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ABSTRACT

Background and objective: We recently showed that perinatal exposure to diets with unbalanced
n-6:n-3 polyunsaturated fatty acid (PUFA) ratios affects the olfactory mucosa (OM) fatty acid
composition. To assess the repercussions of these modifications, we investigated the impact of
diets unbalanced in n-3 PUFAs on the molecular composition and functionality of the OM in
young mice.

Methods: After mating, female mice were fed diets either deficient in a-linolenic acid (LOW diet) or
supplemented with n-3 long-chain PUFAs (HIGH diet) during the perinatal period. Weaned male
offspring were then fed ad libitum with the same experimental diets for 5 weeks. At 8 weeks of
age, olfactory behavior tests were performed in young mice. The fatty acid composition of OM
and olfactory cilia, as well as the expression of genes involved in different cellular pathways,
were analyzed. The electroolfactograms induced by odorant stimuli were recorded to assess the
impact of diets on OM functionality.

Results and conclusion: Both diets significantly modified the fatty acid profiles of OM and
olfactory cilia in young mice. They also induced changes in the expression of genes involved in
olfactory signaling and in olfactory neuron maturation. The electroolfactogram amplitudes were
reduced in mice fed the LOW diet. Nevertheless, the LOW diet and the HIGH diet did not affect
mouse olfactory behavior. Our study demonstrated that consumption of diets deficient in or
supplemented with n-3 PUFAs during the perinatal and postweaning periods caused significant
changes in young mouse OM. However, these modifications did not impair their olfactory
capacities.
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Introduction receptors (ORs) and other signal transduction com-

Olfaction is a major sensory modality that provides  ponents (including olfactory G-protein subunit Gaolf,

information about the volatile chemical compounds
(odorants) emitted in our environment. This sense
plays a vital role in the quest for food and dietary intake,
avoidance of environmental hazards, and social com-
munication [1]. There is also growing evidence that
odor perception contributes to achieving and maintain-
ing human well-being [2].

Olfactory signals are induced when odorants reach
the olfactory mucosa (OM) located in the nasal cavity.
The OM contains several cell types, including olfactory
sensory neurons (OSNs), that regenerate throughout life
[3]. On the apical side of the OM, OSN dendrites end
with 5-20 cilia floating in the mucus. Olfactory

adenylate cyclase III (ACIII) and ionic transport chan-
nels) are located in these cilia. The interaction of odor-
ants with ORs triggers the transduction cascade that
converts chemical stimuli into electrical signals. The
generated action potentials are then conveyed along
the axons toward the olfactory bulbs where olfactory
information is encoded before being carried out to the
primary olfactory cortex to be further processed [4,5].
Endogenous and exogenous factors contribute to
olfactory plasticity. In particular, evidence has shown
that nutritional and metabolic status play a key role in
modulating olfactory perception [6]. Recent studies
have shown that diets with high lipid levels can disturb
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rodent olfactory abilities [7-9]. Whether these effects
result from quantitative (i.e. an excessive amount of
dietary lipids) or from qualitative (i.e. an imbalance in
fatty acid (FA) composition) remains
unknown.

Similar to the brain and retina, the rodent OM and
olfactory bulbs contain high levels of polyunsaturated
fatty acids (PUFAs) (up to 39% of the total FAs), mainly
found in phospholipids (PLs) [10,11]. They are particu-
larly rich in docosahexaenoic acid (DHA; 22:6 n-3) and
arachidonic acid (AA; 20:4n-6). DHA and AA are
derived from a-linolenic acid (ALA; 18:3n-3) and lino-
leic acid (LA; 18:2n-6), respectively, that cannot be pro-
duced by mammalian tissues and need be supplied by
the diet. PUFAs are crucial for the development and
functioning of mammalian neural tissues. They are
involved in neurogenesis, neuronal survival, synaptic
transmission, membrane biophysical properties and
neuroinflammation [12].

The composition of Western diets has changed dra-
matically over the last decades. In particular, they con-
tain high amounts of n-6 PUFAs and small amounts
of n-3 PUFAs, resulting in an n-6:n-3 ratio greater
than 20:1, which contrasts sharply with the rec-
ommended ratio of 4:1 [13]. The consumption of diets
with a high n-6:n-3 ratio leads to reduced DHA and
increased AA in many tissues. In neural tissues such
as the brain and retina, these modifications can result
in reduced cognitive ability, increased emotional behav-
ior and impaired vision [14,15] However, it has been
largely unexplored whether unbalanced PUFA diets
modify the biochemical composition and functionality
of olfactory tissues. A few studies performed on rats
have shown that consumption of diets deficient in n-3
PUFAs for two generations significantly increased the
docosapentaenoic acid (DPA n-6; 22:5n-6) level in the
olfactory bulbs and impaired their olfactory discrimi-
nation capacities [11,16]. In a recent study, we showed
that the PL molecular species profiles of OM in weaning
mice were significantly modified when the maternal
diets were unbalanced in n-3 PUFAs [17]. The repercus-
sions of these modifications on the properties of the per-
ipheral olfactory system remain to be evaluated.

The present study was therefore designed to explore
the effects of perinatal and postweaning diets depleted
in ALA or supplemented with n-3 long-chain PUFAs
on the molecular composition and functionality of
OM in 8-week-old offspring. To achieve this goal, sev-
eral specific targets were studied: (i) the FA composition
of OM and olfactory cilia; ii) the biophysical properties
of olfactory cilia; iii) the mRNA expression of genes
known to play important roles in neurogenesis, olfac-
tory signal transduction, lipid metabolism and energy

variations

balance; iv) the OM electrical potentials in response to
olfactory stimuli. In addition, the olfactory capacities
(detection threshold and discrimination ability) of
mice were assessed.

Materials and methods
Animals and diets

The experimental procedure was conducted in confor-
mity with the guidelines of the European Community
for the use and care of laboratory animals (2010/63/
EU). It was approved by the French Ministry for
Research and Higher Education and the local Ethics
Committee (Comité d’Ethique de I'Expérimentation
Animale Grand Campus Dijon; reference APA-
FIS#23807-2020021909594039).

The diet composition and the experimental pro-
cedure were detailed in Khoury et al. [17]. Briefly, the
experimental diets were manufactured by the Exper-
imental Foods Preparation Unit (INRAE, Jouy-en-
Josas, France). They were based on an AIN-93G diet
formulation with 5% lipids. Three lipid blends contain-
ing various proportions of commercial high-oleic
sunflower oil, sunflower oil, palm oil, rapeseed oil and
fish oil were incorporated into the different diets. Com-
pared to the control (CON) diet, the LOW diet con-
tained a lower level of ALA, whereas the HIGH diet
contained n-3 long-chain PUFAs (eicosapentaenoic
acid (20:5n-3), docosapentaenoic acid (22:5n-3) and
DHA) (Table 1).

After mating, 12-week-old nulliparous female
C57BL/6 mice were fed ad libitum with one of the
three experimental diets until pup weaning. Male
offspring were then fed ad libitum with the same exper-
imental diet as their dams for 5 weeks. At 8 weeks of age,
mice were sacrificed by decapitation after anesthesia by
i.p. injection of ketamine and xylazine (150 and 10 mg/
kg bodyweight, respectively). After dissecting the nose,
the OM was collected and immediately snap-frozen in
liquid nitrogen. The OM was stored at — 80 °C until
further processing.

Fatty acid extraction and analysis

The total lipids from OM were extracted according to
the Folch method [18]. The procedure was detailed in
our previous study [17]. After transmethylation using
boron trifluoride in methanol, FA methyl esters were
extracted with hexane and analyzed by gas chromato-
graphy coupled to flame ionization detection as pre-
viously described [10]. The results were expressed as
percentages of total FAs.



Table 1. Fatty acid composition of the experimental diets (% of
total fatty acids). CON: control diet; LOW: low n-3 diet; HIGH:
high n-3 diet. ALA: a-linolenic acid; DHA: docosahexaenoic
acid; DPA: docosapentaenoic acid; EPA: eicosapentaenoic acid;
LA: linoleic acid; MUFAs: monounsaturated fatty acids; PUFAs:
polyunsaturated fatty acids; SFAs: saturated fatty acids.

Experimental diets

Fatty acids CON LOwW HIGH
12:0 0.15 0.15 0.14
14:.0 0.53 0.60 1.32
15:0 0.12
16:0 13.32 16.00 9.44
16:1n-9 0.10
16:1n-7 0.20 0.17 1.19
17:0 0.14
18:0 4.62 4.65 4.31
181t 3.85 3.39 3.22
18:1n-9 54.32 55.81 51.74
18:1n-7 2.09 0.99 2.32
18:2n-6 (LA) 16.49 16.91 17.62
20:0 0.40 0.28 0.45
20:1n-9 0.52 0.17 0.66
18:3n-3 (ALA) 2.84 0.15 3.03
22:0 0.43 0.58 0.50
22:1n-9 0.11 0.13
20:4n-6 0.14
24:0 0.16 0.21 0.15
20:5n-3 (EPA) 1.97
24:1n-9 0.10
22:5n-3 (DPA n-3) 0.19
22:6n-3 (DHA) 1.08
SFAs 19.59 22.44 16.55
MUFAs 61.08 60.52 59.43
PUFAs 19.33 17.05 24.03
Total n-6 PUFAs 16.49 16.91 17.76
Total n-3 PUFAs 2.84 0.15 6.27
n-6:n-3 PUFA ratio 5.80 116.73 2.83

Olfactory cilia preparation

Olfactory cilia isolation was performed using the Na*
and Ca®" shock method as described by Kuhlmann
et al. [19,20]. Briefly, OMs from 6 mice were pooled
and washed with an ice-cold solution containing 20
mM HEPES, 140 mM NaCl, 3 mM KCl, 2 mM
MgSO,, 7.5 mM glucose and 5 mM EGTA (solution
A; pH 7.4). They were then resuspended in solution A
supplemented with 20 mM CaCl, and 30 mM KCL
Cilia were detached by gentle stirring for 20 min at 4 °
C and isolated by centrifugation for 5 min (6,600 g, 4
°C). The supernatant was collected, and the deciliation
procedure was repeated five times. The supernatants
were pooled and centrifuged at 45,000 g for 30 min at
4 °C. The cilia were resuspended in 500 pl of Tris-
EDTA buffer and used immediately or stored at —80 °
C until further analysis.

Measurement of cilia membrane fluidity

Cilia membrane fluidity was assessed by measuring
fluorescence anisotropy using 1-(4-(trimethylamine)
phenyl)-6-phenylhexa-1.3.5-triene (TMA-DPH) as a
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probe [21]. Briefly, a pool of freshly prepared cilia
(approximately 150 pg protein) was introduced in a 1
cm path length spectroscopic quartz cuvette placed in
a stirred and thermostatically controlled (37 °C)
chamber of a Fluorolog-3 spectrofluorimeter with a T-
configuration (HORIBA Jobin-Yvon, Longjumeau,
France). Excitation and emission wavelengths were set
at 360 and 430 nm, respectively. After background
noise recording, 1 uL of 1 mM TMA-DPH was added
to the cuvette, and the fluorescent anisotropy (r) was
measured. The r value is defined as the intensity of the
linearly polarized component divided by the total light
intensity [19]. Fluorescence anisotropy is inversely pro-
portional to membrane fluidity: the higher the aniso-
tropy (1) is, the more rigid the membrane will be.

RNA extraction and qPCR

Total RNA extraction was conducted according to the
manufacturer’s instructions (Nucleospin RNA plus kit,
Macherey-Nagel). One microgram of total RNA was
reverse transcribed with PrimeScript™ reverse tran-
scriptase (PrimeScript™ RT reagent Kit, Takara). For
quantitative PCR, 1 uL (50 ng) of cDNA template was
added to the 9 pL reaction mixture containing SYBR
Green Master Mix (Life Technologies) and 250 nM pri-
mers (Eurogentec; see Supplementary Table for primer
sequences). PCR was performed using a StepOne ther-
mocycler (Thermo Fisher Scientific, Applied Biosys-
tems) for 40 amplification cycles consisting of 3 s at
95 °C and 30 s at 60 °C. Relative quantification was
achieved according to the 2-**“' method with HPRT
and GAPDH as reference genes. The results are pre-
sented as the relative quantity (RQ) compared to the
CON group.

Electroolfactogram (EOG) recordings

EOG recordings were performed on the OM as pre-
viously described [8,22]. Briefly, after sacrifice, the
head was cut longitudinally, and the nasal septum was
removed to expose the OM endoturbinates. A recording
electrode inserted in a glass micropipette filled with a
saline solution was positioned in the middle of endotur-
binate III. Odorant stimulations were performed by
blowing air puffts through an exchangeable Pasteur pip-
ette enclosed in a plastic tube positioned 2 cm from the
epithelial surface. A filter paper impregnated with 10 uL
of an odorant solution was placed in the Pasteur pipette.
Phenylethyl alcohol (PEA) and acetophenone (ACE)
were used as odorants. EOG voltage signals were
recorded using an Axoclamp amplifier (Axon Instru-
ments, Molecular Devices, San Jose, USA) and digitized
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at a rate of 1 kHz using a Digidata 1440 (Axon Instru-
ments). Data were analyzed using MATLAB routines
to measure the peak amplitude and kinetics of the
response to odorants. Dose-response curves were
fitted with the Hill equation model using Prism software
(GraphPad, San Diego, USA).

Behavioral experiments

Odor-induced sniffing behavior

A plethysmograph chamber (Emka Technologies,
Paris, France) was used to record mouse respiratory
activity during odor stimulation as previously
described [8]. Briefly, pressure changes induced by
mouse breathing were measured by a differential
pressure sensor. The respiratory signal collected from
the plethysmograph was interfaced to a computer
equipped with an AxoScope (Axon Instruments;
sampling rate=1 kHz). The day before the test, the
mice were habituated to the plethysmograph chamber
and to stimulation with distilled water. On the test
day, mice were allowed to acclimate to the experimen-
tal device before starting the test. After recording
breathing activity without odorant stimulation (base-
line), increasing concentrations of PEA (107° M to
1077 M) were applied consecutively for 30 s. The
recordings were analyzed using MATLAB routines.
Inspiration and expiration phases were extracted to cal-
culate respiratory frequency and inspiration amplitude.
A z-normalization was applied to integrate these par-
ameters as a z-sniffing index [23].

Olfactory habituation and dishabituation test

We used the protocol of Yang and Crawley to assess the
olfactory discrimination capacities of mice [24]. Briefly,
the day before the test, mice were placed in individual
cages for 30 min. On the test day, sequential presenta-
tions of mineral oil, PEA and ACE were performed
under red light. Odorants were diluted in mineral oil
to an approximate gas phase partial pressure of 1 Pa
[25]. They were deposited on filter paper placed in a cas-
sette fixed to the lid of the cage. Each odorant was pre-
sented during three consecutive trials for two minutes.
Each trial was separated by a 1-min interval. The
sniffing duration of each visit was recorded.

Statistical analyses

Statistical tests were performed with Prism software
(GraphPad, San Diego, USA). FA, anisotropy and
gene expression data were analyzed using the nonpara-
metric Mann—-Whitney U test. A p value <0.05 was con-
sidered statistically significant. EOG recordings and

sniffing behavior data were analyzed using two-way
repeated-measures ANOVA followed by Bonferroni’s
multiple comparison test. Data obtained in the habitu-
ation and dishabituation tests were analyzed using
two-way repeated-measures ANOVA followed by
Fischer’s LSD post hoc test.

Results

Effects of diet on FA composition of olfactory
mucosa and olfactory cilia

Compared to the CON group, the level of total dimethyl
acetals (DMAs) in offspring OM was significantly lower
(- 6%) in the HIGH group (Table 2). The levels of total
saturated FAs (SFAs), monounsaturated FAs (MUFAs)
and PUFAs were not affected by the LOW and HIGH
diets. Nevertheless, both diets significantly modified
the proportions of n-6 and n-3 PUFAs in offspring
OM. Compared to the CON group, the n-6:n-3 ratio
was significantly enhanced (x 3.8) in the LOW group.
This effect was due to a substantial increase in n-6
PUFAs (+ 50%) and an important reduction in n-3
PUFAs (- 60%) compared to the CON group (Table
2). The OM of the LOW group contained significantly
higher levels of AA (+ 35%), 22:4n-6 (+ 94%) and
DPA n-6 (x 11) than the OM of the CON group. Con-
versely, the levels of eicosapentaenoic acid (EPA; 20:5n-
3), DPA n-3 and DHA were strongly reduced (—82%,
—73% and —57%, respectively). Opposite effects were
noticed in OM of the HIGH group. Compared to the
CON group, the level of total n-3 PUFAs was increased
by approximately +10%, whereas the level of total n-6
PUFAs was decreased by —20%, which led to a signifi-
cant reduction in the n-6:n-3 ratio (- 30%; Table 2).
OM from the HIGH offspring had significantly higher
EPA and DPA n-3 levels than the CON group (x2.6
and x1.7, respectively). In contrast, the levels of AA,
22:4n-6 and DPA n-6 were greatly reduced (—27%,
—44% and —72%, respectively).

Because OSN cilia are essential for odorant detection
and signal transduction, we more specifically analyzed
the FA composition of this cellular compartment.
First, the data revealed that the FA profile of olfactory
cilia differed noticeably from that of OM (Table 2).
Compared to the OM of the CON group, the olfactory
cilia of the CON group contained higher levels of
SFAs (x1.5) and MUFAs (x1.3) and lower levels of
PUFAs (—70%) and DMAs (—49%). The n-6 and n-3
PUFAs accounted for 6.54% and 3.44% of the total
FAs in the cilia, respectively.

When comparing the cilia FA composition of the
LOW and HIGH groups to that of the CON group,
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Table 2. Fatty acid composition of the olfactory mucosa and olfactory cilia (% of total fatty acids). Cilia from 6 mice were pooled into
one sample. Data are expressed as the mean + s.e.m. (for the OM, n = 5 mice/group; for the cilia, n = 3 samples in the CON and LOW
groups and n = 2 samples in the HIGH group). * Values are significantly different from the CON group (Mann-Whitney U test, p < 0.05).
* Sum of the percent unsaturated fatty acids multiplied by their number of double bonds. SFAs: saturated fatty acids; MUFAs:
monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids; DMAs: dimethyl acetals. n.d.: not detected.

Olfactory mucosa

Olfactory cilia

Fatty acids CON Low HIGH CON LOW HIGH

14:0 0.18 + 001 017 + 004 023 + 002 026 + 002 026 + 001 030 + 002
15:0 0.07 + 001 0.06* + 0.01 0.06* + 0.01 032 + 005 024 + 0.07 029 + 0.05
dma16:0 3.86 + 005 3.55* + 013 375 + 005 176 + 035 262 + 004 149 + 0.09
16:0 23.36 + 057 2165 + 057 2444 + 075 3271 + 005 2945 + 087 3163 <+ 106
16:1n-9 0.35 + 001 036 + 004 034 + 001 04 + 005 0.68 + 015 055 + 001
16:1n-7 0.84 + 005 1.08 + 028 105 + 0.08 068 + 002 0.66 + 0.04 099 + 001
17:0 0.11 + 001 01 + 001 011 + 001 022 + 008 045 + 005 028 + 002
dma18:0 0.91 + 0.02 0.96 + 004 0.84* + 0.02 053 + 035 070 + 0.01 043 + 0.02
dma18:1n-9 0.51 + 001 052 + 004 0.46* + 0.01 028 + 007 049 + 001 038 + 002
dma18:1n-7 0.30 + 0.01 032 + 001 024 + 001 032 + 003 037 + 0.01 031 + 001
18:0 20.25 + 059 2098 + 108 2142 + 032 3023 + 124 2942 £ 015 3174 <+ 113
18:1t 0.04 + 0.01 0.05 + 001 003 + 001 019 + 030 0.4 + 0.01 0.6 + 0.02
18:1n-9 12.47 + 030 13.01 + 078 1242 + 016 1616 == 018 1502 = 016 1721 =+ 0.26
18:1n-7 2.63 + 005 2.84* + 0.05 239 + 002 351 + 081 328 + 011 326 + 0.1
18:2n-6 2.48 + 011 221 + 015 3.01 + 009 186 + 1.08 182 + 003 225 + 013
20:0 0.21 + 001 022 + 002 021 + 001 033 + 005 028 + 001 031 + 0.04
18:3n-6 (LA) 0.07 + 0.01 0.07 + 001 007 + 001 042 + 0.04 040 + 0.02 042 + 0.06
20:1n-9 0.28 + 006 032 + 003 0.19* + 0.01 017 + 003 012 + 001 015 + 0.02
18:3n-3 (ALA) 0.05 + 001 007 + 001 0.05 + 002 nd nd. nd.

20:2n-6 0.1 + 001 0.5 + 004 0.4 + 004 017 + 001 012 + 0.02 0.6 + 0.04
20:3n-9 0.51 + 002 055 + 006 047 + 003 019 0.04 031 0.04 0.22 0.04
22:0 0.22 + 001 024 + 003 022 + 002 037 + 051 033 + 003 039 + 0.03
20:3n-6 1.12 + 004 105 + 002 1.07 + 003 046 + 009 074 + 006 054 + 008
22:1n-9 0.20 + 004 023 + 005 0.6 + 001 033 + 011 033 + 001 028 + 0.04
20:4n-6 (AA) 12.20 + 033 16.51* = 0.15 8.93* + 022 314 + 083 572 + 040 192 + 0.16
20:5n-3 (EPA) 0.77 + 002 0.14* + 0.01 1.98* + 0.06 038 + 005 021 + 000 05 + 0.04
240 0.29 + 001 030 + 005 034 + 003 031 + 032 033 + 003 038 + 001
24:1n-9 0.23 + 0.01 0.26 + 004 023 + 001 073 + 015 050 + 0.04 056 + 0.09
22:4n-6 0.84 + 003 1.63* + 0.04 0.47* + 0.02 034 + 0.08 085 + 0.04 015 + 001
22:5n-6 (DPA n-6) 0.39 + 001 4.40* + 0.15 0.11* + 0.01 015 + 003 181 + 0.07 0.07 + 001
22:5n-3 (DPA n-3) 0.44 + 002 0.12% + 0.01 0.77* + 0.03 0.16 + 001 0.09 + 0.02 024 + 0.02
22:6n-3 (DHA) 13.71 + 023 5.86* + 054 1420 + 047 290 + 069 222 + 0.08 246 + 0.07
SFAs 44.70 + 1.08 4373 + 089 46.65 + 082 6476 + 194 6077 + 076 6531 <+ 004
MUFAs 17.05 + 038 15.15 + 1.07 16.82 + 022 2219 + 048 2075 £ 020 2316 =+ 032
PUFAs 32.68 + 073 3275 + 040 3125 + 075 1017 + 181 1429 £ 068 891 + 027
DMAs 5.59 + 007 535 + 016  5.28* + 0.06 286 + 053 418 + 005 262 + 010
Total n-6 PUFAs 17.21 + 049 26.01* = 012 13.80* * 0.26 654 + 111 1146 <+ 058 550* =+ 0.34
Total n-3 PUFAs 14.96 + 027 6.19*% + 054 16.99* =+ 054 344 + 067 251 + 008 32 + 010
n-6:n-3 ratio 1.14 + 002 4.34* + 042 0.381* + 0.04 192 + 006 455 + 016 172 + 0.02
AA:DHA ratio 1.12 + 031 2.81* + 0.27 0.63* + 0.02 108 + 004 257 + 012 078 + 010
Unsaturation index* 17071 £ 351 15996 + 216 16580 + 407 6486 + 809 8001 + 290 5925 =+ 018

the data showed that the HIGH diet provoked a signifi-
cant decrease in n-6 PUFAs (—16%) in cilia (Table 2).
This diet also tended to increase the EPA and DPA n-
3 levels (x1.3 and x1.5, respectively) and to reduce
DHA levels. Regarding cilia from the LOW group, a
nonsignificant increase in the n-6 PUFA level (x1.8)
and a nonsignificant decrease in the n-3 PUFA level
(—27%) were noted. Compared to the CON group, the
unsaturation index was enhanced in the LOW group
(+25%).

Influence of diet on membrane fluidity of
olfactory cilia

The impacts of diets unbalanced in n-3 PUFAs on the
biophysical properties of olfactory cilia membranes

were evaluated by fluorescence anisotropy using the
TMA-DPH probe. Compared to the CON group, a
slight increase in fluorescence anisotropy value (i.e.
increase in membrane rigidity) was detected in the
LOW group but was not significant (Figure 1).

Effects of diet on gene expression in the olfactory
mucosa

Compared to the CON diet, the LOW diet significantly
reduced the mRNA expression of RTP2 (- 34%), a
protein involved in the cell surface expression of ORs,
and of PDEIC (—11%), an enzyme involved in the ter-
mination of olfactory signaling, in offspring OM
(Figures 2A and C). mRNA expression of OMP, a mar-
ker of mature OSNs, was also reduced (—24%) in the



6 V.SOUBEYRE ET AL.

0.30+

0.254

Fluorescence anisotropy (r)

0.20

CON LOwW HIGH

Figure 1. Assessment of cilia membrane fluidity by fluorescence
anisotropy (r) using TMA-DPH as a probe. Cilia from 6 mice were
pooled into one sample. Data are expressed as the mean +
s.e.m. (CON, n=4 samples; LOW, n=2 samples; HIGH, n=3
samples). No significant difference was observed between the
CON group and the LOW or HIGH groups (Mann-Whitney U
test, p < 0.05).

LOW group, but no modification of mRNA expression
of GAP43, a specific marker of immature OSNs, was
detected (Figure 2D).

The HIGH diet significantly decreased the mRNA
expression of the olfactory receptor olfr16 (—25%), the
protein G subunit Gaolf (—=25%) and SGLT1 (—41%),
a sodium-dependent glucose transporter, in offspring
OM (Figures 2A, B and E). Interestingly, mRNA
expression of the anti-inflammatory cytokine IL10 was
substantially enhanced in the HIGH group (+74%)
(Figure 2F).

Notably, the mRNA expression of Tubb3, a marker of
neuronal differentiation, was significantly reduced in
OM from animals fed the LOW and HIGH diets
(—23% and —40%, respectively) (Figure 2D). Both
diets had no impact on the mRNA expression of
enzymes involved in lipid metabolism (Figure 2G).

Effects of diet on olfactory mucosa functionality

EOG recordings showed that, compared to the CON
group, the amplitudes of the responses elicited by the
highest concentration of PEA and ACE (10~' M) were
significantly lower in the LOW group (approximately
—60%) (Figure 3A). The amplitudes of EOG in the
HIGH group did not differ from those recorded in the
CON group. In addition, the depolarizing speeds of
EOG responses elicited by the high concentrations of
PEA and ACE were significantly lower in the LOW
group than those in the CON group (—67% and
—64%, respectively) (Figure 3B). Typical EOG traces
obtained after stimulation of OM by PEA or ACE
(10~' M) are shown in Figure 3C.

Effects of diet on mouse olfactory abilities

The odor detection behavior of the mice was monitored
using a plethysmograph. Basal breathing frequency and
amplitude were similar in all groups when mice were
tested with water alone (Figure 4A). When mice were
stimulated with an odorant solution containing 10~°
M PEA, the Z sniffing indexes increased significantly
in the CON, LOW and HIGH groups, indicating that
the three groups detected odorants (Figure 4B). When
a higher concentration of PEA was used (1078 M),
mice fed the LOW and HIGH diets exhibited a signifi-
cant increase in the Z index (Figure 4C), while mice
fed the CON diet did not respond. The third stimulation
with 1077 M PEA elicited a response only in the LOW
group (Figure 4D).

Olfactory discrimination capacities of mice were
assessed using a habituation/dishabituation test (Figure
5). Mice from the CON, LOW and HIGH groups
showed no deficit in odor discrimination abilities
during the different stages of this behavioral test. The
significant main effects for the trials (Fg3¢=54.34, p
<0.0001) were detected for time spent sniffing odorants.
Post hoc analysis showed that CON, LOW and HIGH
mice were able to discriminate the presence of ACE.

Discussion

The present study aimed to investigate the impact of
diets deficient in ALA (LOW diet) or supplemented
with n-3 long-chain PUFAs (HIGH diet), administered
to females from conception until the end of lactation
and then to their pups for 5 weeks, on olfactory periph-
eral system properties and olfactory behavior of the
offspring. Our results showed that consumption of the
LOW diet induced significant molecular and functional
changes in OM. In contrast, molecular modifications
elicited by the HIGH diet had no repercussions on
OM functionality.

The FA profiles of OM and olfactory cilia were
modified by n-3 PUFA unbalanced diets

FA analyses showed that unbalanced n-3 PUFA diets
induced significant changes in the PUFA levels of
oftspring OM. Diets deficient in n-3 PUFAs provoked
a substantial increase in n-6 PUFAs (mainly 22:4n-6
and DPA n-6) as well as a strong decrease in n-3
PUFAs (EPA, DPA n-3 and DHA). The diet sup-
plemented with n-3 long-chain PUFAs induced oppo-
site effects, i.e. an increase in n-3 PUFAs (EPA and
DPA n-3) and a decrease in n-6 PUFAs (mainly
22:4n-6 and DPA n-6), but to a lesser extent. These
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Figure 2. Gene expression in offspring olfactory mucosa. mRNA levels of genes involved in olfactory signaling pathways (A, B and C),
neurogenesis (D), cellular transport (E), inflammation and resolution (F) and lipid metabolism (G) were assessed. The results are
expressed as the relative quantity (RQ) compared to the CON group. Data are presented as the mean * s.e.m. (CON, n =8 mice;
LOW, n =8 mice and HIGH, n =7 mice). * Values are significantly different from the CON group (Mann-Whitney U test, p<0.05).
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Figure 3. Analysis of electrophysiological responses of olfactory mucosa to odorants using EOG recordings on endoturbinate Ill. (A)
Amplitude of EOG responses after stimulation by increasing concentrations of phenylethyl alcohol (PEA) and acetophenone (ACE); (B)
Depolarization speed of EOG responses after stimulation by increasing concentrations of PEA and ACE; (C) Representative EOG traces
recorded on OM of the CON, LOW and HIGH groups after stimulations by PEA or ACE (10~" M). Data are expressed as the mean + s.e.m.
(CON, n =13 mice; LOW, n =6 mice; HIGH, n =9 mice). ** p<0.01 and *** p<0.005 after a two-way repeated-measures ANOVA fol-

lowed by Bonferroni post hoc test.
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Figure 4. Odor induced sniffing behavior in response to phenylethyl alcohol (PEA) stimulation. Water (A) followed by increasing con-
centrations of PEA (107 M (B), 107 M (C) and 10~ M (D)) were applied consecutively for 30 s. The respiratory frequency and inspi-
ration amplitude were measured and integrated as a z-sniffing index. Boxes represent data included between quartile 1 and quartile 3,
separated by the median; whiskers show minimum and maximum values (CON, n =6 mice, LOW, n =8 mice, HIGH, n =9 mice). **
p<0.01 and ***p<0.001 after a two-way repeated-measures ANOVA followed by Bonferroni post hoc test.

observations are in accordance with previous studies
showing that PUFA-rich regions of the brain are highly
affected by n-3-deficient diets, whereas n-3-sup-
plemented diets have more moderate effects in young
adult rodents [26-30]. Our results also showed that
the reciprocal replacement of DHA by DPA n-6 in
OM was not complete in 8-week-old mice fed an n-3
PUFA-deficient diet. AA and 22:4n-6 also contributed
to replacing DHA in OM from LOW young mice. The
incomplete replacement of DHA by DPA n-6 in OM
during the developmental period might impair the
neuronal membrane architecture and homeostasis of
OM cells.

In addition, we specifically analyzed the FA pattern of
olfactory cilia that emanate from the apical dendrites of
OSNs. These structures play an important role in olfac-
tory signaling because they contain ORs and other sig-
nal transduction elements. There is growing evidence

that signaling components are associated within micro-
domains along the cilia [31-33] probably in lipid raft
domains [34,35]. Rafts are characterized by a high con-
tent of cholesterol and complex lipids rich in SFAs and
by a reduced content of PUFAs. We observed that
mouse olfactory cilia contained high levels of SFAs
(60-65% of total FAs) and low amounts of PUFAs (9-
14% of total FAs). Our findings are consistent with pre-
vious works reporting the presence of complex sphingo-
lipids containing SFAs in ciliary membranes, including
mammalian olfactory cilia [36,37].

Although the results should be considered with cau-
tion due to the small number of analyzed samples, the
FA analyses in olfactory cilia indicated that the LOW
diet tended to increase the n-6 PUFA level, causing an
enhancement in PUFAs at the expense of SFAs. A
decrease in n-3 PUFAs (including DHA) was also
detected. Recent studies suggest that PUFAs
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Figure 5. Assessment of olfactory discrimination capacities of
mice using a habituation/dishabituation test. Animals were
sequentially exposed three times to mineral oil (HM, acclimatiz-
ation), three times to phenylethyl alcohol (PEA, habituation) and
finally to acetophenone (ACE, dishabituation). The duration of
sniffing in response to each odorant presentation was
measured. Data are presented as the mean + s.e.m. (CON, n=
24 mice; LOW, n=21 mice; HIGH, n= 24 mice). * p<0.05, **
p<0.005; *** p<0.001, **** p<0.0001 after a two-way
repeated-measures ANOVA followed by Fisher’s LSD post hoc
test.

incorporated into PLs influence raft formation [38-40].
Although not particularly abundant in lipid rafts, DHA
would have a significant impact on the structure of these

microdomains, due in part to its effects on cholesterol
distribution [38,41]. An increase in the FA unsaturation
index of olfactory cilia from the LOW group was also
observed, suggesting that membrane fluidity could be
reduced in these cilia. The slight increase in fluorescence
anisotropy observed in LOW cilia reinforces this
assumption. Overall, changes in cilia FA composition
might impact OSN membrane organization, thereby
affecting olfactory cell signaling.

OSN maturation was affected by n-3 PUFA
unbalanced diets

It is well known that OM has the capacity to generate
new OSNs throughout life. The OM contains two
kinds of neurocompetent stem cells: globose basal cells
(GBCs) and horizontal basal cells (HBCs). GBCs gener-
ally give rise to OSNs and other cell types, whereas
HBCs are quiescent stem cells that are activated in
cases of severe injury [42]. Both n-3 PUFA unbalanced
diets did not modify the expression of progenitor mar-
kers (SOX2, neurogenin 1 and neuroD1), indicating that
neurogenesis was not disrupted by these diets. Never-
theless, a decrease in the expression of TUBB3, a specific
marker of neuronal axon cytoskeleton [43], was
observed in the LOW and HIGH OM, thus revealing
an impact on OSN maturation. The LOW diet also
reduced the expression of OMP, a specific marker of
mature OSNs. These findings suggest that n-3 unba-
lanced diets can affect OSN maturation.

An n-3 PUFA-deficient diet altered peripheral
olfactory signaling

EOG recordings revealed that the n-3 PUFA-deficient
diet provoked a reduction in the sensitivity of OSNs
to odorant stimuli. Both EOG amplitude and kinetics
were modulated by this diet, indicating that OSN trans-
duction pathways were probably affected. In fact, a
reduction in the expression of genes involved in olfac-
tory signaling, namely, OMP, RTP2 and PDEIC, was
observed in OM from the LOW group. Recent studies
have demonstrated that OMP is involved in the olfac-
tory transduction cascade [44]. OMP modulates the kin-
etics of cAMP, the second messenger of olfactory
transduction [45]. OSNs lacking OMP exhibit odorant
responses with lower amplitude and lower kinetics
than OSNs expressing OMP [45-47]. These effects are
in line with our observations. RTP2 is a chaperone
protein responsible for transporting most ORs to the
OSN plasma membrane [48]. A lack of RTP2 in the
mouse OM affects OR trafficking and provokes a
reduction in the number of mature OSNs and in OSN



electrophysiological responses [49]. Reductions in
immature OSNs and OM sensitivity in LOW mice
might therefore be associated, at least in part, with the
reduction in RTP2 expression. How PDEIC reduction
affects OM sensitivity is not clear. Indeed, this phospho-
diesterase greatly contributes to cAMP degradation in
cilia, but other mechanisms may account for the termin-
ation of OSN responses. It has been suggested that
PDEIC also plays a role in regulating OSN sensitivity
and adaptation [50]. These properties might be altered
in OM from the LOW group.

An n-3 PUFA-deficient diet disrupted olfactory
mucosa sensitivity but not olfactory behavior

The use of a plethysmograph to record mouse breathing
showed that animals from the LOW and CON groups
increased their sniffing behavior when exposed to the
lowest PEA concentration tested, revealing a similar
odor sensitivity threshold. However, a difference in
PEA sensitivity between these groups was not excluded.
Mice from the CON group only reacted to the first PEA
stimulation, whereas the LOW mice reacted to all
stimulations. We hypothesize that mice from the
LOW group need more odor sampling to analyze the
olfactory cues, that is, to determine the odor quality,
familiarity, relevance and pleasantness. Alteration of
OM sensitivity (revealed by the EOG recordings) in
these mice might result in a lower signal input in the
olfactory bulbs and piriform cortex, making them
unable to fully process the olfactory information during
the first odorant stimulation. Nevertheless, despite this
weakness, our results indicated that olfactory circuits
ensured a sense of smell continuity in mice from the
LOW group. This is in agreement with previous studies
showing that mice with damaged OM are still able to
identify 45% of tested odorants [51]. The habituation/
dishabituation behavioral test showed no impact of
the LOW diet on olfactory discrimination ability, in
contrast to previous studies that reported olfactory dis-
crimination deficits in rats fed n-3 altered diets for two
generations [11,16]. This discrepancy might be due to
differences in the duration of dietary intervention (two
generations versus one generation in this study), the
diet composition (higher levels of fat and LA than in
our diet) and the species (rat instead of mouse).

Changes induced by diet supplemented with n-3
long-chain PUFAs had no impact on OM
functionality and olfactory behavior

The HIGH diet induced a significant decrease in olfr16
and Gaolf mRNA levels in offspring OM, but no other
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factor involved in the transduction cascade was affected
by this diet. These results suggest that the first steps of
the canonical olfactory transduction cascade were
slightly affected by this diet. Otherwise, the HIGH diet
significantly decreased the expression of SGLT1, a mem-
brane glucose transporter. SGLT1 is known to be mainly
expressed in key structures of the brain to ensure optimal
neuronal functions [52]. The role and precise localization
of SGLT1 in the OM remain to be elucidated. Alteration
of glucose transport might affect cell homeostasis and
hence the functionality of OSNs and/or other OM cells.
Nevertheless, consumption of the n-3-supplemented
diet did not modify the OM sensitivity or olfactory
capacities of mice, suggesting that the observed molecu-
lar modifications would have no repercussions on olfac-
tory signal processing in our experimental conditions.

Furthermore, a significant enhancement of the anti-
inflammatory marker IL10 in OM from mice fed the
HIGH diet was observed. This finding is consistent with
the well-documented effects of n-3 PUFAs, specifically
EPA and DHA, on inflammation resolution [53,54]. In
OM, inflammatory mediators can be produced in response
to external factors such as viral and bacterial infections or
toxins [55,56]. It would be of great interest to assess
whether dietary supplementation with n-3 PUFAs might
reduce inflammatory processes in this tissue.

In conclusion, our study showed that consumption of
n-3 PUFA unbalanced diets during the perinatal and post-
weaning periods affected the FA composition of mouse
OM and modulated the expression of a number of genes
involved in signal transduction and cellular metabolism.
In addition, a diet deficient in n-3 PUFAs was found to
impair the electrophysiological properties of OM. How-
ever, despite these changes at the peripheral level, mouse
olfactory abilities were maintained. These outcomes are
in good agreement with earlier studies indicating that
rodents can detect odors even though their OM is severely
damaged [57,58]. Our study supports the view that olfac-
tion is an extremely resilient chemosensory system.
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