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Abstract

The topic of human adult neural plasticity and neurogenesis is of great interest for medical and scientific community, but it is also
largely debated. In the last years, an increasing interest has been paid to the olfactory system, and particularly to the plasticity of
the olfactory bulb (OB). While the molecular/cellular mechanisms underlying OB plasticity remain a matter of debate, measure-
ments of the OB using magnetic resonance imaging clearly indicate that it is a highly plastic structure. In this review, we present
results regarding the plasticity of the human adult olfactory system.
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Introduction

Among all the particularities of the human olfactory system,
the most amazing one is probably its high plasticity. Indeed,
olfactory abilities of normal smellers can be improved all life
long and even patients with damaged olfactory nerve may
expect a spontaneous recovery of their deficit.

The olfactory bulb (OB) is of paramount importance in the
processing of olfactory information. This small structure is not
only the relay between the peripheral and central nervous ol-
factory system, but is also processes olfactory information.

Several studies have shown that the OB is a highly plastic
structure, the volume of which varies as a function of olfactory
sensitivity. Not only the OB volume is decreased in patients with
olfactory disorders (Mueller et al. 2005b; Rombaux et al. 2006a,;
Rombaux et al. 2006b; Yousem et al. 1999; Yousem et al. 1996),
but even more interestingly, the OB volume may increase (1)
after olfactory training of normosmic patients or (2) during re-
covery from the olfactory disorder (Gudziol et al. 2009).
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The mechanisms of this plasticity are not clearly under-
stood. It has been hypothesized that, similarly to animals,
the human olfactory system benefits from continuous
neurogenesis throughout adult life. Although adult
neurogenesis has been intensely studied in animals, it received
comparatively little attention in humans. Because the brains
and olfactory systems of humans and animals differ simple
extrapolation of animals study to humans probably misrepre-
sents the reality.

Based on human research findings, the aim of the present
review is to summarize current research on the OB, as a struc-
ture exhibiting astonishing plasticity.

Anatomy and physiology
From the olfactory epithelium to the olfactory bulb

The olfactory epithelium is located in the upper part of the
nasal fossa, in an area named the olfactory cleft. It is covered
by a mucus layer, secreted by the Bowman’s glands, and con-
tains the olfactory receptor neurons (ORNs), surrounded by
the supporting and the basal cells.

ORNSs are bipolar cells, with (1) their body located in the
olfactory epithelium (OE); (2) a dendritic extension directed
toward the olfactory cleft and carrying on its surface several
cilia on which are located olfactory receptors; and (3) an axon
directed toward the OB.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10863-018-9780-x&domain=pdf
http://orcid.org/0000-0001-9713-0183
mailto:thummel@mail.zih.tu-dresden.de

78

J Bioenerg Biomembr (2019) 51:77-87

Odorants reaching the olfactory cleft are probably carried
through the mucus layer by olfactory binding proteins and
bind to olfactory receptors, giving rise to the olfactory trans-
duction. In 1991, Axel and Buck (Buck and Axel 1991), made
the amazing discovery of a family of approximately 1000
genes that code for an equivalent number of olfactory recep-
tors, corresponding to the largest family of genes in the mam-
malian genome (Zhang et al. 2011), highlighting the impor-
tance of the sense of smell in mammals. However, the number
of functional genes is lower; and in humans, there are only
about 350 functional genes (Crasto et al. 2002). Importantly,
each ORN expresses only one type of odorant receptor and
each receptor is specialized for a certain number of odors
(Buck and Axel 1991).

Following olfactory transduction, depolarization of an
ORN gives rise to action potentials that propagate through
its axons. These axons combine to form olfactory nerves and
pass through the cribriform plate of the ethmoid bone to di-
rectly project to the ipsilateral OB.

The OB

The OB is a twin ovoid structure, located in the anterior cra-
nial fossa, above the cribriform plate of the ethmoid bone and
beneath the frontal lobe.

Within the OB, axons of ORNs synapse with dendritic
extension of second order neurons, the mitral and tufted cells,
within small spherical structures called glomeruli. Each glo-
merulus collects axons of ORNs that express the same recep-
tor protein (Mombaerts et al. 1996). A given odorant will
activate a typical pattern of olfactory receptors, relayed to
specific glomeruli.

The OB encompasses different types of neurons. The neu-
rons conveying afferent olfactory information to olfactory cor-
tex are named the mitral and tufted cells. These neurons have
connections with number of interneurons, modulating their
activity (e.g. periglomerular, short-axon cells).

The OB has a laminar organization arranged in different
concentric circular layers, defined on the basis of cell type and
composition (Fig. 1): (1) the olfactory nerve layer; (2) the
glomerular layer; (3) the external plexiform layer; (4) the mi-
tral cell layer; (5) the internal plexiform layer and (6) the
granule cell layer. The (1) olfactory nerve layer is made up
of axons of the incoming ORNS. The (2) glomerular layer is
composed by glomeruli wherein axons of ORNs synapse with
dendrites of mitral, tufted, periglomerular and short-axon
cells. It is essentially composed of interneurons with local
connections in this layer. The (3) external plexiform layer
consists mainly of tufted cells, interneurons and dendrites of
mitral cells. Tufted cells are the most numerous cells of this
layer. Within this layer, the synapses between mitral, tufted
and granular cells give rise to complex dendritodendritic,
feedback or feedforward interactions, aiming to modulate
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the olfactory output. The (4) mitral cell layer contains cell
bodies of mitral cells. The (5) internal plexiform layer con-
tains a population of small-axon cells. The (6) granule cell
layer contains soma of granule cells and small-axon cells.

Granule cells are GABAergic interneurons and represent
the most numerous cells in the OB (Ennis and Holy 2015).
Glutamate is the principal neurotransmitter of ORNs, mitral
and tufted cells. However, it is important to note that numer-
ous neurotransmitters (i.e. Dopamine, GABA) are involved in
bulbar cell interactions at the level of the glomerulus and
within the external plexiform layer (for a review see
(Nagayama et al. 2014)).

From the OB to the olfactory cortex

Axons of the mitral and tufted cells coalesce to form the ol-
factory tract, located at the base of the forebrain. From the OB,
bottom-up information is so conveyed to a wide number of
brain regions referred to as primary olfactory cortex,
encompassing the piriform cortex, the entorhinal cortex, the
periamygdaloid cortex and the anterior olfactory nucleus.

Top-down modulation

Importantly, the OB also receives top-down information from
higher brain structures (Ennis and Holy 2015). Top-down fi-
bers can be subdivided into two classes: (1) fibers arising from
olfactory-related structures and implied in feedback inputs and
(2) fibers arising from non-olfactory structures.

The first group’s fibers mainly originate from the primary
olfactory cortex. Glutamatergic pyramidal neurons arising
from the primary olfactory cortex massively target granular
cells. Activation of these cells will produce a dendritodendritic
inhibition on mitral and tufted cells due to GABA release,
modulating the activity of the OB.

The second group fibers, arising from non-olfactory struc-
tures, are essential to modulate the activity of the OB, in a
context and behavioral state-dependent manner. For that pur-
pose, OB receives inputs from cholinergic, noradrenergic and
serotoninergic cells, located in basal forebrain and brainstem
structures. Cholinergic fibers enter the bulb from the ipsilater-
al nucleus of the horizontal limb of the diagonal band, they
have a role in odor habituation and discrimination (Linster and
Cleland 2002; Wilson et al. 2004). Centrifugal serotoninergic
inputs arise from the dorsal and medial raphe nuclei (McLean
and Harley 2004; Morizumi et al. 1994; Yuan et al. 2003) and
are involved in conditioned olfactory learning. Noradrenergic
innervation arises from the locus coeruleus and is involved in
early olfactory preferences learning (Ennis and Holy 2015).
All these different fibers project diffusely to multiple OB
layers, modulating multiple neuronal subtypes (Ennis and
Holy 2015).
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Fig. 1 Basic model of the Axons of ORNs

olfactory bulb organization. The

OB has a laminar organization
arranged in different concentric
circular layers: (1) the olfactory
nerve layer (ONL); (2) the glo-
merular layer (GL); (3) the exter-
nal plexiform layer (EPL); (4) the
mitral cell layer (MCL); (5) the
internal plexiform layer (IPL) and
(6) the granule cell layer (GCL).
(ORN = Olfactory receptor neu-
rons; PGC = periglomerular cells;
SAC = short-axon cells; TC =
tufted cells; IN = interneurons;
MC = mitral cells; GC = granule
cells)

In summary, the neuronal activity within the OB is influ-
enced by sensory input from the OE (bottom-up input) and top-
down input from higher brain structures. The small size of the
OB contrasts with its high complexity: more than a relay con-
veying olfactory information to central nervous system, the OB
processes actively the olfactory information and performs com-
plex neuronal computations similar to those of the primary
cortices of other sensory systems (Cleland and Linster 2005).

Cellular substrates supporting adult
neurogenesis

Mechanisms of neurogenesis and plasticity have been exten-
sively investigated in animals, particularly in rodents. Even if
it is currently acknowledged that adult neurogenesis is very
well conserved among mammals, animal and human olfactory
system show noticeable differences and simple extrapolation
of animal study to humans probably misrepresent the reality
(e.g. brain size, cortex expansion, cortical tissue folding, the
existence of a secondary olfactory system in animals, the num-
ber of olfactory receptors, glomeruli-to-olfactory receptor
convergence ratio) (Bergmann et al. 2015; Paredes et al.
2016; Maresh et al. 2008). A recent review (Paredes et al.
2016) discussed current knowledge on adult neurogenesis
across several species and proposed that the increase in brain
size between these species has significantly influenced the
manner in which new born neurons are able to contribute to
adult plasticity. Indeed, if young neurons migrating within the
rostral migratory stream through the OB have to travel over a
short distance in mice brain, this distance is dramatically in-
creased in human brain. This may limit the circuits able to
receive new neurons and the duration of neurogenesis through
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life. This review highlighted one more time the current con-
troversy as to whether the mechanisms of neurogenesis and
plasticity described in animals are relevant in humans.

However, studying possible mechanisms of adult
neurogenesis is particularly challenging in humans (Bergmann
et al. 2015), due to methodological issues. While some studies
report evidence in favor of significant adult human neurogenesis
within the OB (Lotsch et al. 2013), others do not support its
existence (Bergmann et al. 2012). For example, analyzing the
transcriptome of adult human OBs, Lotsch et al. reported that a
fifth of genes expressed in adult human OBs serve functions of
nervous system or neuron development. Although their study
doesn’t answer the question of the origin of the human
neurogenesis, their results support the existence of neurogenesis
in the adult human OB (Lotsch et al. 2013). In contrast, measur-
ing the age of human OB neurons, using a '*C dating technique,
Bergmann et al. argued that there is “very limited, if any, post-
natal neurogenesis in human OB” (Bergmann et al. 2012).

Hence the question of the adult human neurogenesis within
the OB and its exact mechanisms remains open. Still, the
plasticity of the olfactory system may involve three different
mechanisms of continuous neurogenesis occurring (1) at the
level of the OE; (2) in the supraventricular zone of the lateral
ventricle; and (3) within the OB itself.

OE

It has been demonstrated that the OE contains a population of
proliferating progenitor cells, located in its basal layer and the
lamina propria. These stem cells have the ability to produce
ORNS, as well as their ensheathing and supporting cells.
Hence, through that mechanism, the OE would be continuous-
ly reconstituted and ORNs would regenerate throughout life
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(Schwob 2002). This regeneration is of importance since the
OE is in direct contact with the environment and is particularly
exposed to various sources of damage (i.e. toxins, irritants,
viruses, trauma).

Based on animal studies, it can be hypothesized that the
continuous regeneration of ORNs also implies a continuous
synaptogenesis within the OB. Indeed, the incoming axonal
projections of ORNs continuously form new synapse with
dendrites of mitral / tufted cells, at the glomerular level
(Lledo and Gheusi 2003).

Supraventricular zone of the lateral ventricle

In adult rodents and in monkeys, several studies have shown
that neural stem cells residing in the walls of the lateral ven-
tricle give rise to neuroblasts (Kornack and Rakic 2001; Lois
et al. 1996; Ming and Song 2011). Neuroblasts form a migra-
tory chain, following the rostral migratory stream (RMS) and
migrate towards the OB where they differentiate into olfactory
interneurons throughout adult life (Alvarez-Buylla et al. 2008;
Doetsch et al. 1999). These new neurons are thought to be
implicated in complex processes, such as olfactory memory
formation, odor discrimination and social interactions (Carlen
et al. 2002; Lazarini and Lledo 2011).

In humans, the prerequisite of a similar mechanisms would
thus be (1) the existence of a RMS; and (2) the presence of
migrating neuroblasts.

Evidences of human rostral migratory stream

Similarly to animals, a RMS has been described in fetal hu-
man brain, from the lateral ventricle SVZ to the olfactory tract
and OB; as well as the presence of neuroblasts forming mi-
gratory chains (Sanai et al. 2011; Wang et al. 2011a). In hu-
man infant, many proliferating cells are observed in the SVZ.
In contrast, the number of proliferating and migrating
neuroblasts strongly declines after birth. Only a few migrating
neuroblasts and limited proliferation in the SVZ and RMS
could be observed at 6 to 8 months of age, with cells being
mostly vanished by the age of 2 years (Sanai et al. 2011).

In the adult human brain, Curtis et al. (Curtis et al. 2007)
have described a ventral extension of the lateral ventricle sug-
gesting the presence of a RMS, where the SVZ remains an
active proliferative region. They proposed that neuroblasts
migrate through the OB via this so-called olfactory ventricle
(Curtis et al. 2007). Nevertheless, the existence of a human
RMS with an open ventricular structure and the presence of
migratory neuroblasts in adults are still controversial.
Although the olfactory ventricle seems to exist in the fetal
human brain (Guerrero-Cazares et al. 2011), other studies
(Sanai et al. 2011; Wang et al. 2011a) didn’t support the idea
of a persistent ventricular lumen connecting the lateral ventri-
cle to the OB in adult humans as well as in postnatal infants.
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The question of possible OB ventricle has also been ad-
dressed using MRI. Smitka et al. (Smitka et al. 2009) showed
that 59% of healthy human subjects had a central lucency in
the OB, interpreted as an OB ventricle. By contrast, autopsy
results identified an OB ventricle in only 7% of cadavers.
They explained this discrepancy between MRI and histopa-
thology by postmortem resorption of cerebrospinal fluid from
OB ventricles. However, a later study did not verify this find-
ing, since they found such a structure in only 5.5%
(Burmeister et al. 2011a). More recently, an in vitro study on
human cadavers investigated OB using a high resolution MRI
at 3 T and MR microscopy at 9.4 T. This study indicated that
58.9% of images in T2 had a central hyperintensity, similar to
the results of Smitka et al. (Smitka et al. 2009). Nevertheless,
it appeared from microscopy that this was not an OB ventricle
but that is was due to the lamination pattern of the OB
(Burmeister et al. 2012). Pozzati et al. (Pozzati et al. 2014)
recently described a case report of a patient with olfactory
neuroblastoma where MRI were able to show the existence
of an olfactory ventricle. Hence, the debate regarding the ex-
istence of an olfactory ventricle remains open. Probably this
structure exists in a small percentage of human adults.
However, its functional significance is unknown.

Evidences of migrating neuroblasts in humans

Another key question regarding the possible existence of
neurogenesis within the SVZ of the lateral ventricle is whether
neuroblasts are able to migrate towards the OB.

Examining adult human brains, Sanai et al. (Sanai et al.
2004) found no evidence of chains of migrating neuroblasts
in the SVZ or in the pathway to the OB. In contrast, they
identified a ribbon of SVZ astrocytes lining the lateral ventri-
cles and behaving as neural stem cells. However, their poten-
tial role and the question as to whether they give rise to
neuroblast that migrate to the OB were unanswered (Curtis
et al. 2007; Sanai et al. 2004). Later, other studies described
the presence of very few migrating neuroblasts in the SVZ and
the RMS pathway (Sanai et al. 2011; Wang et al. 2011a).
Wang et al. (Wang et al. 2011a) found neuroblasts in the an-
terior ventral SVZ and in the RMS. These neuroblasts ap-
peared singly or in pairs, without forming chains; and few
appeared to be actively proliferating. They thus suggested that
generation of neuroblasts from neural stem and progenitor
cells occur in the SVZ of the adult human brain. However,
they did not find any neuroblasts within the OB. Their possi-
ble explanation is that neuroblasts actively control the forma-
tion and maintenance of their own migratory route (Kaneko
et al. 2010). Consequently, it is probably impossible for
neuroblasts to establish a long and complex migratory route
from the SVZ to the OB.

In summary, it seems that adult human brain SVZ main-
tains the ability to produce neuroblasts; and a smaller and
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morphologically different RMS-like pathway seems to exist in
adult human brain (Curtis et al. 2007; Sanai et al. 2011; Sanai
et al. 2004; Wang et al. 2011a). However, the existence of
migrating neuroblasts and whether they are able to reach the
OB remains questionable.

Intrinsic bulbar plasticity

In addition to the mechanisms aforementioned, some studies
suggest the presence of progenitor cells directly within the OB
itself (Gritti et al. 2002; Pagano et al. 2000). Such neural stem
cells have been isolated from adults rodents OB (Gritti et al.
2002) and adult patients OB (Pagano et al. 2000).

Moreover, in mice, recent evidences suggest a new form of
structural remodeling of adult-born OB neurons, based on the
activity-dependent relocation of mature spines of granule cells
towards the dendrites of active mitral cells. This mechanism
would allow a more rapid adjustment of neuronal network in
response to quick and persistent changes in sensory inputs.
This mechanism is able to explain quick behavioral changes
induced by odor exposure since spine relocation occurs within
a few minutes. It seems to be perfectly adapted to rapid chang-
es in odor environment, unlike synaptogenesis, which need
some weeks (Breton-Provencher et al. 2016; for a review see
Hardy and Saghatelyan 2017). However, no data are currently
available regarding the existence of this mechanism in
humans.

Taken together, these studies suggest that the adult OB
benefits from a continuous neurogenesis. However, in humans
the exact mechanism(s) remain(s) unknown and the debate
about a possible ongoing OB neurogenesis is still open. We
must also note that in addition to the mechanisms described
above, animal studies have shown that different mechanisms
may exist. For example, top-down projections from noradren-
ergic neurons located in locus coeruleus would be involved in
learning-related plasticity phenomenon (Ennis and Holy
2015). Although there is currently no data to confirm this
hypothesis, we cannot exclude that similar mechanisms exist
in humans.

Macroscopic evidence of human OB plasticity
- MRI findings

Although results of studies investigating the cellular
mechanisms of OB plasticity in adult humans are still
controversial, studies assessing macroscopically the OB
using magnetic resonance imaging are clear: the OB is a
highly plastic structure! In the following section, we
will describe the results of these different studies, as
evidence of OB plasticity in humans.

OB volume as measure of OB function
in humans-technical details

MRI is the imaging modality of choice in order to measure OB
volume (Fig. 2). Standard protocol usually includes 2-mm-
thick T2-weighted images in Fast Spin Echo (FSE) mode in
the coronal plane, which is the best technique for anatomical
olfactory tract overview, detection of parenchymal lesions and
OB volumetry. OB measurement is usually performed using a
1.5 T magnet MRI, or better 3 T.

When evaluating patients suffering from olfactory disor-
ders, whole brain coverage remains mandatory for detecting
parenchymal lesions/processes. Hence, fluid-attenuated inver-
sion recovery (FLAIR) sequence and hemosiderin-sensitive
gradient echo T2* sequences covering the whole brain are
usually performed to detect post-contusion gliotic changes
(on FLAIR images) and post-traumatic hemosiderin deposits
(on GRE-T2* images) (Duprez and Rombaux 2010).

Volumetric measurement of the OB is typically done using
planimetric manual contouring. All frontal slices (without
interslice gap) of the FSE T2-weighted sequence are browsed
from anterior to posterior (Duprez and Rombaux 2010).

The first image in which the OB becomes clearly recognizable
is considered to be the first slice through the OB. The OB cross-
sectional area, calculated in mmz, is delineated using an electron-
ic cursor. The surfaces on all slices are summed and the total
surface is multiplied by the thickness of the slices (usually 2-
mm) to give a volume in mm”>. The posterior end of the OB is
defined as a sudden decrease in the diameter of the OB, meaning
that the OB ends with the olfactory tract (Rombaux et al. 2009).

Buschbhiiter et al. (Buschhuter et al. 2008) have proposed
normative data of OB volume based on data of 125 patients.
They proposed that people <45 years should have a minimum
OB volume of 58 mm?>; and people >45 years should have a
minimum OB volume of 46 mm”.

The reliability and reproducibility of OB volumetry have
been demonstrated by several authors (Yousem et al. 1997;
Mueller et al. 2005b; Burmeister et al. 2011b; Gudziol et al.
2009). Notably, this method has a good intraobserver (inter-
class coefficient of correlation greater than 0.7) and interob-
server reliability (interclass coefficient of correlation greater
than 0,8). Also, it shows a good accuracy, as proven by
Yousem et al. (1997) who compared the true volume of phan-
toms structures to MRI-measured volumes and found a mean
measurement error of 7.3%. Moreover, comparing repeated
MRI of normosmic subjects, performed at a 3 months interval;
Gudziol et al. found no significant difference between the two
measurements (average difference + standard deviation: left
OB: 1.22+0.58; right OB: 0.64+ 0.64) (Gudziol et al. 2009).
These results suggest that MRI is indeed a non-invasive and
reliable tool to assess OB volume and to study OB plasticity.

However, this technique has also some limitations. First of
all, the true accuracy of volumetric measurements cannot be
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Normosmic control

Initial MRI

b Post-infectious olfactory loss

Partial recovery

3-years follow-up MRI

Fig. 2 Coronal T2-weighted magnetic resonance images. A. Normal ol-
factory bulbs (white arrows). B. MRI images of a patient suffering from
post infectious olfactory loss, with decreased olfactory bulbs volume.
Left: Initial MRI performed at the time of the diagnosis. At that time,
psychophysical evaluation revealed anosmia (TDI score =12 (Hummel

addressed because of lack of direct anatomic correlations.
Second, the occurrence of artifacts must be considered.
Third, a learning curve is needed to correctly assess the OB
volume (Burmeister et al. 2011b). Fourth, like every volumet-
ric measurement technique, OB volumetry is subject to poten-
tial error. This is even more true as we are dealing with small
volumes. Including or excluding even a single slice may sig-
nificantly impact on the measure. Establishing the posterior
terminus of the OB is probably the most problematic aspect of
morphometry since this boundary is ill defined. This might
explain some differences in the measurement of OB volumes
obtained by different authors (Buschhuter et al. 2008; Duprez
and Rombaux 2010; Yousem et al. 1998).

OB in healthy subjects

The OB volume is intimately correlated to olfactory function,
independently of age. Using the Sniffin’ Sticks test,
Buschhiiter et al. demonstrated that OB volume correlated
significantly with overall olfactory function; but also with
specific olfactory functions, namely odor thresholds and odor
identification (Buschhuter et al. 2008).

In healthy subjects it has been demonstrated that OB vol-
ume varies as a function of sex, with men having a larger OB
volume as compared to women.
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et al. 2007)). Olfactory bulbs are hypoplastic and hardly visible. Right:
Follow-up MRI performed in the same patient 3 years later. Patient had
partial recovery and was in the range of hyposmia (TDI score =24
(Hummel et al. 2007). Recovery was associated with an increase in ol-
factory bulb volume

Age has also an impact on OB volume. OB volumes decrease
significantly with advancing age (Buschhuter et al. 2008;
Yousem et al. 1998), in parallel with the olfactory function. As
with other senses the olfactory function decreases over time and
it has been described in numerous previous studies that there is a
strong decrease in olfactory function above the age of 55 years
(Buschhuter et al. 2008; Hummel et al. 2007; Murphy et al.
2002). Several mechanisms have been proposed to explain this
age-related olfactory dysfunction:

» At a peripheral level, changes in mucociliary movement,
mucus composition, submucosal blood flow, or epithelial
thickness might disturb the transport of the odorant to the
receptor (Rawson 2006). At the level of the
neuroepithelium it is assumed that the regeneration of
ORNSs decreases with age (Conley et al. 2003; Naessen
1971). Moreover, studies have described a decreased ex-
tent of the OE (Paik et al. 1992) and a decreased density
and complexity of adrenergic innervation within the lam-
ina propria of the OE (Chen et al. 1993).

» At the level of the OB, post mortem studies have shown
that the number of mitral cells continuously decreases with
age, as well as the number of glomeruli, the glomerular
layer thickness and the mitral cell size and concentration
(Bhatnagar et al. 1987). The number of mitral cells and
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glomeruli declines steadily with age at an approximate rate
of 10% per decade (Meisami et al. 1998). Moreover, 86%
of normal aged subjects have neurofibrillary tangles in the
OB, and one third of them show amyloid deposition in the
OB (Kovacs et al. 1999). It has also been described that
aging is associated with structural abnormalities of the OB.
For example, olfactory nerve fibers invade deep to the glo-
merular layer of the OB forming ectopic glomeruli. These
misrouted olfactory fibers and ectopic glomeruli might alter
the normal synaptic organization and hence olfactory pro-
cessing (Hoogland et al. 2003; Kovacs et al. 1999).

* At a more central level, brain damage due to chronic is-
chemia or systemic disorders might also be proposed as a
potential cause of age-related olfactory disorder. It was
also shown that normal aging is associated with the pres-
ence of neurofibrillary tangles and senile plaques in the
brain and abundant tau pathology is present in almost one
third of non-demented older people (Attems et al. 2005).

Interestingly, Hummel et al. reported that there is a differ-
ential change of olfactory functions with aging. Indeed, olfac-
tory thresholds decrease more strongly with age as compared
to odor discrimination and odor identification (Hummel et al.
2002; Hummel et al. 2007). Since threshold measurements
best reflect the function of the peripheral olfactory system than
other olfactory tests (Jones-Gotman and Zatorre 1988;
Moberg et al. 1997), this finding may indicate that age-
related change of olfactory function is, at least in part, due to
damage of the OE (Hummel et al. 2007). Nevertheless, it is
important to keep in mind that age-related decrease of olfac-
tory function might also be a consequence of side effects of
drugs, onset of neurodegenerative diseases etc.

The vast majority of studies evaluating OB volume in
healthy volunteers do not provide any follow up data.
Nevertheless, these data are probably the most interesting
ones to assess possible plasticity phenomena. Recently,
Negoias et al. (Negoias et al. 2017) did so in a study assessing
changes in OB volume after exposure to odors, so called
“olfactory training”. They found that olfactory training of
normosmic healthy subjects induces a significant increase of
OB volume. Even more interestingly, in this study, the authors
found that lateralized olfactory training lead to a significant
increase of OB volume for both trained and untrained nostril.
The fact that OB volume on the untrained side was signifi-
cantly increased suggests that, not only bottom-up, but also
top-down influences (discussed later) are involved in OB vol-
ume modulation.

OB in patients
The study of patients with olfactory disorders has offered

some important insights to the question of the plasticity of
the human OB. It has been demonstrated that decreased

olfactory function is associated with decreased OB volume
in patients suffering from a wide range of pathologies includ-
ing: post-traumatic olfactory disorder (Rombaux et al. 2006b;
Yousem et al. 1999; Yousem et al. 1996), post-infectious ol-
factory disorder (Mueller et al. 2005b; Rombaux et al. 2006a)
(Fig. 2), sino-nasal related olfactory disorders (Rombaux et al.
2008), idiopathic olfactory loss (Rombaux et al. 2010b), neu-
rodegenerative diseases (Mueller et al. 2005a; Thomann et al.
2009; Wang et al. 2011b), acute depression (Negoias et al.
2010; Rottstadt et al. 2018), post total laryngectomy patients
(Veyseller et al. 2011)). More interestingly, follow-up studies
revealed that the recovery of olfactory function is associated
with an increase in OB volume suggesting that the OB is a
highly plastic structure (Gudziol et al. 2009). From these stud-
ies in patients, it also appeared that OBs are influenced by both
peripheral (bottom-up effect) and central nervous system in-
formation (top-down effect).

Bottom-up modulation

The bottom-up modulation refers to fact that the peripheral
input influences the OB. Studies in favor of bottom-up mod-
ulation are numerous.

The main argument of these studies is that OB volume is
decreased secondary to missing input, either following
postinfectious olfactory loss (Mueller et al. 2005b; Rombaux
et al. 2006a) (Fig. 2), head trauma (Rombaux et al. 2006b;
Yousem et al. 1999; Yousem et al. 1996), sinonasal inflamma-
tion (Rombaux et al. 2008), total laryngectomy (Veyseller
et al. 2011), or unilateral nasal obstruction (Altundag et al.
2014; Askar et al. 2015).

A second argument is that follow up of these patients
showed that changes in odor threshold correlated significantly
with changes in OB volume (Gudziol et al. 2009; Hachner et al.
2008) (Fig. 2), with patients improving olfactory function also
exhibiting an increase of OB volume. Because odor threshold
is more closely related to peripheral olfactory function (Moberg
et al. 1997) in comparison to odor identification or odor dis-
crimination, this suggests that OB function is related to periph-
eral input rather than central input. In this vein a study showed
that side differences in OB volume correlated to respective
differences in odor threshold and odor discrimination, suggest-
ing that OB volume may be dependent on lateralized influences
from peripheral input (Hummel et al. 2013a).

Finally, it has been shown that the migration of nasally
administrated Thallium-201, a radioisotope shown to migrate
to the OB after nasal administration in rodents, was reduced in
patients suffering from post infectious olfactory loss, post
traumatic olfactory loss and chronic rhinosinusitis, as com-
pared to healthy controls, suggesting a decreased connectivity
in patients. Moreover, the migration of Thallium-201 to the
OB was correlated with odor threshold as well as with OB
volume (Shiga et al. 2013).
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Altogether, these results suggest that OB volume is regu-
lated, at least partly, by centripetal influences, involving sen-
sory input from the OE. This hypothesis is corroborated by
animal studies, which showed that sensory deprivation leads
to a decreased OB volume (Benson et al. 1984; Cummings
and Brunjes 1997; von Gudden 1870).

Top-down modulation

Nevertheless, it is also obvious that top-down processes are
involved in OB plasticity. Indeed, patients suffering from tem-
poral lobe epilepsy (Hummel et al. 2013b), depression
(Negoias et al. 2010; Rottstadt et al. 2018), schizophrenia
(Nguyen et al. 2011; Turetsky et al. 2000), Alzheimer’s dis-
ease (Thomann et al. 2009), or multiple sclerosis (Goktas et al.
2010; Tanik et al. 2015; Yaldizli et al. 2016) exhibit signifi-
cantly reduced OB volumes, as compared to healthy controls.

In particular, patients suffering from acute major depres-
sion showed a inverse correlation between OB volume and
depression scores (Negoias et al. 2010). Similarly, depressive
adults with a history of childhood maltreatment exhibit small-
er OB volumes compared to depressive adults without history
of childhood maltreatment. Possible explanations could be
that major stress during childhood development disturbs
neurogenesis (Croy et al. 2013). In animal studies, it has been
shown that mice exposed to stress have reduced neurogenesis
at the level of the SVZ (Mineur et al. 2007). Hence, it can be
speculated that results observed in depressive humans might
be due to a reduced neurogenesis, resulting in reduced OB
volume due to centrifugal influences.

An additional argument in favor of top-down control over
the OB came from a study in early blind subjects. This study
showed that early blind subjects exhibited superior olfactory
abilities and significantly higher OB volume as compared to
controls, suggesting that OB plasticity is involved in the com-
pensatory mechanisms between visual deprivation and en-
hanced olfactory perception (Rombaux et al. 2010a).
However, regarding their olfactory function, a recent meta-
analysis from Sorokowska et al. (Sorokowska et al. 2018)
found that blind people do not have superior abilities com-
pared to the sighted. This discrepancy may be explained by
the fact that Rombaux et al. investigated OB volume in early
blind subjects, whereas the meta-analysis included heteroge-
nous blind population. Moreover, it is possible that blind peo-
ple do not perform better on relatively simple olfactory tasks,
whereas they could outperform sighted controls using com-
plex or environmental-related olfactory tasks.

In light of these studies, we may reasonably hypothesize
that the human OB receives both top-down and bottom-up
influences. This hypothesis might be supported by studies in
rodents, which have shown that both top-down and bottom-up
pathways regulate OB activity which itself regulates the re-
cruitment of new neurons. This adult neurogenesis is also
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directly sensitive to olfactory experience (i.e., sensory depri-
vation) and to behavioral state (i.e., learning) (Lazarini and
Lledo 2011). However, the specific functional role of top-
down and bottom-up projections in humans as well as the
interaction between them and their influence on neurogenesis
is yet unclear.

Although it is obvious from MRI studies that OB is a high-
ly plastic structures, the underlying cellular or synaptic basis
remain largely unanswered. As reported above, aging is asso-
ciated with a reduction of olfactory function and parallel OB
volume reduction. Post-mortem studies have shown that aging
is associated with reduction in the thickness of all bulb layers
and in the number of glomeruli (Bhatnagar et al. 1987;
Samaulhaq and Lone 2008). Considering the fact that glomer-
uli occupy a significant portion of the olfactory bulb, some
authors have proposed that the loss of glomeruli would reduce
the global OB volume with advancing age (Samaulhaq and
Lone 2008). Moreover, correlation between olfactory function
and OB volume in patients with olfactory loss suggests that
OB volume is related to the input from olfactory epithelium
(Haehner et al. 2008) and consequent synaptogenesis between
ORNSs and mitral cells at the level of the glomerulus.
However, the question whether the reverse is also true, that
is when the olfactory function and OB volume increase, re-
mains unexplored in humans.

Finally, we can speculate based on animal studies that OB
interneurons are also potential candidates to explain dynamic
changes of OB volume. Indeed, interneurons are continuously
replaced by adult-born interneurons. If the morphology of
mitral cell dendrites is relatively stable over time (Mizrahi
2003); interneurons seem to be more dynamic and show
activity-dependent plasticity (Mizrahi 2007; Breton-
Provencher et al. 2016). It is thus likely that interneurons play
more important roles for functional plasticity of OB circuitry.

Conclusions

Despite its small size compared to the neocortex, the OB is a
functionally complex structure that plays a central role in the
transmission and processing of olfactory information. One of
its fascinating features is its apparent plasticity. Although an-
imal studies agree on the mechanisms of OB plasticity and
adult neurogenesis, results of human studies are more contro-
versial. However, based on both basic and clinical research
findings, we may reasonably propose that human adult OB is
indeed a highly plastic structure, subject to the influence of
both bottom-up and top-down processes and possibly benefit-
ing from continuous adult neurogenesis. The exact mecha-
nisms of plasticity and neurogenesis are still unclear, and the
debates they generate definitely constitute a hot topic in the
scientific community. Answering these questions will be ma-
jor challenge for the future.
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