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Abstract: The olfactory nerve (ON) is the only cranial nerve exposed to the external environment. Hence, it is susceptible to damage
from head trauma, viral infection, inflammatory stimulation, and chemical toxins, which can lead to olfactory dysfunction. However,
compared with all other cranial nerves, the ON is unique due to its inherent ability to regenerate. This characteristic provides a
theoretical basis for treatment of olfactory dysfunction. Olfactory training (OT) is one of the main treatments for olfactory dysfunction.
It is easy to apply and has few side-effects, and has been shown to be efficacious for patients with olfactory dysfunction of various
causes. To further understand the application value of ON regeneration and OT on olfactory dysfunction, we review the research
progress on the mechanism of ON regeneration and OT.
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Introduction

An epidemiological survey showed that the incidence of olfactory dysfunction is much higher than assumed previously.
The estimated prevalence of hyposmia is up to 15% and functional anosmia is 5% in the general population.' These
disorders can result in malnutrition, food poisoning, weight loss, depression, and other disturbances.’

Odor receptors expressed in olfactory neuronal cilia within the olfactory epithelium detect odors first. Compared with
all other cranial nerves, the olfactory nerve (ON) is unique due to its inherent ability to regenerate, and likely regenerates
throughout the lifetime of a human.® Several therapeutic strategies have been proposed based on ON plasticity, but the
validity of most of those regimens is uncertain. Therefore, exploring ON mechanisms and finding new and efficacious
treatment of olfactory dysfunction is a rational approach.

Olfactory training (OT) can be undertaken readily and has few side-effects. The basic principle is for patients to smell
different odors repeatedly and in an organized manner over a long period of time.* OT is realistic treatment with great
potential in patients with olfactory dysfunction. Several studies have shown that olfactory dysfunction due to infection of
the upper respiratory tract, trauma, neurologic disorders, or idiopathic disorders can be improved by OT, particularly for
enhancement of the ability to discriminate and identify odors. The exact mechanism by which OT improves olfactory
function is not clear. However, it is believed to be associated with neuroplasticity of the olfactory system, which provides
a new idea for treatment of olfactory dysfunction.

Research Progress in the Mechanism of ON Regeneration

Basal Cells: Precursor Cells of Olfactory Receptor Neurons (ORNs)

Nascent ORNs are differentiated from basal cells to supplement aging and injured neurons, and then maintain the
homeostasis of olfactory epithelial cells. Two populations of basal cells lie within the olfactory epithelium: horizontal
basal cells (HBCs) and globose basal cells (GBCs).> In health, HBCs are considered to be a “reservoir” of stem cells that
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remain dormant and they can be activated by direct and severe damage to the epithelium. Activated HBCs are mainly
differentiated into GBCs, which then expand and differentiate into ORNs and other types of epithelial cells.® GBCs are
the main proliferative population in the olfactory epithelium and they are not only responsible for the self-renewal of
ORNSs, but are also the main cells for regeneration of ORNs after minor and selective injury.’

Labeling of thymidine analogs and mitosis-related proteins has shown that GBCs are the main proliferative popula-
tion in the olfactory epithelium.® GBCs can differentiate to almost all epithelial cell types, including ORNs, HBCs,
sustentacular cells, and Bowman’s glands/ducts cells. GBCs express different transcription factors during different stages
of development and regeneration of the olfactory epithelium, and have different differentiation potential, mainly sex
determining region Y-box 2 (Sox2), paired box 6 (Pax6), achaete-scute complex-like 1 (Ascll), neurogenin 1 (Neurogl)
and neuronal differentiation factor 1 (Neurodl), as shown in Figure 1 and Table 1. Sox2 is recognized as a stem cell
transcription factor that is expressed in both GBCs and HBCs, and is required for the transition of cells from the activated
state to a neuronal progenitor state.” Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) is expressed
exclusively in the GBCs of neonatal and adult mice. Lgr5 is the target molecule of Wingless-Int (Wnt) signaling pathway.
Whnt signaling can promote the proliferation of Lgr5+ GBCs and regeneration of olfactory neurons.'®'" Li et al used a
strain a strain that destroyed the function of endogenous Lgr5 gene to characterize Sox2 expression in GBCs under
normal conditions and in a lesion-regeneration model. They showed that a lack of Sox2 expression reduced the
proportion of natural ORNs significantly.'?> During neurogenesis, Sox2 can expand the number of neuronal precursors,
whereas Pax6 accelerated neuronal differentiation.'® The expression of Ascll promotes GBCs differentiation to neurons.
A study documented a reduction in the number of ORNs and absence of Notch homolog 1, translocation-associated
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Table | Mechanism of Regeneration of the Olfactory Nerve

Type Regulator Effects References
GBCs Sox2 Proliferation of neuronal precursors, self-renewal [9,12,13]
Pax6 Differentiation, self-renewal [13]
Lgr5 Differentiation, self-renewal [ro,1]
Neurogl Differentiation [5]
Neurod| Differentiation [5]
Ascll Differentiation, proliferation [14]
Ascl3 Differentiation of Bowman’s glands cells [47]
Hesl Differentiation of sustentacular cells [14]
p27 Proliferation [8]
HBCs Sox2 Differentiation [9]
Pax6 Differentiation [9]
TNF-a Differentiation, proliferation [18]
CNTF Differentiation, proliferation of GBCs [20]
p6é3 Inhibition [22,24]
Hesl Dormancy [24]
OECs GDNF Axon growth, migration [27-29]
Fibulin-3 Migration inhibition, proliferation [30]
Slit-2 Migration inhibition [48]
Nogo-66 Migration inhibition, adhesion [49]
TGF-B1 Phagocytosis [33]
SIP Proliferation [36]
Whnt Differentiation, proliferation [35]
oB BDNF Differentiation, proliferation [41,42]
NGF Differentiation, proliferation [40]
NT-3 Enlargement [43]
ERK5 Maturation [45]

Abbreviations: GBCs, globose basal cells; HBCs, horizontal basal cells; OECs, olfactory-ensheathing cells; OB, olfactory bulb; SOX2,
sex determining region Y-box 2; Pax6, paired box; Lgr5, leucine-rich repeat-containing G-protein coupled receptor 5; Neurogl,
neurogenin |; Neurodl, neuronal differentiation factor I; Ascl, achaete-scute complex-like; Hesl, hairy and enhancer of split I; TNF-
o, tumor necrosis factor-o; CNTF, ciliary neurotrophic factor; GDNF, glial cell-derived neurotrophic factor; Slit-2, slit guidance ligand 2;
Nogo-66, extracellular domain with 66-amino-acid-residue of Nogo protein; TGF-B1, transforming growth factor-p1; SIP, sphingosine |-
phosphate; Wnt, Wingless-Int; BDNF, brain-derived neurotrophic factor; NGF, nerve growth factor; NT-3, neurotrophin 3; ERKS,
extracellular regulated protein kinases 5.

(Drosophila) (NOTCHI1)-expressing basal cells in achaete-scute complex-like 1 (Ascll)-knockout mice, whereas
NOTCHI signaling suppressed Ascll via hairy and enhancer of split 1 (Hesl) and drove the differentiation of
sustentacular cells, which showed mutuality between neurogenesis and sustentacular cells.'* Most GBCs express
Ascll and become immediate neuronal precursor GBCs, followed by express Neurogl and Neurodl specifically, and
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finally differentiated into olfactory neurons.” Immature neurons grow to the olfactory bulb (OB), thereby forming
synaptic connections and differentiating into mature ORNs expressing olfactory marker proteins.'”> This process can
be reversed by damage to olfactory epithelium and ORNSs. In the olfactory epithelium after olfactory bulbectomy and
methimazole injury, Neurogl+ GBCs could express Sox2 and Pax6 and show multidirectional differentiation potential.
Similarly, Ascll+ GBCs resumed expression of Sox2 and Pax6 upon epithelial injury. Sox2 was required to initiate
dedifferentiation and promote the expansion of multipotential progenitor cells, which suggested that the differentiation
from stem cells to immediate precursor cells was not irreversible.'®

HBCs remain largely in a quiescent state during normal neuronal turnover and even after an acute, selective loss of
mature neurons. Iwai et al depleted mature ON selectively by excising the OB of mice. They found that HBCs
differentiated predominantly into GBCs and, eventually, to ORNs after ON injury, but differentiated into Bowman’s
gland cells or sustentacular cells in a few cases.'” How HBCs are activated is not known. Studies have shown that
expression of Sox2 and Pax6 in HBCs is critical for neurogenesis after injury, and is associated with the maintenance of
“stemness”.” In a mouse model of acute inflammation of the olfactory epithelium, proinflammatory cytokines (especially
tumor necrosis factor (TNF)-a) were involved in the proliferation and differentiation of HBCs through the tumor necrosis
factor receptor 1/nuclear factor-kappa B (TNFR1/NF-kB) pathway. Also, the acute (rather than the chronic) inflammatory
state is more important in ON regeneration.'® Conversely, chronic inflammation was found to close down the regen-
erative function of HBCs to maintain epithelial immune defense.'® Jia et al instilled (i.n.) focal adhesion kinase in adult
mice to promote ciliary neurotrophic factor (CNTF) expression by HBCs. They found that CNTF could affect GBCs in a
paracrine manner, thereby promoting their proliferation and neuronal differentiation.”® Interestingly, recent studies have
shown that HBC activation is often accompanied by downregulation of expression of the tumor protein p63. The latter is
required for establishment of epithelial cells.”' P63 is highly enriched in HBCs. Injury stimulation caused downregula-
tion of p63 expression, followed by differentiation of HBCs into various cell types such as GBCs.*? P63-knockout HBCs
could strat differentiation without injury.>® In a lesion model (created by injury by the olfactotoxic gas methyl bromide),
the downregulation of p63 expression activated HBCs to differentiate into GBCs. As the epithelium was gradually
repaired, the expression of p63 also gradually increased, shifting HBCs from an activated to a quiescent state. These
results indicate that the expression level of p63 is the main condition that determines whether HBC is activated or not.®
Herrick et al showed, by expression analysis, immunohistochemical examination, and next-generation sequencing, that
the Notch signaling pathway maintained p63 expression and HBC dormancy. Jagged canonical Notch ligand 1 on
sustentacular cells could drive downregulation of Notch pathway signaling after tissue injury to inhibit p63 expression
and then activate HBC differentiation.”*

Olfactory-Ensheathing Cells (OECs): Unique Glial Cells

OEC:s are the glial cells of the olfactory nervous system. They can support axons growth after injury and play an essential
part in ON regeneration.”> During olfactory development, OECs arise from neural crest cells,”® extend ahead of pioneer
olfactory axons, and cover the length of the entire ON from the peripheral nervous system into the central nervous
system. Research has shown that each regenerating olfactory axon can follow the pathway created by pre-existing axons
every 30-90 days.” After ON injury, OECs maintain their structure and provide open channels for regenerating ON
growth back to the OB.? Studies have demonstrated that OECs can promote the regeneration of olfactory neurons, which
is regulated by multiple mechanisms, including the production of neurotrophic factors, removal of neuron debris, the
remyelination of damaged nerves.

Studies have shown that many neurotrophic factors can be secreted by OECs to promote neuronal migration and axon
growth. OECs express and secrete glial cell-derived neurotrophic factor (GDNF) to promote axonal growth and neuronal
survival, but also express GDNF receptors.”” GDNF could promote OECs migration by upregulating expression of
GDNF family receptor-al and rearranged during transfection (Ret) receptors as well as activating c-Jun N-terminal
kinase (JNK) signaling cascades.”® Windus et al observed the growth and interaction of olfactory axons and OECs using
high resolution time-lapse microscopy. They suggested that GDNF could stimulate the lamellipodial waves of OECs,
which resulted in the close cell—cell contact and migration of OECs, which increased the growth of olfactory axons.*’
Real-time reverse transcription-quantitative polymerase chain reaction showed that OECs have high expression of the
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glycoprotein fibulin-3. Fibulin-3 could negatively regulate the ability of matrix metalloproteinase 2 to inhibit OECs
migration and instead promote proliferation. These actions prevented ORN axons from entering other areas outside the
ON.*

OECs can phagocytose detrimental neuronal debris and create a favorable environment for ON regeneration. Nazareth
et al utilized transgenic reporter lines in the developing olfactory system of mice to investigate phagocytosis initiation by
OECs. They found that phagocytosis of olfactory axon debris by OECs was first detected at embryonic day-14.5 and
demonstrated that OECs were the primary phagocytes of the ON in early embryonic development.>' Su et al demon-
strated that resting-state OECs could be activated by lipopolysaccharide stimulation to upregulate expression of
phosphatidylserine receptors, which promoted the phagocytic ability of OECs.*? During phagocyte removal of neuron
debris, OECs could enhance the phagocytic activity of OECs by regulating the integrin/milk fat globule epidermal
growth factor 8 (MFG-ES) signaling pathway to secrete transforming growth factor (TGF)-p1.%

Researchers transplanted OECs in transected ON from rats and observed recovery of the olfactory epithelium. Studies
showed that, compared with the control group, the number of olfactory receptor neurons was greater in the OEC-
transplant group 2 weeks after surgery,®* which showed that OECs could remyelinate injured ON. Yue et al examined the
Wnt pathway by immunostaining. They discovered that Wnt-activated OECs appeared after olfactory damage, and
promoted the proliferation and differentiation of neurons through the Wnt/B-catenin signaling pathway.>> A recent study
showed that OECs could secrete sphingosine 1-phosphate (S1P), a sphingolipid metabolite with broad biological
activities, and show high expression of S1P receptors which could bind with S1P, and then activate yes-associated
protein (YAP) through the Ras homolog family member A (RhoA) pathway to promote OECs proliferation. These
actions resulted in functioning of the SIP/RhoA/YAP pathway in ON growth.*®

OB: Target Organ of ON Development
The OB receives axon terminals from primary olfactory neurons. ONs are considered to be mature upon establishment of
synaptic connections with the mitral cells of the OB and expression of olfactory marker proteins. Therefore, the OB can
be considered to be the target organ of the ONs.*”*® Kanaki et al co-cultured slices of the OB and blocks of the olfactory
epithelium by a modified slice-culture method. They observed neuron-specific fibers extending to OB slices from
olfactory-epithelium blocks after 4 days,*® which indicated that the OB had an inductive effect on ON growth in vitro.

Studies have shown that the OB can synthesize various trophic factors, such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), GDNF, and interleukin-2, which travel retrogradely through the axon to the ON and
maintain its survival.***?> BDNF and neurotrophin 3 (NT-3) had no obvious influence on the number of neurons, but
increased the length and branches of dendrites, which suggested that BDNF and NT-3 could stimulate neuronal
maturation by increasing the size of synaptic boutons.*> Also, BDNF could regulate the development, proliferation,
and projection of neurons in the central nervous system via tyrosine kinase receptor B (TrkB) signaling.** Wang et al
employed a site-specific, constitutively activated knock-in mouse line to activate endogenous extracellular regulated
protein kinases (ERKY) specifically in OB regions of the brain. They found that ERKS mitogen-activated protein kinase
could enhance neuronal maturation in the OB and promote olfactory neurogenesis.*> Olfactory bulbectomy deprived the
mature ON of the support of various trophic factors. This action caused ON death and then stimulated the proliferation
and differentiation of basal cells, thereby improving ON regeneration. However, the regenerated olfactory epithelium in
the olfactory-bulbectomy model was significantly thinner, indicating that the target organ was necessary for the survival
and maturation of the ON.*®

The regeneration of ON is regulated by multiple mechanisms. The regulators and the mechanisms of ON regeneration
in olfactory pathway are shown in Figure 1 and Table 1.

Research Progress in OT
OT Methods

Studies have demonstrated that the classical OT method was developed on the basis of “odor prism” by Henning, and it is
used widely in academia. This method requires participants to be exposed to four odors (phenyl ethyl alcohol (rose);

Therapeutics and Clinical Risk Management 2022:18 https: 189

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hu et al Dove

eucalyptol (eucalyptus); citronellal (Ilemon); eugenol (cloves)) twice-daily for 12 weeks. In the morning and evening,
participants are trained to sniff the odors for ~10 s. Odors are soaked in cotton pads and stored in four brown-glass jars
labeled with the odor name to prevent spilling and for easy differentiation.”*

With OT promotion, many researchers have undertaken studies on patients with olfactory dysfunction and made
improvements on the classical OT method. The quantity, quality, and concentration of the odor, as well as the time and
frequency of OT, influence the effect of OT to varying degrees.”® >’ Some scholars prolonged the treatment time of OT
from 12 weeks to 56 weeks, and found that long-term OT appeared to have a better therapeutic effect than short-term
OT.>** Damm et al divided participants into two groups (high-training and low-training) according to the odor
concentration. They discovered that participants in the high-training group were more likely to have improved olfactory
function.’® Oleszkiewicz et al increased the frequency of OT to four times a day and, by contrast, OT twice-daily was
more beneficial for olfactory recovery; this result might be associated with a “ceiling effect”.’” Altundag et al changed
the training odors periodically using 12 different odors to stimulate more and different olfactory receptors.”’ Otherwise,
Saatci et al designed an “olfactory training ball” with four odor-containing tubes to make OT simpler for improving the
treatment compliance of participants.>®

Effect of OT Upon Olfactory Dysfunction

OT has been demonstrated to enhance olfactory function in healthy people of all ages as well as in patients with olfactory
dysfunction due to various causes (eg, nasal diseases, head trauma, infection of the upper respiratory tract, and
neurodegenerative disease). A study showed that after a 12-week period of OT in healthy children that exposed to 4
mixtures of odors, children in the training group not only improved their sensitivity to the trained odors, but also had a
significant improvement of general olfactory sensitivity compared with that in control-group children.’ 6 weeks of OT in
8-year-old children enhanced their ability of odor identification, but not odor sensitivity. The authors concluded that the
main reason for the difference with the results of the previous studies was the age difference of the participants, as the
OB volume and olfactory ability both increased with age.®® In a study of patients aged >45 years with olfactory disorders,
the researchers used a modified form of OT with 12 odors and found that nearly half of 29 participants showed
improvements in their odor threshold, discrimination and identification.®' In another study of the elderly, participants
in the OT group had improved olfactory function, improved verbal function and subjective wellbeing, and a reduction of
depressive symptoms,* which improved their quality of life.

Studies have demonstrated that olfactory function primarily increases olfactory identification, followed by olfactory
discrimination.®® In addition, a higher concentration of odors can improve olfactory function better than a low
concentration of odors, and this effect seems to be particularly potent in patients with a disease course <12 months.>®
A meta-analysis was employed to explore the effect of OT on postviral olfactory dysfunction. The authors showed
clinically significant improvements in postviral olfactory dysfunction associated with OT.®* Choi et al used five odors
(rose, cinnamon, orange, lemon, and peach) to carry out OT in patients with post-infection olfactory dysfunction: the OT
group had better olfactory results with regard to the identification of and sensitivity to odors.®’

A meta-analysis reviewed 812 abstracts and 13 full-text articles to evaluate the effects of OT on patients with post-
traumatic olfactory disorders. The data indicated that OT could improve the ability of discrimination and identification of
odors in patients with post-traumatic olfactory disorders within 8 months.°® After 6 months of OT, odor sensitivity could
be improved slightly but the ability of odor identification remained unchanged.®” The authors postulated that the reasons
for these inconsistent results might be due to differences in OT and olfactory-testing methods between institutions.

A prospective controlled non-blinded study on 70 patients with Parkinson’s disease (PD) showed that after 12 weeks
of OT, patients had significantly higher olfactory function, while those who did not undertake OT had unchanged
olfactory function, which suggested that OT could help PD patients improve their olfactory function.®®

OT Mechanism in Olfactory Recovery
Peripheral Neuroplasticity: “Bottom—-Up” Theory
Odor receptors expressed in olfactory neuronal cilia within the olfactory epithelium detect odors first. These receptors
belong to the superfamily of G protein-coupled receptors. The combination of odors and odor receptors triggers an
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electrical signal and transmits along the axons to the main OB, and then the signal is transmitted to other regions of the
brain.? Different types of odors can stimulate different olfactory receptors and projection areas in OT, thus enhancing
olfactory function. Studies have shown increased electro-olfactogram responses in patients receiving repeated exposure
to odors. Hence, odourant-specific plasticity may start at the level of the olfactory epithelium.®® Kim et al used an
anosmia model in mice and found that mRNA expression of olfactory marker protein, guanine nucleotide-binding protein
G(olf) subunit alpha (GNAL), and adenylyl cyclase (ADCY)-3 was higher in the olfactory neuroepithelium of OT mice
than that in the olfactory neuroepithelium of no-treatment mice. During the early recovery period, the enzymatic activity
of GNAL and ADCY seemed to be increased first in the OT group, suggesting that olfactory receptors were stimulated
early. When OT was performed, the increase of glial fibrillary acidic protein (GFAP), an intermediate filament expressed
in astrocytes, could stimulate the production or activity of OECs. Otherwise, an increase in expression of neurotrophic
factors, such as BDNF and nerve growth factor receptor (NGFR), suggested that OT might stimulate the olfactory
nervous system in a step-by-step approach.’® Recent studies showed that biomarkers such as p75 neurotrophin receptor
(P75NTR), O4 antibody, smooth muscle alpha-actin (SMA) and soluble protein-100 (S-100) could be used to localize
OECs.”"> Compared with the hyposmia group and corticosteroid-treated group, mRNA expression of SMA and S-100
in the OT group was increased significantly after 3 weeks of treatment.’”> Marin et al revealed that after OT, the number
of migrating neuroblasts and proliferation of neural precursor cells were increased in bilateral OB damaged animals,
which aided the recovery of olfactory function.”* Those findings suggested that OT may promote the proliferation and
activity of OECs and neural precursor cells to stimulate olfactory regeneration.

Hasegawa et al undertook unilateral naris closures on mice. They observed that odor deprivation could lead to a loss
of ORN activity and atrophy of the OB, both of which recovered upon odor stimulation. Otherwise, in the abatement of
nasal inflammation without odor input, ORNs recovered partially, but a significant recovery of OB atrophy was not
observed. Only with odor input could the OB recover completely from atrophy. The authors indicated that odor
stimulation was necessary for the formation of OB neurons,”> which showed a bottom—up process of olfactory recovery.

Central Mechanism: “Top—Down” Process
The structure of many brain regions (especially the OB) changes after OT. The OB receives newly generated cells
originating from the subventricular zone and maintains its plasticity. Studies have shown that the OB volume can be
increased significantly in patients with olfactory dysfunction and healthy people who undertake OT, and olfactory
function is also improved relatively, which reflects the neural plasticity of the olfactory system. Veyseller et al observed
a decreased OB volume in patients after laryngectomy.’® A recent study found that the OB volume could be increased
significantly in patients undergoing total laryngectomy after 6 months of OT.”” Negoias et al measured the OB volume
before and after OT by magnetic resonance imaging of 97 healthy participants who undertook OT while closing the other
nostril. They demonstrated that the OB volume increased also for untrained nostrils showing, for the first time, that OT
could modulate the OB volume by a central mechanism.”®

Studies have shown a reduction in gray matter (GM) volume in brain regions involved in olfactory-related processes,
such as the orbitofrontal cortex, insular cortex, entorhinal cortex, piriform cortex, cingulate cortex, and amygdala, in
patients with olfactory dysfunction.” ®' Han et al examined the changes in GM volume in patients with idiopathic
olfactory disorders using a longitudinal approach. They found that patients who undertook OT had a larger GM volume
in the medial orbitofrontal cortex and improved olfactory identification.®* Al Ain et al evaluated 36 healthy young people
and measured their brain-tissue density and cortical thickness using magnetic resonance imaging. They found that the
thickness in the right entorhinal cortex, right inferior frontal gyrus, and bilateral fusiform gyrus of those who underwent
OT was increased compared with that of healthy controls.®® Gellrich et al used voxel-based morphometry to compare
changes in the OB volume and GM structure before and after OT in olfactory-dysfunction patients and healthy controls.
Their data suggested that OT was related to an increased GM volume in the thalamus and hippocampus.® Hence, OT
might have psychological effects via the direct neural connections between the amygdala—hippocampal complex and ON.

In addition to structural changes, functional reorganization of the olfactory-related brain region may occur in patients
with olfactory dysfunction.®*®” The piriform cortex receives an input from OB projection neurons and then projects it to
higher olfactory areas (a brain structure with high involvement in olfactory perception). Kollndorfer et al observed that
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Figure 2 Mechanism of olfactory training in olfactory recovery.

Notes: |. OT increases the activity of olfactory receptors and secretion of various neurotrophic factors to promote the proliferation and activation of neural precursor cells
stimulates regeneration of the olfactory system in a stepwise manner. 2. OT stimulates the central nervous system and leads to an increase in the gray-matter volume and
functional reorganization of olfactory-related brain regions, including the OB, piriform cortex (PC), amygdala (AM), insular cortex (IC), orbitofrontal cortex (OFC),
entorhinal cortex (EC), hippocampus (H) and the thalamus (Th).

Abbreviations: OB, olfactory bulb; OE, olfactory epithelium; OR, olfactory receptors.

the piriform cortex in anosmic patients had abnormal networks with nonolfactory regions whereas, after OT, these
nonolfactory functional connections declined, thereby suggesting that OT might promote neural reorganization.*®

OT can promote olfactory regeneration through the peripheral system and central system. The mechanism is shown in
Figure 2.

Summary and Prospects

The ON can be plastic and regenerative. Recent works on ON regeneration have shown some breakthroughs, but many
areas remain unclear (eg, HBCs remain dormant in normal or slightly injured olfactory epithelium, however, after severe
damage HBCs alone are unable to restore all cell types and instead lead to respiratory epithelial metaplasia. The extent to
which injury to olfactory progenitor cells leads to functional decline and how it, in turn, leads to an imbalance in
microenvironmental homeostasis and reduces the ability of ON regeneration). Clinical management of olfactory
dysfunction remains a challenge. Some researchers have modified the duration, materials, and methods of OT to improve
its pertinence and efficacy. Nevertheless, more research is needed to clarify the optimal odor concentration, training
duration, frequency, and the most suitable population for OT.
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