mRNA in cultivated,
lipopolysaccharide-activated microglia from ApoE knocked-
in mice, a model of tauopathy [59]. A presumed link between
both ORs and neuroinflammation is reinforced by data indi-
cating an age-associated development of an inflammatory re-
sponse in C57BI/6 mice and in human brains [60-63].

More generally, OR involvement in neuroinflammatory
processes is increasingly recognized. The activation of two
human ORs (OR1D2 and OR2AG1) expressed in airway
smooth muscle cells triggers inflammation and contraction
of these cells [17]. Similarly, after a sciatic nerve transection,
during a phase associated with the detection of stimuli, a dys-
regulated expression of several olfactory receptors (e.g.,
Olfir40, 463, 629, 728, 1108, and 1589) was observed [64].

Certain ORs are also known to trigger physiological re-
sponses without an agonist stimulation. Interestingly, it has
been demonstrated that heterologous expression of an OR
confers mechanosensitivity to its host cells, indicating that
certain ORs are both necessary and sufficient to cause me-
chanical responses, without any ligand stimulation [65].
Previous studies also report that the expression of G protein-
coupled receptors (GPCRs) can affect metabolism of the am-
yloid protein precursor (APP) [66]. For example, the expres-
sion, without stimulation, of serotonin receptor (5-HT4R) in-
duces APP cleavage, independently of cAMP production, as
5-HT4Rs physically interact with the mature form of
ADAMI10 [67]. This mechanosensitive function of the cere-
bral ORs may induce physiological responses to several me-
chanical stimuli (pressure, stress, membrane stretch).

Conclusion

Our study aimed to characterize the expression profiles of two
ORs in the murine brain, in physiological conditions and in a
neurodegenerative context. We demonstrate for the first time
the expression of Olfr110/111 and Olfr544 at the transcript
and protein levels, in the cortex and hippocampus, along with
Goolf protein. Olfr110/111 and Olfr544 are mainly expressed
not only by hippocampal and cortical neurons but also by
astrocytes, microglia, oligodendrocytes, and endothelial cells.
Moreover, Olfr110/111 and Olfr544 proteins are present at the

@ Springer

cell membrane, likely associated with Gecolf, granting them a
potential functionality at the cerebral level. OR mRNA ex-
pression is also dysregulated in the 5XFAD transgenic model
of AD. The current report represents a new and stimulating
insight in the field of neuropathologies, particularly
Alzheimer’s disease. Further studies are required to shed light
on the cerebral roles and implications of Olfr110/111 and
Olfr544, with exciting possibilities and potential outcomes
for drug development.
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