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NEURAL REGENERATION RESEARCH 

The balance between efficient anti-inflammatory 
treatment and neuronal regeneration in the olfactory 
epithelium 

Introduction
The olfactory epithelium (OE) is mainly composed of 
specialized neurons that transduce signal from odor-
ant molecules detection into action potentials relayed 
to the central nervous system (CNS). These neurons, 
called olfactory sensory neurons (OSNs), signal to the 
olfactory bulb according to a combinatorial code that 
allows humans to discriminate roughly one trillion ol-
factory stimuli (Ihara et al., 2013; Bushdid et al., 2014). 
The OSNs are strategically positioned in close prox-
imity to the nasal cavity, which provides the means for 
odorants detection. However, such location also pre-
disposes these cells to the exposure of toxic molecules, 
pathogens, allergens, and others. Chronic inflammation 
in the upper respiratory tract is often associated with 
nasosinus disease, including rhinosinusitis (Holbrook 
and Leopold, 2006). The recruitment of inflammatory 
cells is essential for microbe containment and elimi-
nation, a rationale formulated more than one century 
ago. However, the quite intuitive double-edged sword 
paradigm of inflammation also defines the destructive 
facet of this natural protective reaction, damaging by-
stander cells and eventually resulting in loss of func-

tion (Wyss-Coray and Mucke, 2002). The nasal mucosa 
is no exception, and is also severely injured when ex-
posed to an inflammatory environment. Chronic rhi-
nosinusitis can affect 5–15% of the general population, 
and a considerable fraction of these individuals may 
develop olfactory dysfunction due to inflammation 
(Holbrook and Leopold, 2006; Bachert et al., 2014). 
Hyposnomia and anosmia, the reduced and complete 
loss of sense of smell, respectively, underlie an import-
ant decrease of quality of life, including spoiled food 
consumption, depression and failure to detect potential 
harmful chemicals and danger signals. Raviv and Kern 
summarized that 25% of smell loss cases (more than 10 
million people) could be attributed to chronic sinusitis. 
It is interesting to note some reports involving sinusitis 
describing human cases of olfactory function recovery 
after oral anti-inflammatory corticosteroid therapy that 
failed to be restored only by sinus surgery (Jafek et al., 
1987; Raviv and Kern, 2004). This and other evidences 
contradicted the common belief that smell loss due to 
sinonasal disease was an obstruction problem analo-
gous to ear wax as a cause of hearing deficits, wherein 
the end organs are preserved and normal. For instance, 
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biopsies from patients that underwent nasal surgery re-
vealed a high incidence of inflammatory cells influx in 
the olfactory mucosa of subjects with olfactory deficits 
(Kern, 2000). There is also strong support for the as-
sociation between the beneficial effects of steroidal an-
ti-inflammatory drugs (SAIDs) on olfactory function 
and drug-induced anti-inflammatory action (Wolfens-
berger and Hummel, 2002; Kim et al., 2017). Topical 
glucocorticoids (GCs) are considered first-line therapy 
for treating rhinosinusitis and nasal polyposis, and for 
this reason they have been highly used and evaluated 
(Rudmik et al., 2013). While proper control of inflam-
mation is desirable, few attention have been focused on 
GCs effects on neuronal replacement in the OE. In fact, 
since the OE is a remarkable site of adult neurogenesis 
(Brann and Firestein, 2014), OSNs replacement after 
nasal mucosa injury have been taken for granted in 
GCs treated patients. How safe are GCs topically deliv-
ered in the nose for olfactory function recovery? 

Figure 1 The paradox of 
glucocorticoid treatment for 
olfactory recovery during 
inflammation. 
Several conditions activate inflamma-
tion, which recruits cells that release 
massive amounts of cytokines, lipid 
mediators and reactive oxygen species 
(ROS). This environment promotes 
nasal  obstruct ion and olfactor y 
sensory neurons (OSNs) cell death. 
Newborn OSNs are generated from 
basal cells (horizontal and globose 
basal progenitors; horizontal basal 
cells (HBCs) and globose basal cells 
(GBCs)) resulting in replacement of 
dead cells. The basal cells are the ma-
jor cell population competent for the 
high proliferative activity necessary 
for generating the main olfactory cell 
types. While glucocorticoids (GCs) are 
drugs of choice for controlling inflam-
mation, these molecules also inhibit 
olfactory progenitor cells proliferation 
and negatively impacts neurogenesis 
in the olfactory epithelium (OE). One 
proposed mechanism for GCs delete-
rious effects is the decreased protein 
synthesis rate, which is necessary for 
cell-cycle activity. This contradictory 
panorama defines the GC paradox. 

GCs Interfere with OE Neurogenesis
In order to answer the question above, we conducted 
experiments employing nasal infusion of the synthetic 
GC dexamethasone (DEX), a well characterized and 
potent GC receptor (GR) agonist, during the course 
of OSNs regeneration in murine OE (Crisafulli et al., 
2018). The development of an acute and reversible 
inflammatory lesion in the OE allowed us to evaluate 
if our conditions reproduces the GC anti-inflamma-
tory effect. In fact, DEX is able to prevent OSNs loss 
provoked by the infusion of gram-negative bacteria 
lipopolysaccharide (LPS), which robustly activates the 
innate immune response through Toll-like receptor 
4. Although LPS dramatically damages the murine 
OE, the neuroepithelium is able to recover within few 
weeks. The regeneration profile is compatible with the 
recruitment of OE basal progenitors that proliferates 
and provides efficient replenish the neuronal loss after 
injury (Leung et al., 2007), as depicted in Figure 1. Im-
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portantly, if DEX is topically administrated once a day 
after the inflammatory OE lesion establishment for the 
first three consecutive days, the neuronal regeneration 
is hugely impaired (Crisafulli et al., 2018). We verified 
a very similar effect when DEX was employed after 
methimazole-induced lesion, a drug that kills mature 
OSNs without the involvement of inflammation. This 
prompted us to use an in vitro model to test if DEX 
directly interferes with the proliferative activity of 
OE progenitor cells. Neurospheres develop in culture 
when cells isolated from the OE of newborn pups are 
cultivated in non-adherent conditions in the presence 
of growth factors, and hence can be used for infering 
progenitor cells activity. We verified that DEX dose-de-
pendently decreased OE neurosphere formation, an 
effect abolished in the presence of a GR antagonist. 
This suggests that DEX interferes with OE progenitors 
cell-cycling independently of its anti-inflammatory 
effect. A recent study showed that DEX delivered sys-
temically also impairs OE regeneration after lesion pro-
moted by genetically-driven tumor necrosis factor-α 
(TNF-α) production in the OE (Chen et al., 2017). 
However, the authors correlated DEX effects with its 
interference on the activity of nuclear factor κB (NF-
κB), one of the transcription factors that masters the 
pro-inflammatory gene expression. Curiously, NF-κB 
activity was crucial in horizontal basal cells, a quies-
cent progenitor cell recruited after lesions. Accordingly, 
DEX would interfere with NF-κB as a potential link 
with a transient inflammatory response that is required 
for regeneration. While this hypothesis is attractive, 
our results obtained in vitro with neurosphere culture 
argues that DEX has direct effects on OE progenitor 
cells independently of the presence of inflammatory 
signaling (Figure 1). DEX can interfere with the mi-
totic activity of basal progenitor cells in vivo, without 
evidences that DEX promotes cell death or interferes 
with neuronal differentiation. Indeed, a recent study 
also supports our findings on proliferation and cellu-
lar viability, but using the GC methylprednisolone in 
brain neural stem cells (Al-Mayyahi et al., 2018). This 
indicates a general effect of GCs on neural stem and 
progenitor cells that is not restricted to a unique neu-
rogenic niche.

Control of Protein Synthesis as A GC 
Signaling Target
In an effort to correlate a mechanism with the delete-
rious GC effect, we reasoned that DEX would mimic 
a general signal of unfavorable conditions, as those 

found during stress or prolonged fasting that leads to 
muscle wasting through the corticosteroid hormone. 
In fact, we observed a time-dependent effect in which 
mammalian target of rapamycin (mTOR) complex 1 
(mTORC1) downstream signaling is disturbed by DEX. 
This involves decreased ribosomal S6 kinase activity, 
leading to insufficient activity of a required step for 
cell-cycling, namely protein synthesis. We were able to 
monitor this cellular process through nascent polypep-
tide chain labeling with puromycin, which was found 
to be a powerful method to evaluate DEX effects on 
protein synthesis in situ. At this moment it is not pos-
sible to know if decreased protein synthesis is cause or 
consequence of insufficient proliferative activity of pro-
genitor cells in the OE. New approaches are necessary 
to establish the appropriate relationship. For instance, 
manipulations in mTORC1 activity could restore pro-
tein synthesis and revert DEX effects on neurogenesis. 
Unfortunately, accurate tools are lacking or not easily 
accessible in terms of restoring protein synthesis with 
reliable, stable, and specific interventions. It is also not 
clear whether regenerative improvements would be 
achieved after stimulating protein synthesis. Decreased 
activity of this cellular process could actually circum-
vent endoplasmic reticulum (ER) stress at the cost of 
insufficient neurogenesis, demanding caution before 
naming the putative culprits. 

Alternative Strategies to Restrain 
Inflammation in the Nasal Mucosa
GCs are potent anti-inflammatory molecules, but this 
pharmacological property coexists with profound met-
abolic changes associated with transcriptional events 
target by GRs. Independently of determining the re-
quirement of the ‘genomic’ or ‘nongenomic’ GR mech-
anisms, GCs negative impact on neurogenesis falls 
in the broad spectrum of corticosteroid side-effects. 
Although non-SAIDs (NSAIDs) represent a quite large 
catalog of options, SAIDs are preferred as topically-de-
livered intranasal drugs (see introduction). In the last 
decade, novel ligands with dissociated effects called 
selective GR agonists (SEGRAs) (also called dissociat-
ed GR ligands, and selective GR modulators; SEGRMs 
– especially in case of non-steroidal molecules) have 
been developed in order to circumvent GCs side-ef-
fects while retaining anti-inflammatory activity. These 
prototype drugs were designed in order to mimic GR 
interaction with pro-inflammatory transcription fac-
tors such as NF-κB. The literature regarding the effects 
of SEGRAs/SEGRMs in different immune cells remains 
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quite scarce (Xavier et al., 2016), but it will be interest-
ing to test how this promising compounds would im-
pact OE regeneration. Nevertheless, these dissociated 
agonists can still impact OSNs regeneration since there 
are evidences that NF-κB signaling is required for hor-
izontal basal cells repopulate the injured OE as men-
tioned above. Thus, it is possible that the development 
of other anti-inflammatory approaches will be nec-
essary to tackle the paradox of GC treatment in nasal 
mucosa. For instance, the promotion of pro-resolution 
phenotype of immune cells.

Conclusions
Olfactory loss of function provokes a considerable 
decrease in quality of life. Chronic inflammation in 
the upper respiratory tract is one of the leading causes 
that results in damage to the neuronal elements of the 
OE. Failure in achieving resolution of inflammation 
requires pharmacological therapy based on GCs that 
interfere with the recruitment and proliferation of 
basal progenitor cells, resulting in reduced neuronal 
regeneration. Repeated cycles of inflammation and GC 
therapy may interfere with the normal cytoarchitecture 
of the OE, disturbing the organization of the signals 
relayed to the brain. The dissection of GCs’ molecular 
targets that negatively impact neuronal replenishment, 
such as protein synthesis pathways, may help to devel-
op adjuvant treatments or design new strategies that 
do not promote considerable risk of olfactory disorder 
development. 
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