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A B S T R A C T   

Among the numerous long COVID symptoms, olfactory dysfunction persists in ~10 % of patients suffering from 
SARS-CoV-2 induced anosmia. Among the few potential therapies, corticoid treatment has been used for its anti- 
inflammatory effect with mixed success in patients. In this study, we explored its impact using hamster as an 
animal model. SARS-CoV-2 infected hamsters lose their smell abilities and this loss is correlated with damage of 
the olfactory epithelium and persistent presence of innate immunity cells. We started a dexamethasone treatment 
2 days post infection, when olfaction was already impacted, until 11 days post infection when it started to 
recover. We observed an improvement of olfactory capacities in the animals treated with corticoid compared to 
those treated with vehicle. This recovery was not related to differences in the remaining damage to the olfactory 
epithelium, which was similar in both groups. This improvement was however correlated with a reduced 
inflammation in the olfactory epithelium with a local increase of the mature olfactory neuron population. Sur-
prisingly, at 11 days post infection, we observed an increased and disorganized presence of immature olfactory 
neurons, especially in persistent inflammatory zones of the epithelium. This unusual population of immature 
olfactory neurons coincided with a strong increase of olfactory epithelium proliferation in both groups. Our 
results indicate that persistent inflammation of the olfactory epithelium following SARS-CoV-2 infection may 
alter the extent and speed of regeneration of the olfactory neuron population, and that corticoid treatment is 
effective to limit inflammation and improve olfaction recovery following SARS-CoV-2 infection.   

1. Introduction 

The COVID-19 pandemic is characterized by an unprecedented 
number of olfactory disorders cases. The first variants are responsible for 
up to 50 % of these symptoms (von Bartheld et al., 2021) and, while it is 
less frequent with the Omicron variant, ~10 % of infected patients still 
report olfactory disorder (von Bartheld and Wang, 2023). The distur-
bance of odorant perception can have a profound impact on quality of 
life, as this sense is essential not only for feeding behavior but also for 
detection of imminent danger such as gas or smoke (Meunier et al., 
2021) and loss of smell is linked to an increased risk of depression and 
death (Van Regemorter et al., 2020). Most patients recover their olfac-
tory capacities in a few months, but at least ~5 % still suffer from 
persistent olfactory disorders, including anosmia, i.e. a total loss of smell 
(Tan et al., 2022). 

Loss of smell was already widespread in ~5 % of the population prior 
to the pandemic (Whitcroft et al., 2023), mainly related to chronic 
rhinosinusitis, but for about 25 % of cases to viral infection (Okumura 
et al., 2022). While many therapeutic options to recover from post-viral 
infection disorders (PVOD) have been explored since the surge in 
COVID-19 cases, two main treatments have emerged: olfactory training 
and corticoid treatment (Huart et al., 2021; Nag et al., 2023; Rashid 
et al., 2021; Tragoonrungsea et al., 2023; Vaira et al., 2021). Olfactory 
training helps to recover (Pieniak et al., 2022), but the effectiveness of 
corticoid treatment appears variable according to the protocol used 
(Hintschich et al., 2022; Hosseinpoor et al., 2022). In addition to vari-
ations in the timing of treatment after the onset of the olfactory disorder, 
corticoids can be used locally or systematically, which could explain 
their inconsistency (Pendolino et al., 2022). Most studies showing pos-
itive results conclude that larger cohorts are required to demonstrate 
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effectiveness (Le Bon et al., 2021). 
Olfaction starts in the olfactory epithelium (OE), which contains 

olfactory sensory neurons (OSNs) surrounded by supporting cells called 
sustentacular cells. The epithelium continuously renews itself as both 
cell types undergoes regular apoptosis and are regenerated through 
multipotent basal cells (Schwob et al., 2017). We and others observed in 
the golden Syrian hamster model that SARS-CoV-2 massively infects the 
sustentacular cells in the OE, leading to its desquamation (Bryche et al., 
2020; Kishimoto-Urata et al., 2022). This desquamation occurs coinci-
dent with olfactory neuron deciliation and release of these cells into the 
lumen of the nasal cavity, where they undergo apoptosis (Bourgon et al., 
2022). It has been confirmed in humans that anosmia arises primarily 
from infection of the sustentacular cells of the OE followed by disruption 
of OE integrity without OSN infection (Khan et al., 2021). We have 
previously observed that innate immune cells play a major role in the 
destruction of the infected OE (Bourgon et al., 2022) and it has been 
shown that the number of resident macrophage increases as long as 42 
days post infection (dpi) (Kishimoto-Urata et al., 2022). As SARS-CoV-2 
infection resolves in the nasal cavity after 4 dpi (Bryche et al., 2020), the 
increased presence of innate immune cells in the OE persists long after 
the resolution of infection and may explain the delay in resolution of the 
olfactory disorder. These data from animal studies have been confirmed 
in human, since a comparative study showed a lower level of olfactory 
neurons and an increased presence of immune cells in OE biopsies from 
patients who did not recover from COVID-19-associated olfactory dis-
orders (Finlay et al., 2022). Overall, these results indicate that persistent 
inflammation may be an important factor that contributes to long- 
lasting olfactory disorders, and that corticoid treatment should be 
beneficial. 

As in-depth study of their effectiveness to improve COVID-19 asso-
ciated olfactory disorders is difficult to achieve in humans, we used 
Syrian golden hamsters which display the pathophysiology of mild 
COVID-19, including loss of smell (Reyna et al., 2022). We treated 
hamsters by subcutaneous injection of dexamethasone with an anti- 
inflammatory dose (1.5 mg/kg) starting at 2 dpi when the animals 
already display smell loss (Reyna et al., 2022) and examined them at 11 
dpi when olfaction starts to recover in non-treated animals. 

2. Material and methods 

2.1. SARS-CoV-2 isolate 

In vivo experiments were carried out with SARS-CoV-2 strain Beta-
CoV/France/IDF/200107/2020, which was isolated by Dr. Paccoud 
from the La Pitié-Salpétrière Hospital in France. This strain was kindly 
provided by the Urgent Response to Biological Threats (CIBU) hosted by 
Institut Pasteur (Paris, France), headed by Dr. Jean-Claude Manuguerra. 

2.2. Animals 

Twenty-four 8 weeks-old male hamsters were purchased from 
Janvier’s breeding Center (Le Genest, St Isle, France). Animal experi-
ments were carried out in the animal biosafety level 3 facility of the 
UMR Virologie (ENVA, Maisons-Alfort); approved by the ANSES/EnvA/ 
UPEC Ethics Committee (CE2A16) and authorized by the French min-
istry of Research under the number APAFIS#25384- 
2020041515287655. Weight and welfare of animals were measured 
and evaluated daily. Six animals were not infected and used as a control. 
Eighteen hamsters were infected by nasal instillation (40 µL in each 
nostril with 5⋅103 TCID50 of SARS-CoV2 strain BetaCoV/France/IDF/ 
200107/2020) under isofluorane anesthesia as previously described 
(Bourgon et al., 2022). At 2 dpi, 6 animals were euthanized to document 
pathophysiology prior to dexamethasone treatment. The remaining 
twelve animals received daily dexamethasone subcutaneously (1.5 mg/ 
kg; Rapidexon) or the vehicle (300 µL PBS with 3.75 mg/mL benzylic 
alcohol). This dose was successfully used to reduce inflammation during 

SARS-CoV-2 infection in the hamster model (Wyler et al., 2022; Yuan 
et al., 2022). Nasal swabs were performed daily to measure the viral load 
secreted by brushing the nostrils of the animal from 1 to 5 dpi. Olfactory 
performance was measured 2 days prior to infection, then at 2 and 11 
dpi. An extra food pellet colored in red was offered daily to measure 
supplementary food consumption as a sign of food intake. At 11 dpi, 
animals were euthanized. Heads were divided sagittally into two halves, 
one of which was used for immunohistochemistry experiments. The 
nasal turbinates and olfactory bulb were extracted from the other half 
for qPCR analysis. 

2.3. Viral titration of nasal swabs 

Nasal swabs were diluted in 400 μL of DMEM medium supplemented 
with 1 % sodium pyruvate and antibiotics and stored at − 80 ◦C until 
titration by tissue culture infectious dose 50 % (TCID50) as described 
previously (Thébault et al., 2022). Briefly, each nasal swab was serially 
diluted within DMEM containing 1 % Sodium Pyruvate and 1 % anti-
biotics (Penicillin/Streptomycin) by 10− 1 to 10− 6 for 1 to 3 dpi and ½ 
and 10− 1 for 4 and 5 dpi. After 1 h30 incubation at 37 ◦C with Vero E6 
cells, the medium was supplemented with 5 % FCS and graded 4 days 
later according to an all-or-nothing scoring method for the presence of a 
viral cytopathic effect. Infectious titers were expressed as TCID50 per mL 
according to the Spearman Karber method (Ramakrishnan, 2016). 

2.4. Behavior experiments 

To assess the olfactory ability of hamsters, we used the buried food 
test (Yang and Crawley, 2009). We found Emmental cheese to be much 
more attractive than the sweet food conventionally used with mice and 
used it as food stimulus. Hamsters get used to Emmental after leaving 
one small piece (10 × 4 × 2 mm) in their home cage overnight. They 
start actively digging for it after a single 5-min habituation session in a 
test cage filled with 5 cm of bedding with a piece of cheese accessible 
directly on the surface. This test cage was then used for two different 
conditions named “easy task” or “hard task”, which consisted in burying 
the cheese at 1 or 5 cm depth respectively. Animal activity was recorded 
for 200 s. The time taken to find the cheese as well as the duration of 
activity (excluding grooming) during the task was afterwards measured 
by analyzing the video blind to the treatment. We could perform the two 
tests with a 30 min interval without any food deprivation as hamsters 
were always eager to harvest food. They continued to explore actively 
the cage even after consuming part of the founded cheese and stocked 
any additional food in their cheek pouches. 

2.5. Histology, immunohistochemistry and quantifications 

The immunohistochemistry analysis of the olfactory mucosa tissue 
sections was performed as described previously in mice (Bryche et al., 
2019). Briefly, animal hemi-heads were fixed for 3 days at room tem-
perature in 4 % paraformaldehyde (PFA) and decalcified in Osteosoft 
(101728; Merck Millipore; Saint-Quentin Fallavier; France) for 3 weeks. 
Blocks were cryoprotected in 30 % sucrose. Cryo-sectioning (12 µm) was 
performed to generate coronal sections of the nasal cavity. Sections were 
stored at − 80 ◦C until use. 

For immunohistochemistry, non-specific staining was blocked by 
incubation with 2 % bovine serum albumin (BSA) and 0.1 % Triton. 
Sections were then incubated overnight with primary antibodies 
directed against SARS Nucleocapsid protein (1/1000; mouse mono-
clonal; clone 1C7C7; Sigma-Aldrich), ionized calcium-binding adapter 
molecule 1 (Iba1) (1/500; rabbit monoclonal; clone EPR16588; Abcam), 
Olfactory Marker Protein (OMP) (1/1000; goat polyclonal; 544–10001; 
Wako); GAP43 (1/500; rabbit polyclonal; NB300 143; Novus); Arg1 (1/ 
200; rabbit polyclonal; PA5-29645; Thermofisher); Ki67 (1/100; Rabbit 
polyclonal; MA139550; Thermofisher) and cleaved caspase 3 (1: 400; 
rabbit polyclonal, Cell Signaling; Ozyme). Fluorescence staining was 
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performed using donkey anti-mouse-A555; donkey anti-rabbit-A488 and 
donkey anti-goat-A546 (1/800; Molecular Probes A-31570; A32790; A- 
11056 respectively; Invitrogen). 

To assess the impact of corticoid treatment on the OE after SARS- 
CoV-2 infection, we focused our measures on coronal sections of nasal 
turbinates in the middle of the nasal cavity, containing the NALT and the 
end of Steno’s gland (Supp Fig. 1). We choose this area as it presents two 
zones behaving differentially for the recovery of OE damage following 
SARS-CoV-2 infection (Kishimoto-Urata et al., 2022). 

To measure olfactory epithelium damage, we performed conven-
tional hematoxylin and eosin (HE) staining as previously described 
(Bourgon et al., 2022) and scored slices from 1 to 9 according to OE 
thickness, irregularities, missing areas and presence of cellular debris in 
the lumen of the nasal cavity. 

We examined the presence of Iba1+ cell in both lamina propria and 
OE, as well as GAP43+ and OMP+ cells in the OE to assess immune cell 
infiltration, the presence of immature olfactory neurons and mature 
olfactory neurons, respectively. For each animal, we quantified the 
presence of Iba1+ and OMP+ cells based on 4 images in the dorso median 
and in the ventro lateral part of the OE. We measured the percentage of 
stained area with ImageJ (Rasband, W.S., ImageJ, U.S. National In-
stitutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 
1997–2012) in the lamina propria for Iba1 staining and in the middle 
part of the OE layer (~50 %) for OMP staining as it holds the mature 
neurons layer (Moon et al., 2002). For GAP43+ immature olfactory 
neurons, we scored a level of disorganization from 1 to 9 based on the 
presence of staining in the same middle part (~50 %) of the OE layer, 
where immature olfactory neurons are normally absent (Moon et al., 
2002). For Ki67 and C3C staining, we scored the presence of cells in the 
OE from 0 (absence) to 9 (ubiquitous). For Arg1 and Iba1 co-staining, we 
measured the ratio of Arg1+Iba1+/ Iba1+ cells in the olfactory mucosa 
(containing both lamina propria and olfactory epithelium) in the dorso 
median region of the OE. Glomerular size in the olfactory bulb was 
measured based on OMP staining with ImageJ. For each animal, two 
different slices approximatively separated by 500 µm were analyzed. 
The size of the 4 largest glomeruli on both slices were averaged per 
animal and normalized to the average glomerular size of control 
animals. 

Images for all fluorescent IHC were taken using an Olympus 1X71 
microscope equipped with an Orca ER Hamamatsu cooled CCD camera 
(Hamamatsu Photonics France; Massy; France). Whole sections of nasal 
cavity HE staining were reconstructed from 2 images taken at x30 
magnification using a Leica MZ10F binocular microscope. 

2.6. RNA extraction and RT-qPCR analysis 

Total RNA was extracted from frozen nasal turbinates using the 
Trizol-chloroforme method as described previously (Bryche et al., 
2019). Oligo-dT first strand mixed with random hexamers cDNA syn-
thesis was performed from 1 µg total RNA with the iScript Advance 
cDNA Synthesis Kit for RT-qPCR (Bio-Rad; #1725038) following the 
manufacturer’s recommendations. qPCR was carried out using 25 ng of 
cDNA added to a 15 µL reaction mix containing 10 µL iTaq Universal 
Sybr Green SuperMix (BioRad; #1725124), and primers at 500 nM 
(sequences in Supp Table 1). The reaction was performed with a ther-
mocycler (Mastercycler ep Realplex, Eppendorf). Fluorescence during 
the qPCR reaction was monitored and measured by Realplex Eppendorf 
software. A dissociation curve was plotted at the end of the forty 
amplification cycles of the qPCR to confirm the ability of theses primers 
to amplify a unique and specific PCR product. 

Quantification of the initial concentration of specific RNA was ach-
ieved using the ΔΔCt method. Standard controls for qPCR specificity and 
efficiency were performed. The mRNA expression of each gene was 
normalized with the expression level of Dicer. A correction factor was 
applied to each primer pair according to their efficiency (Muller et al., 
2002). Data are presented as relative expression level compared to 

uninfected animals in the olfactory turbinates and to vehicle in the ol-
factory bulb. 

2.7. Statistical analysis 

All comparisons were made using Prism 8.0 (GraphPad). Statistical 
significance between groups was assessed using non-parametric Mann 
Whitney tests. For correlation analyses, we used Spearman’s non- 
parametric test. Error bars indicate the SEM. Multivariate statistical 
analysis on RNA levels in nasal turbinates was achieved using Principal 
Component Analysis (PCoA) with R software. Detailed information on 
statistical test used, sample size and P value are provided in the figure 
captions. 

3. Results 

3.1. Pathophysiological impact of early corticoid treatment on SARS- 
CoV-2 infection 

In order to examine how an early treatment with corticoids could 
improve the recovery of loss of smell induced by SARS-CoV-2 infection, 
we treated hamsters from 2 dpi to 11 dpi with daily subcutaneous in-
jection of 1.5 mg/kg of dexamethasone (Fig. 1A). We started the treat-
ment at 2 dpi because most of the damage of the OE has already been 
initiated in the nasal cavity (Bourgon et al., 2022) and a very strong loss 
of olfactory abilities is observed in hamsters at this early stage (Reyna 
et al., 2022). We stopped the treatment at 11 dpi when about 50 % of the 
OE should have regenerated (Bryche et al., 2020), making it a suitable 
time window to observe early improvements in OE repair due to corti-
coid treatment. TCID50 from nasal swabs taken between 1 and 5 dpi 
were not statistically different in the dexamethasone and vehicle-treated 
groups, indicating that the treatment starting at 2 dpi did not impact the 
level of infection in the nasal cavity (Fig. 1B). Hamster weight decreased 
following infection with a maximum loss of ~7 % at 6 dpi and a recovery 
at 11 dpi regardless of dexamethasone treatment (Fig. 1C). We measured 
food intake also indirectly by introducing an extra-colored food pellet 
left on the bedding surface of the animal home cage overnight. The 
decrease of extra food consumption was similar to the weight loss during 
the course of infection with a maximal decrease at 5 dpi (Fig. 1D). 
However, animals treated with dexamethasone statistically consumed 
more extra food than those treated with the vehicle as early as 2 days 
post corticoid treatment (Two-way ANOVA; F(1, 110) = 5.458; P =
0.0213) but this was similar at 11 dpi when we measured their olfactory 
capacities. We also measured their olfactory abilities using a slightly 
modified buried food test involving two different depths of hidden food 
(Fig. 2). At 2 dpi, we observed a significant decrease of olfactory per-
formances with shallow or deeply buried food, consistent with a previ-
ous study (Reyna et al., 2022). Both the vehicle and Dexamethasone- 
treated animals showed a partial recovery of their ability to discover 
shallow buried food at 11 dpi. Indeed, at 11 dpi animals from both 
groups spent significantly more time to retrieve the hidden food than 
prior to infection (Mann Whitney, P = 0.0022 and 0.0173 for vehicle 
and dexamethasone groups, respectively). When the food was deeply 
buried, both groups were significantly less efficient at 11 dpi than prior 
to infection and did not perform better than at 2 dpi. However, the 
dexamethasone-treated group performed significantly better than the 
vehicle group with 5 vs 1 out of 6 animals finding the food respectively 
(Fig. 2C; Mann Whitney, P = 0.0291), indicating that the olfactory 
function was improved by the corticoid treatment. The percentage of 
activity during the food buried test was similar for both groups (Fig. 2C). 

3.2. Change in genes expression related to odor detection and immune 
response 

The expression of olfactory transduction-related genes in the OE has 
been shown to be markedly decreased following SARS-CoV-2 infection 
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in mice (Verma et al., 2022). Most volatile odorants are transduced 
through the activation of an olfactory receptor (OR) coupled to a specific 
G protein Golf, which in turn activates the adenylate cyclase III. The 
increase in cAMP level in turn activates a CNG channel (Cnga2), and the 
concentration of cAMP is buffered by the olfactory marker protein 
present only in mature olfactory neurons (OMP; Nakashima et al., 
2020). We observed that, contrary to mice, the expression level of all 
olfactory transduction-related genes was not significantly affected at 2 
dpi compared with uninfected animals (Fig. 3A). However, their 
expression was strongly decreased at 11 dpi without any significant 
impact of the corticoid treatment. We then examined the population of 
immature neurons using the expression level of GAP43 (Verhaagen 
et al., 1989). Again, its level was unaffected at 2 dpi, but increased 
statistically at 11 dpi without impact of the corticoid treatment 
(Fig. 3A). This increase could be linked to proliferation of basal cells, 
and we therefore measured the expression level of Ki67 related to 
cellular division (Ohta and Ichimura, 2000). The alteration of its level 
was consistent with GAP43. Several studies in animal models and 
humans have shown a long-term persistence of inflammation in the ol-
factory system and different brain parts following SARS-CoV-2 infection. 
This has been shown notably by an increased presence of Iba1+ cells; a 
marker of microglia in the brain including the olfactory bulb and acti-
vated macrophages in the olfactory turbinates (Finlay et al., 2022; 
Kishimoto-Urata et al., 2022; Rutkai et al., 2022). Furthermore, we 
previously observed an increase in the innate immune cell population as 
early as 1 dpi (Bourgon et al., 2022). We thus measured the expression 
level of Iba1+ (related to resident macrophages), Ncf2 (related to neu-
trophils) and CD68 (related to circulating macrophages). While all these 
genes were overexpressed at 2 dpi, their levels were significantly 
reduced at 11 dpi, with only CD68 related to circulating macrophages 
being statistically decreased by the corticoid treatment (Fig. 3A). We 
also measured the expression level of CD163 and CD206, markers of 
anti-inflammatory M2 macrophages (Etzerodt and Moestrup, 2013; 
Jablonski et al., 2015). Both levels were increased following SARS-CoV- 
2 infection but their level was higher in the corticoid treated group at 11 

dpi (Fig. 3A). Consistent with the anti-inflammatory property of corti-
coid treatment, we also observed a significant decrease of IL6 expression 
levels in the olfactory turbinates and olfactory bulb of the dexametha-
sone group (Fig. 3B, C). While many markers were not statistically 
affected by the corticoid treatment, such as CXCL10 and IL10, we 
observed a tendency of decreased inflammation markers and improved 
olfactory marker following the treatment. We thus performed a principal 
component analysis showing that animals treated with corticoid clearly 
form a distinct group from those treated with vehicle alone (Fig. 3D). 

3.3. Corticoid treatment reduces resident macrophages presence in the 
olfactory mucosa following SARS-CoV-2 infection 

Prolonged inflammation following SARS-CoV-2 infection has been 
well characterized in the nasal cavity (Bryche et al., 2020; Finlay et al., 
2022; Kishimoto-Urata et al., 2022). Among the different immune cells 
present during early inflammation of the infected olfactory epithelium, 
we previously observed a massive presence of Iba1+ resident macro-
phages as well as CD68+ circulating macrophages and MPO+ neutro-
phils. CD68+ and MPO+ cells were mainly observed during the phases of 
the epithelial damage (Bourgon et al., 2022). Among these innate im-
mune cells, we observed only the persistence of Iba1+ cells at 11 dpi and 
thus focus our attention on them. The persistent presence of these cells 
in the olfactory turbinates after SARS-CoV-2 infection has been shown to 
be spatially restricted (Kishimoto-Urata et al., 2022). While their pres-
ence in the ventro lateral part of the OE returns to its basal state at 21 
dpi, the dorso median zone has been shown to stay inflammatory and 
damaged up to 42 dpi (Kishimoto-Urata et al., 2022). To assess the 
effectiveness of the corticoid treatment following SARS-CoV-2 infection 
on the recovery of the OE in the nasal cavity, we focused on a coronal 
section in the middle of the nasal cavity where we found similarly a 
sustained presence of Iba1+ cells in both the dorso median part and the 
ventro lateral zone of the nasal cavity (Fig. 4). At 11 dpi, Iba1+ cells 
were mainly present in the lamina propria and at a higher level than 
prior to infection for both areas in vehicle-treated animals (Fig. 4C; 

Fig. 1. Pathophysiological impact of early corticoid treatment on SARS-CoV-2 infection. (A) Experimental design to evaluate the treatment of SARS-CoV-2 infected 
hamsters with sub-cutaneous (SC) corticoid treatment started at 2 dpi until 11 dpi (days post infection) (B) Viral load in nasal swab collected from 1 to 5 dpi (C) Weight 
monitoring (D) Extra food consumption as an indirect measure of food intake (Mean ± SEM, n = 6, 2-way ANOVA followed by Bonferroni post-test; ns: P > 0.05; * P < 0.05). 
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Mann-Whitney, P < 0.0001 for both zones). The dexamethasone treat-
ment significantly decreased their presence in both zones compared to 
vehicle-treated animals. However, the level remained higher than before 
infection in the dorso median part (Fig. 4C; Mann-Whitney, P < 0.0001). 
As the M2 macrophages markers CD206 and CD163 were significantly 
more expressed in the corticoid treated group, we investigated the 
presence of Arg1 in the olfactory turbinates which is another M2 
macrophage marker (Yang and Ming, 2014). Most of the Arg1+ cells 
were also Iba1+ at 11 dpi and we observed an increased ratio of Arg1+/ 
Iba1+ cells in the corticoid treated group (Supp. Fig. 1). 

3.4. Corticoid treatment impact on the olfactory neuron population after 
SARS-CoV-2 infection 

Following SARS-CoV-2 infection of sustentacular cells in hamsters, 
massive damage occurs in the epithelium, resulting in the loss of ol-
factory neurons into the lumen of the nasal cavity (Bourgon et al., 2022; 
Bryche et al., 2020). We chose 11 dpi as we expect that approximatively 
50 % of the epithelium would have regenerated, based on previous study 
of the regeneration time course (Bryche et al., 2020; Reyna et al., 2022) 
and that corticoid treatment could improve such recovery. Indeed, 
prolonged inflammation has been shown to hamper the regeneration of 
the olfactory epithelium (Chen et al., 2019) and we observed that the 
treatment effectively limited inflammation in the olfactory mucosa 

(Figs. 3 and 4). We first examined the recovery from damage in the ol-
factory epithelium based on histological staining. We did not observe 
statistical difference between vehicle and corticoid-treated animals 
(Supp. Fig. 2). We next examined the regeneration level of the olfactory 
epithelium based on Ki67 staining (Ohta and Ichimura, 2000). While the 
level was much higher than in the control uninfected animal, it was 
again not affected by the corticoid treatment (Fig. Supp 3). 

We next focused on the olfactory neuron population, and first on 
immature neurons specifically expressing GAP43 (Verhaagen et al., 
1989). In control animals, the cell bodies of immature neurons were 
mainly present in the basal part of the epithelium and formed only a few 
layers (Fig. 5). At 11 dpi, we observed unusual multi layers of staining 
with cell bodies also present in the apical part of the epithelium in 
vehicle and corticoid-treated animals. We thus scored the degree of 
disorganization of GAP 43 staining to evaluate if the corticoid treatment 
could improve the organization level of immature neurons. While we 
observed that the disorganization was higher in the dorso median part of 
the olfactory turbinates, we did not observe any statistically significant 
effect of the corticoid treatment. 

We then measured if the corticoid treatment could have locally 
impacted the mature olfactory neuron population based on OMP im-
munostaining specifically expressed in these cells (Nakashima et al., 
2020). We observed in vehicle-treated animals, that at 11 dpi the mature 
olfactory neuron population was strongly reduced compared to control, 

Fig. 2. Monitoring of olfactory abilities of SARS-CoV-2 infected hamsters treated early with corticoids (A) Representative images of a hamster scanning the surface for 
food (left) and digging for a deeply buried piece of cheese (right) (B) Amount of time taken and (C) percentage of hamsters finding a shallow or deeply buried piece of cheese 
(left and middle panel respectively) and percentage of active time during the hard task (right panel). 2 days before infection, at 2 dpi just before corticoid treatment and at 11 dpi 
after daily corticoid (Dex) or vehicle treatment (Mean ± SEM, n = 6, Mann Whitney; ns: P > 0.05; * P < 0.05). The animal has 200 s to find the food before the test ends. 
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especially in the dorso median part of the olfactory turbinates where 
OMP signal was mostly absent (Fig. 6A). While we observed a slightly 
better OMP signal in the dorso median part for some dexamethasone- 
treated animals, the group was not statistically different from vehicle- 
treated animals. We however observed a significant increase in OMP 
stained cells in the ventro lateral part of the olfactory turbinates 
compared to vehicle-treated animals (Fig. 6C). 

To confirm this result, we took advantage of the OMP expression in 
the axons of olfactory neurons. As these axons converge in the olfactory 
bulb, the OMP staining can be seen in the glomeruli which collect axons 
from neurons expressing the same olfactory receptor. The size of the 
glomeruli reflects the olfactory neuron population in the olfactory 
epithelium (Bozza et al., 2002). We thus measured the size of glomeruli 
based on OMP staining as a global measure of the olfactory neuron 
population. While the size was decreased for both groups compared to 

uninfected animals, it was higher in dexamethasone-treated animals 
(Fig. 7A, B). We also found a significant correlation between the 
glomerular size of animals and their time to find the buried food 
(Fig. 7C). 

We finally examined if this difference in olfactory mature neuron 
population could be related to a higher level of apoptosis in the olfactory 
epithelium by measuring the level of cleaved caspase 3 staining (Porter 
and Janicke, 1999). We did not observe any statistical difference be-
tween uninfected animals and vehicle or corticoid-treated animals for 
both zones of the olfactory epithelium (Supp. Fig. 3). 

4. Discussion 

As the number of patients suffering from long term olfactory disorder 
increases, animal models are necessary to assess the effectiveness of 

Fig. 3. Molecular impact on the olfactory system of SARS-CoV-2 infected hamsters treated by early corticoids (A) Expression level of genes related to olfactory 
transduction and inflammation in the olfactory turbinates of animals; uninfected (CTL); at 2 dpi corresponding to the start of the corticoid treatment and at 11 dpi after 
treatment with vehicle or dexamethasone (Dex) (B) Schematic of an hamster hemi head anterior part showing the localization of the olfactory turbinates and olfactory bulb. (C) 
Expression level of genes related to inflammation in the olfactory bulb of animals at 11 dpi after treatment with vehicle or dexamethasone (Dex). Relative expression means ±
SEM, n = 6, Mann Whitney; ns: P > 0.05; *P < 0.05; **P < 0.01. (D) PCoA biplots of RNA levels in olfactory turbinates. Each dot represents a separate animal, colored 
according to the treatment. Ellipses represent a confidence interval of 95 %. Arrows color and their direction toward the ellipses center reflect the contribution of the corre-
sponding gene to the first two components of PCoA. The two groups differ significantly (permutational multivariate analysis of variance with adonis, P < 0.005). 
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therapeutic treatments such as corticoid which have variable effective-
ness in humans. Using Syrian golden hamsters, our results show that 
early systemic corticoid treatment is effective in improving olfactory 
recovery following SARS-CoV-2 infection. 

We started the corticoid treatment at 2 dpi, when the infection is still 
going on. As corticoids have an anti-inflammatory effect, it may increase 
the level of viral infection. Such treatment started at 2 dpi has already 
been tested in SARS-CoV-2 infected hamsters using similar dose of 
dexamethasone (Wyler et al., 2022). While the authors focused on lung 
physiopathology, they observed a beneficial anti-inflammatory effect 
and a non-significant slight increase of viral burden in the lungs. Our 
results of viral titration from nasal swabs indicate similarly that the 
dexamethasone treatment when started at 2 dpi did not impact the viral 
presence in the nasal cavity (Fig. 1B). The similar weight loss observed 
in both groups indicates as well that it did not change strongly the 
pathophysiology of the infection (Fig. 1C). In order to characterize the 
olfactory performances of hamsters, we used a buried food test. This test 
is classically performed with only one level of buried food (Yang and 
Crawley, 2009) but we chose to do it with the food buried at two 
different levels. Interestingly, at 2 dpi, 75 % of hamsters were still able to 
find a shallow buried piece of cheese (Fig. 2B), indicating that most were 

hyposmic. This result contrasts with a previous study where hamsters 
have been reported to be anosmic at 2 dpi (Reyna et al., 2022) but 
consistent when using only the deeply buried food. Indeed, in this 
condition, we observed that only 33 % of hamsters could find the food, 
which could indicate that most are anosmic (Fig. 2C). It may thus be 
relevant to perform the food buried test at these two levels to better 
characterize the olfactory disorder in rodent models. Interestingly, we 
observed that food intake, which strongly decreases at 4 dpi in the 
vehicle group was much less impacted in the group treated with corti-
coid (Fig. 1D). This increase of food intake is consistent with the 
improved olfactory capacities observed at 11 dpi in this group, as 
olfaction is essential for food intake in rodents. It may also be related to 
the direct impact of corticoid on food intake (Dallman et al., 2004), but 
the consumption of extra food was similar in both groups at 11 dpi when 
olfaction is also recovered for an easy task in the vehicle-treated group. 
Such a result raises the question of the importance of olfaction in the 
weight loss following SARS-CoV-2 infection in hamsters. 

A recent study in mice shows that following infection with a mouse 
adapted SARS-CoV-2, there is an important impact on gene expression 
related to olfactory transduction (Verma et al., 2022). Similar results 
have been observed in hamsters using single-cell RNA seq as early as 1 

Fig. 4. Reduction of resident macrophage presence in the olfactory mucosa of SARS-CoV-2 infected hamsters treated with corticoids. Representative images of olfactory 
turbinates in the dorso median (A) or ventro lateral (D) part of a coronal section in the middle of the nasal cavity (B). (C) Iba1 staining related to resident macrophage presence 
in the lamina propria (LP). Mean ± SEM, n = 6, Mann Whitney; *P < 0.05; **P < 0.01; ***P < 0.0001; ns non-significant. 

L. Merle-Nguyen et al.                                                                                                                                                                                                                         



Brain Behavior and Immunity 118 (2024) 78–89

85

dpi (Zazhytska et al., 2022). Surprisingly, while we observed a decrease 
in hamster olfactory capacities at 2 dpi, we did not find any impact on 
the expression of genes related to olfactory transduction (Fig. 3A). Such 
result is consistent with histological data showing that at 2 dpi, most of 
the OE in the posterior nasal cavity is still spared from damage (Bourgon 
et al., 2022). We can thus hypothesize that the loss of smell at 2 dpi may 
be rather related to either cellular debris in the lumen of the nasal cavity, 
which could impair air flow and thus odorant detection, massive loss of 
olfactory sensory neuron cilia (Bryche et al., 2020), or disruption of the 
sustentacular cells, which are essential for odorant detection (Butowt 
et al., 2023), but not yet to olfactory neuron loss. At 11 dpi, the 
expression of all genes related to olfactory transduction was strongly 
diminished, which could explain the persistence of hyposmia in both 
groups. The expression of genes related to inflammation and innate 
immunity cells presence in the OE was also strongly increased at 2 dpi. 
This expression globally decreased at 11 dpi but remained at a higher 
level than control for all genes, except ncf2, which is related to 
neutrophil presence. This higher level of gene expression related to 
inflammation and immune cell infiltration at 11 dpi is consistent with 
the persistence of inflammation reported previously in humans and 
hamsters (Finlay et al., 2022; Kishimoto-Urata et al., 2022). The 

corticoid treatment was effective to reduce the expression of CD68, 
related to macrophages presence, as well as the inflammatory cytokine 
IL6 in the OE and olfactory bulb (Fig. 3C). The lower presence of markers 
related to immune cells presence in the OE was confirmed by histology, 
showing a decreased presence of Iba1+ cells in the olfactory mucosa 
(Fig. 4). We also measured an increase in CD163 and CD206 expression; 
markers of M2 anti-inflammatory macrophages (Etzerodt and Moestrup, 
2013; Orecchioni et al., 2019). This is consistent with the known CD163 
overexpression following corticoid treatment (Takenouchi et al., 2021). 
Arg1 is another M2 macrophage marker (Orecchioni et al., 2019) and we 
observed an increased ratio of double stained Arg1/Iba1 cells (Supp. 
Fig. 1). Iba1+ cells are poorly described in the nasal cavity. We previ-
ously observed that they do not express CD68 contrary to macrophages 
invading the olfactory turbinates following SARS-CoV-2 infection 
(Bourgon et al., 2022) and thus characterized the Iba1+ cells as resident 
macrophages. The elevated ratio of Arg1 co-expression following 
dexamethasone treatment show that the Iba1+ cells can also evolve to-
ward an M2 macrophage phenotype. While, these cells need to be 
further characterized, our observations are consistent with the anti- 
inflammatory action of corticoid and may explain the improved olfac-
tory abilities in the dexamethasone-treated group for the buried food 

Fig. 5. Disorganization of immature olfactory neuron population at 11 dpi in vehicle and corticoid treated animals. Representative images of olfactory turbinates in the 
dorso median (A) or ventro lateral (D) part of a coronal section in the middle of the nasal cavity (B). (C) Scores of the degree of disorganization of immature olfactory neuron 
population based on GAP43 staining. Mean ± SEM, n = 6, Mann Whitney; *P < 0.05; **P < 0.01; ns non-significant. 
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test. It could be interesting to investigate if this effect relies mainly on 
IL6 reduction level but it would require another animal model as 
available tools in hamsters to block IL6 are unfortunately limited. 

Prolonged inflammation has been shown to hamper the renewal of 
the olfactory epithelium (Chen et al., 2019), which could thus limit the 
regeneration of the OE following the massive desquamation caused by 
SARS-CoV-2 infection (Bryche et al., 2020). Despite the persistence of 
inflammation, we observed a strong increase in cellular proliferation 
consistent with an increased level of GAP43 expressed by immature 
olfactory neurons (Fig. 3A; 5 and Supp. Fig. 2). The presence of imma-
ture olfactory neurons was confirmed by histology, with a strong zonal 
difference. Their population had almost returned to the uninfected level 
in the ventro lateral zone of the nasal cavity but was strongly altered in 
the dorso median part. In control animals, the cell bodies of immature 
olfactory neurons are restricted to the basal part of the OE (Moon et al., 
2002), and they project a typical dendrite extension toward the apical 
part of the OE with a dendritic knob. Such organization was lacking at 
11 dpi in the dorso median part of the nasal cavity (Fig. 5). Interestingly, 
similar results have been observed 2 weeks after methimazole treatment 
inducing a complete desquamation of the OE (Bergman et al., 2002). The 
zone of the disorganization of immature olfactory neuron population 

correlates with the higher presence of iba1+ cells (Fig. 4). This differ-
ential presence of Iba1+ cells has already been reported, as late as 42 
dpi, in hamsters OE and was associated with a loss of olfactory mature 
neurons (Kishimoto-Urata et al., 2022). We found a similar result with 
an absence of OMP staining in the OE of vehicle-treated animals at 11 
dpi in the dorso-median zone, which was partially restored by the 
corticoid treatment (Fig. 6). The increase of the mature olfactory neuron 
population by the dexamethasone treatment was consistent with the size 
of glomeruli in the olfactory bulb. Indeed, glomerular size reflects the 
amount of innervating OE olfactory neurons (Bozza et al., 2002). 
Furthermore, the glomerular size in the olfactory bulb was correlated 
with the hamster’s performance in the hard task of the buried food test 
(Fig. 6C). Interestingly, the size of olfactory bulb in patients suffering 
from long-lasting olfactory disorders following SARS-CoV-2 infection is 
reduced (Frosolini et al., 2022). Such reduction is consistent with a 
reduced mature olfactory neuron population in the OE observed in 
human biopsies of patients suffering from non-recovering COVID-19 
hyposmia (Finlay et al., 2022). How could the diminishing inflammation 
help the recovery of the mature olfactory neuron population? Inflam-
mation may either impair the differentiation of immature neurons to 
mature neurons or increase the level of neuronal death related to tissue 

Fig. 6. Local improvement of the mature olfactory neuron population at 11 dpi in SARS-CoV-2 infected hamsters treated with corticoids. Representative images of 
olfactory turbinates in the dorso median (A) or ventro lateral (D) part of a coronal section in the middle of the nasal cavity (B). (C) OMP staining related to the mature olfactory 
neuron population. Mean ± SEM, n = 6, Mann Whitney; *P < 0.01; **P < 0.001; ns non-significant. 
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damage. While we did not observe different levels of apoptosis at 11 dpi 
in both groups (Supp. Fig. 2), it could be related to pyroptosis or necrosis 
even if such cellular deaths are not yet described in the OE even during 
high inflammation (Suzuki and Farbman, 2000). We would need to 
examine earlier time points to decipher how corticoid treatment helps to 
restore the mature olfactory neuron population. While hamster basic 
olfaction has already recovered at 11 dpi as can be seen by the good 
performance of the vehicle-treated group in the easy food buried task 
(Fig. 2), only the group treated with corticoid could partially recover 
their capacity to smell a deeply buried food. How can the animals 
perform a basic olfactory task when their mature olfactory neuron 
population is very low? Indeed, we observed in vehicle treated group 
that the OMP score level is at best around 10 % of prior infection level in 
the most preserved zone of the OE. It has been hypothesized than 10 % of 
original olfactory neuron population may be enough for basic olfaction 
discrimination so hamster olfactory neuron population might still be 
around this threshold at 11 dpi (Butowt et al., 2023). Another possibility 
is that immature olfactory neurons may be already efficient to transmit 
pertinent olfactory information. Indeed, it has been shown recently that 
5 days old immature neurons allows mice to perform olfactory 
discrimination task (Huang et al., 2022) and hamsters olfactory 
epithelium may hold such immature neurons at 11 dpi. Furthermore, the 
fact that we observed a progressive recovery of olfactory performances 
in hamsters raises the question of the recovery evaluation of the smell 
capacities in humans. Indeed, UPSIT (University of Pennsylvania Smell 
Identification Test) is the most used olfactory test and consists at directly 
smelling different odors presented under the nose (Doty et al., 1984). As 
humans have a very good sense of smell (McGann, 2017), it may be that 
the olfactory disorder following SARS-CoV-2 infection lasts far longer 
than currently estimated, as it would require more sophisticated tests to 
measure the real olfactory capacities. 

So far, most corticoid treatment has been performed in humans when 
the olfactory disorder does not recover spontaneously several weeks 
post-infection (Huart et al., 2021; Le Bon et al., 2021; Vaira et al., 2021; 
Nag et al., 2023). Only one has been performed within one week after 
the onset of COVID-19-related olfactory disorders. In this study, the 
authors did not observe any impact of the corticoid treatment which was 
performed by nasal irrigation (Tragoonrungsea et al., 2023). Oral 
administration may be more effective in humans as nasal irrigation re-
quires specific posture to reach the olfactory cleft (Mori et al., 2016). 
Rodents model may not be a good model to explore the question of the 
best delivery route of corticoid as the anatomy of the nasal cavity is very 
different from human (Salazar et al., 2019). Previous studies have shown 
that corticoid treatments effectiveness to repair the OE after injury is 
very variable according to the pathophysiological context. Indeed 
studies in rodent models have shown that they can be detrimental to the 
OE regeneration (Crisafulli et al., 2018; Wang et al., 2021; Li et al., 
2023) or beneficial (Sultan et al., 2011; Huang et al., 2019) and this may 
be related to the acknowledged role of macrophages in OE regeneration 
(Borders et al., 2007). Overall, our results indicate that persistent 
inflammation may disturb the recovery of the mature olfactory neuron 
population and that early corticoid treatment improves the recovery 
from SARS-CoV-2 induced olfactory impairment. However, side effects 
of such treatment are not without consequences (Huart et al., 2021) and 
require further human studies considering that most patients will 
spontaneously recover part of their olfactory capacities (Whitcroft et al., 
2023). 
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