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Olfactory dysfunction is one of the biomarkers for Alzheimer’s disease (AD) diagnosis
and progression. Deficits with odor identification and discrimination are common
symptoms of pre-clinical AD, preceding severe memory disorder observed in advanced
stages. As a result, understanding mechanisms of olfactory impairment is a major focus
in both human studies and animal models of AD. Pretangle tau, a precursor to tau
tangles, is first observed in the locus coeruleus (LC). In a recent animal model, LC
pretangle tau leads to LC fiber degeneration in the piriform cortex (PC), a cortical area
associated with olfactory dysfunction in both human AD and rodent models. Here, we
review the role of LC-sourced NE in modulation of PC activity and suggest mechanisms
by which pretangle tau-mediated LC dysfunction may impact olfactory processing in
preclinical stage of AD. Understanding mechanisms of early olfactory impairment in AD
may provide a critical window for detection and intervention of disease progression.

Keywords: norepinephrine, piriform cortex, olfactory dysfunction, locus coeruleus, Alzheimer’s disease, L-type
calcium channel

INTRODUCTION

Olfactory dysfunction is one of the earliest signs of Alzheimer’s Disease (AD), appearing long before
clinical memory symptoms, at which point the disease has already progressed to late stages when
intervention is difficult (Crous-Bou et al., 2017; Yan et al., 2022). Longitudinal studies demonstrate
that early odor deficits predict the subsequent rate of episodic memory decline, and that worsening
of these deficits is indicative of AD (Wilson et al., 2009). AD patients experience deficiencies in odor
detection, identification and recognition memory (Mesholam et al., 1998). As a result, olfactory
impairment has been adopted as a biomarker for pre-clinical AD, indicative of the presence of
abnormal amyloid-beta (Af) and hyperphosphorylated tau proteins—hallmarks of disease onset—
in otherwise cognitively healthy individuals (Xydakis and Belluscio, 2017; Murphy, 2019).
Impairment at all levels of the olfactory circuit have been implicated in AD development, from
olfactory epithelium, nerve, olfactory bulb to olfactory cortex (Reyes et al., 1993; Kovacs et al., 1999;
Arnold et al., 2010; Attems et al., 2015; Devanand, 2016; Bathini et al.,, 2019). Import to note,
modified activity of the piriform cortex (PC), the primary olfactory cortex central to olfactory
information encoding, is heavily implicated. Functional magnetic resonance imaging (fMRI),
positron emission tomography (PET), and diffusion tensor imaging in patients with mild cognitive
impairment (MCI) and AD symptoms show reduced PC activation during odor identification and
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perception tasks (Kareken et al., 2001; Li et al., 2010; Ebadi et al.,
2017; Vasavada et al., 2017; Kjelvik et al., 2020; Donoshita et al.,
2021). Moreover, pathological lesions observed exclusively within
the PC correlate with impairment of odor identification and
discrimination suggesting that this region plays a critical role
in early olfactory deficits (Li et al., 2010; Kjelvik et al., 2020).
In addition, both amyloid and tau generated animal models of
AD exhibit neurodegeneration in olfactory regions and olfactory
deficits (Cassano et al., 2011; Wesson et al., 2011; Saiz-Sanchez
etal., 2012; Gandy et al., 2013; Kong et al., 2018; Adlimoghaddam
et al., 2019; Ghosh et al., 2019). Several of these models point to
PC specific dysfunction, due to increased expression of AP, tau
and glycogen synthase kinase-3f in the PC compared to other
odor sensory regions (Macknin et al., 2004; Cassano et al., 2011;
Gandy et al,, 2013), and direct disruption of PC function and
PC-olfactory bulb (OB) coupling (Martinez-Garcia et al., 2021).

Recently, we presented novel results from a pretangle tau rat
model and a new view that dysfunction of norepinephrine (NE)
regulation in the PC may underlie preclinical stage olfactory
deficiency (Ghosh et al, 2019; Omoluabi et al., 2021). In the
rat pre-tangle tau model, pseudophosphorylated human tau is
seeded in the NE-producing locus coeruleus (LC), mimicking
the human origin of tau abnormality in the LC at young ages
(Braak et al., 2011; Braak and Del Trecidi, 2015). LC pre-
tangle tau, in the absence of amyloid plaques and neurofibrillary
tangles, leads to degeneration of LC input to the PC, correlating
with impaired olfactory discrimination learning (Ghosh et al.,
2019). The degree of LC fiber degeneration within this model
is inversely correlated with olfactory learning performance and
preventing this degeneration in the PC rescued olfactory learning
deficiency (Omoluabi et al.,, 2021). Together, LC degeneration
is both sufficient and necessary for the olfactory discrimination
deficiency observed in this rat model, consistent with a critical
role of LC-NE input in the PC in various olfactory functions
and learning (Doucette et al., 2007; Mandairon et al., 2008;
Shakhawat et al.,, 2015). These findings recapitulate pre-clinical
human AD conditions where both LC degeneration and olfactory
dysfunction are predictive of AD progression (Chen et al., 2022;
Yan et al.,, 2022). Altogether, this motivates us to dive into the
mechanisms of noradrenergic modulation of cellular function
and neural plasticity within the PC, with the hope of better
understanding their roles in AD.

ANATOMY AND SYNAPTIC PLASTICITY
OF THE PIRIFORM CORTEX

In mammals, the PC is central to olfactory information
processing and is situated in the ventrolateral forebrain. It
receives afferent input from the OB, rendering it as a critical
site for odor discrimination, contextualization, and associative
memory formation (Wilson and Sullivan, 2011; Bekkers and
Suzuki, 2013; Blazing and Franks, 2020). Located parallel to the
lateral olfactory tract (LOT), the PC extends from the anteriorly
located OB to the lateral entorhinal cortex. In rodents, this
rostro-caudal localization can be divided into distinct regions:
the anterior (aPC) and posterior (pPC) piriform cortical regions,

based on cell layer thickness and the location of the parallel
LOT. Although they share similar input connections, the aPC and
pPC vary in input distribution. This heterogeneity in anatomical
structure may be important for the diverse roles of the PC in
encoding sensory information (Wang et al., 2020).

At ts core, the PC possesses a unique laminar cytoarchitecture
that is amenable to the integration of afferent input with long
lasting changes to synaptic strength (Figure 1A). Near the ventral
surface, the LOT relays information from the OB via afferent
synaptic connections (layer Ia) from cell body layers (layers II/IIT)
consisting of pyramidal and semilunar cells. Adjacent to layer Ia,
the layer of intrinsic associative connections (Ib) is indispensable
for cortico-cortical signaling involved in associative memory
formation. High frequency stimulation of either the associative
or afferent layers in ex vivo slices can produce an N-methyl-D-
aspartate receptor (NMDAR) dependent long-term potentiation
(LTP) in pyramidal neurons, which is suggested to be essential for
olfactory-based learning (Jung et al., 1990; Kanter and Haberly,
1990). LTP can also be produced by cooperative weak stimulation
of separate associative fiber populations, or by co-activation of
both afferent and intrinsic associative fibers in the presence
of GABA, inhibitors (Kanter and Haberly, 1993). With low
frequency stimulation, long term depression (LTD) can also be
induced and contributes to network stability following olfactory
based learning (Lebel et al., 2001; Quinlan et al., 2004; Rajani
et al., 2021 see Figure 1B for a summary of different types
of synaptic plasticity). Afferent-mediated synaptic plasticity,
however, seems limited to early developmental stages while
associative plasticity persists in adult and aging rodents and may
be modified by disease, aging, and learning states (Lebel et al.,
2001; Poo and Isaacson, 2007; Rajani et al., 2021).

MODULATION OF THE PIRIFORM
CORTEX BY NOREPINEPHRINE

The LC is the main source of noradrenergic input to the
PC, providing a homogeneous distribution of NE projections
across anterior and posterior regions (Datiche and Cattarelli,
1996). Based on in vitro observations, released NE is suggested
to activate inhibitory interneurons within the PC, producing
inhibitory post-synaptic potentials (IPSPs) within the pyramidal
cell layer (II) (Gellman and Aghajanian, 1993; Ghosh et al., 2015).
NE signaling causes a higher suppression of associative layer (Ib)
than afferent (Ia)-mediated excitatory postsynaptic potentials
(EPSPs) of pyramidal neurons in ex vivo slices (Hasselmo et al.,
1997). Computational models suggest that this dichotomous LC-
mediated NE suppression enhances the signal-to-noise ratio of
incoming afferent signals to increase odor learning (Hasselmo
etal., 1997; de Almeida et al., 2015; Figure 1A).

Several rodent in vivo studies support the role of LC-NE in
a diverse range of olfactory behaviors. Fitting with improving
the signal-to-noise ratio, blocking a and f adrenergic receptors
within the OB impaired similar odor discrimination in awake-
behaving animals (Doucette et al., 2007), and modified the
odor threshold required to perform reward-motivated odor tasks
(Escanilla et al., 2010, 2012). Moreover, o and P receptors within
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FIGURE 1 | Anatomy and synaptic plasticity of the piriform cortex. (A) The unique laminar cytoarchitecture of the piriform cortex, consisting of cell body layers (II/Ill),
the associative layer (Ib) and the afferent input layer (la). LC-sourced NE leads to stronger inhibition of associative connections in Ib and enhanced afferent signal-to
noise ratio in la. (B) LTP can be induced by high frequence stimulation (HFS) of either the associative or afferent layers. Weak cooperative stimulation of either
separate associative connections or co-activation of both afferent and associative fibers can also induce LTP in the presence of GABAA inhibition. Low frequence

stimulation (LFS) can produce LTD in Ib.

the OB bidirectionally modulated discrimination of spontaneous
odors and short-term odor habituation (Veyrac et al., 2007;
Guerin et al., 2008; Mandairon et al., 2008; Shea et al., 2008).
The utility of NE signaling extends to odor associative learning
mediated within the PC. NE receptor activation within the
PC is required for odor discrimination learning (Shakhawat
et al., 2015), and via LC stimulation, enhanced PC neuronal
responses to odor stimuli, sharpening odor representations
(Bouret and Sara, 2002). More recently, optogenetics permitted
the selective activation of LC noradrenergic neurons with specific
activation patterns. Bilateral 10 Hz phasic stimulation of the LC
enhanced similar odor discrimination learning in rats and this
enhancement was occluded by a mixture of adrenergic receptor
antagonists infused into the PC (Ghosh et al., 2021). Interestingly,
learning facilitation was not produced by tonic LC stimulation at
the same frequency, suggesting differential modes of LC release
and subsequent uptake may influence the circuitries involved in
learning as well as local adrenoceptor engagement. Furthermore,
tonic and phasic LC activation generated opposite valence coding
through the activation of the basolateral amygdala. High tonic
stimulation (25 Hz) that was associated with a stress phenotype
produced odor aversion, whereas the learning-promoting phasic
stimulation (10 Hz) yielded odor preference (Ghosh et al., 2021;
Omoluabi et al., 2022).

Another role for NE signaling within the PC is demonstrated
in early odor preference learning, characterized by a heightened
ability to form odor preference in neonatal rodents. In this
early developmental learning model, NE signals via both a,
and P-adrenergic receptors at mitral cells within the OB to
promote synaptic plasticity (Yuan et al., 2014). B-adrenergic
receptor activation of PC pyramidal neurons is also essential,
triggering an increase in cAMP response element binding protein
(CREB) phosphorylation and enhancing theta-burst, NMDAR-
mediated LTP induction at the LOT-aPC synapse (Morrison
et al., 2013). This NE-mediated signaling seems locked to a

specific developmental stage in rodents, enhancing miniature
EPSC frequency at low doses in P8-11 mice, while increasing
inhibition in mice after P14 (Ghosh et al., 2015). Downstream of
pB-adrenergic receptor activation, L-type calcium channel (LTCC)
activity is enhanced via the cAMP/PKA pathway, facilitating
CREB phosphorylation necessary for early odor preference
learning (Mukherjee and Yuan, 2016; Ghosh et al., 2017b).
Indeed, inhibition of PC LTCCs during early odor preference
training in mice specifically impaired long-term odor memory
(Mukherjee and Yuan, 2016).

This emerging evidence supports a critical role for LC-
derived NE in multiple olfactory behaviors including odor
detection, discrimination, and long-term associative learning. As
a result, dysfunction of this neuromodulatory pathway produces
measurable olfactory behavioral outcomes and is relevant to
understanding disease pathogenesis.

NOREPINEPHRINE AND OLFACTORY
DYSFUNCTION IN HUMANS AND
ANIMAL MODELS

The LC, the main source of NE to the PC, is one of the
key regions affected in early AD. Reduced LC volume and
integrity, cell number and fiber density are closely correlated
with cognitive decline and progressive AD stages (Chen et al.,
2022). The LC is the initial site of expression of pretangle tau, a
soluble, persistently phosphorylated precursor of neurofibrillary
tangle formation, which spreads throughout the brain over the
course of the human lifespan (Braak et al., 2011). LC pretangle
tau first appears at young ages (childhood or puberty) (Braak
and Del Tredici, 2011, 2012). By middle-age, pretangle tau is
expressed within the entorhinal cortex, and later spreads into
the hippocampus and cortical areas (Braak and Del Trecidi,
2015). On the other hand, the earliest tangles reported are
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FIGURE 2 | A locus coeruleus pretangle (LC) tau model in rats. (A1-A4) htauE14-GFP uptake in the LC co-localizes with DBH + LC neurons. (B1-B3) GFP
co-localizes with HT7 indexing human tau. (C) Schematics of the timeline of AAV infusion, odor discrimination training, and histology. (D1-D4) No odor
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FIGURE 2 | discrimination deficiency (D1,D2), or LC cell loss (D3), or LC fiber degeneration (D4) in young 6 month-old rats infused with htauE14 at 2-3 month-old.
(E1-E4) Impairment in similar (SOD), but not dissimilar odor discrimination (DOD) learning in 10 month-old rats infused with htauE14 at 2-3 month-old (E1,E2), no
LC cell loss (E3) but LC fiber degeneration in the piriform cortex (PC) was observed (E4). (F1-F3) Deficiency in SOD (F1), LC cell number loss (F2) and fiber
degeneration (F3) in 17-20 month-old rats infused with, htauE14 at 12—-14 month-old. (G1,G2) LC fiber density in the PC is correlated with olfactory discrimination
learning performance. NET, norepinephrine transport; DBH, dopamine beta-hydroxylase; HT7, Human Tau 7. Scale bars, 50 um. Adapted and modified from Ghosh
et al. (2019) and Omoluabi et al. (2021).

B Ca?*

NMDAR \LTCC
LA\

LTP 1D PKA

B-adrenergic
receptor

B-adrenergic
receptor

B-adrenergic

receptor NE

L/

LTP LTD

CREB mediated
protein synthesis

CREB mediated
protein synthesis

CREB mediated
protein synthesis

FIGURE 3 | A hypothetical model of LTCCs in NE dysregulation in Alzheimer’s disease. (A) LTCC contribute to both LTP and LTD in olfactory learning. In aged rats,
LTD in the piriform cortex (PC) is LTCC-dependent (Rajani et al., 2021). Thus, inhibition of LTCCs in the aging piriform cortex blocks LTD and could enhance learning
(Maziar et al., 2022). (B) Following the degeneration of noradrenergic inputs from the LC, a decrease in NE signaling could result in LTCC hypofunction, resulting in

the reduction of LTCC-dependent LTP (red arrows). (C) Alternatively, a compensatory increase in extracellular NE and adrenergic receptor expression may lead to
enhancement of LTCC-mediated LTD (blue arrows). LTP, long term potentiation; LTD, long term depression; PC, piriform cortex; NE, norepinephrine; LC, locus

coeruleus; LTCC, L-type calcium channel; NMDAR, N-methyl-D-aspartate receptor.

associated with the anterior olfactory nucleus (a component of
the prepiriform/piriform cortex), and entorhinal cortex, leading
to synaptic plasticity impairment and cognitive decline (Price
et al., 1991; Kovacs et al, 2001). This path of tau pretangle
and tangle in the PC network and NE dysfunction in the
PC due to LC pretangle tau could both critically influence
early AD pathology, underlying impaired odor detection,
discrimination and associative memory as observed in pre-
clinical AD (Mesholam et al., 1998; Ghosh et al., 2019).

A decrease in LC-sourced NE has long been implicated in
AD pathology, with reported neuronal loss within the LC and
reduced NE inputs to other brain regions (Gulyas et al., 2010;
Gannon et al., 2015; Theofilas et al., 2017). However, extracellular
NE levels are not always decreased in AD patients, and adrenergic
receptors have been reported to have a varied expression and
density (Gannon and Wang, 2019). As a result, it is suggested
that NE dysfunction within AD pathology may not be solely due
to deficiency in NE inputs, but a part of a more complex system
of changes at the receptor level involving neurodegenerative
processes and compensatory mechanisms (Gannon and Wang,
2019). Given the fundamental importance of NE signaling to
the enhancement of PC synaptic plasticity (Morrison et al.,
2013; Ghosh et al.,, 2017a), odor valence and discrimination
(Shakhawat et al., 2015; Ghosh et al., 2021), it is plausible that
the early stages of soluble pretangle tau initially expressed within
the LC could directly influence olfactory dysfunction observed
in preclinical AD.

In a recent pretangle tau model in rats (Figure 2), a human
tau gene pseudophosphorylated on 14 sites (htauE14) was seeded
in the LC to mimic the persistent phosphorylation of pretangles
(Ghosh et al., 2019; Figures 2A,B). As in human tissue, pretangle

tau in this model appeared in the somatodendritic compartment
of the LC and spread from LC to other neuromodulatory groups
such as serotonergic dorsal raphe neurons. LC neurons bearing
this pretangle tau underwent degeneration with prolonged time.
When htauE14 is infused at 2-3 months old (mimicking early
onset of human pretangle tau (Braak et al., 2011), LC cell counts
and NE fiber density in the PC, 3 months after htauE14 seeding,
did not differ from control brains. Functionally, the acquisition
of a difficult olfactory discrimination, which requires LC input to
PC (Shakhawat et al., 2015), was not impaired (Figures 2C,D).
However, at 7-8 months post-htauE14 infusion, NE fiber
density in the PC decreased and difficult odor discrimination
was impaired (Figure 2E). However, expression of the NE
transporter, NET, was also reduced and was concomitant with
B1-adrenoceptor up-regulation in the PC. The NE levels in the
PC are yet to be determined. When htauE14 is seeded at middle-
age (12-14 months old), the pretangle tau pathology progressed
faster. At 5-6 months post-infusion, LC cells started to reduce,
correlating with a deficiency in a simpler version of the odor
learning (Figure 2F). Odor discrimination and identification in
humans is sensitive to brain aging (Doty et al., 1984) and may
relate to declining NE fiber densities. This animal model provides
the first evidence that LC pretangle tau pathology associated with
PC adrenergic dysregulation may drive olfactory dysfunction
in preclinical AD stages. The causal effects of PC adrenergic
support in olfactory dysfunction observed in this model is
further demonstrated by a more recent study (Omoluabi et al.,
2021). Combining the pre-tangle tau model with optogenetic
stimulation, we demonstrated that a 6 week chronic, learning-
and positive valence-promoting LC phasic patterned activation
(Ghosh et al.,, 2021), prevented LC fiber degeneration in the

Frontiers in Cellular Neuroscience | www.frontiersin.org 5

May 2022 | Volume 16 | Article 908758


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Rajani and Yuan

Noradrenergic Modulation and Olfactory Dysfunction

PC, and restored olfactory discrimination learning. Additionally,
the adrenergic fiber density in the PC is positively correlated
with odor discrimination performance (Figure 2G). Thus, the
pretangle tau rat model suggests pre-clinical olfactory deficiency
is strongly correlated with adrenergic deficiency in the PC. Non-
invasive techniques, such as PET imaging with a radioligand
for the NE-transporter (Arakawa et al., 2008), may be useful in
testing this relationship in a human clinical setting.

Noradrenergic alteration and parallel olfactory dysfunction
have been demonstrated in other transgenic rodent models
of AD. Tg2676 mice exhibit neurodegeneration in LC along
with olfactory deficits (Guerin et al,, 2009), while TgCRNDS
mice show depressive behavior and impaired object recognition
memory that are correlated with low NE at the tissue level
(Francis et al.,, 2012). Triple transgenic (3xTg-AD) mice also
display reduced olfactory memory performance and AD
pathology in these mice is exacerbated by p2 adrenergic receptor
antagonists, suggesting altered noradrenergic signaling (Cassano
et al., 2011; Branca et al., 2014). Double transgenic APP/PS1
mice with dopamine beta-hydroxylase (DBH) knockout
inhibits NE synthesis and exacerbates hippocampal LTP
and spatial memory deficiency observed in either APP/PS1
or DBH knockout alone (Hammerschmidt et al., 2013).
These transgenic mice also display specific vulnerability to
neurodegeneration within olfactory networks (Saiz-Sanchez
et al,, 2012). LC lesion with N-(2-Chloroethy)-N-ethyl-bromo-
benzylamine (DSP4) also weakened olfactory discrimination
ability and short-term memory in the APP/PS1 model (Rey
et al., 2012). Impressively, behavioral deficiencies can be
ameliorated by enhancing NE in several of these models.
ap-adrenoreceptor antagonists administered in drinking
water or osmotic minipumps prevented age-related spatial
memory deficits in APP/PS1 mice (Scullion et al., 2011) and
improved object recognition in TgCRNDS8 mice (Francis
et al, 2012). Spatial memory deficits in APP/PS1 mice
with DBH deficiency were also improved by subcutaneous
injections of the NE precursor L-threo-dihydroxyphenylserine
(Hammerschmidt et al., 2013).

NOREPINEPHRINE MODULATION OF
CALCIUM CHANNELS IN ALZHEIMER’S
DISEASE: A HYPOTHESIS

Key components of NE-mediated enhancement of synaptic
plasticity within the PC are the L-type calcium channels
(LTCCs). LTCCs are downstream of B-adrenergic receptors, via
a Gs-mediated cAMP-PKA pathway to produce an increase
in Ca?* influx and CREB-mediated protein synthesis and the
initiation of long-term memory formation (Ghosh et al., 2017a;
Man et al., 2020). Recently, we demonstrated that similar
to the hippocampus, there is an age-dependent increase in
the contribution of LTCCs to LTD in the PC, concurrent
with a decreased role for NMDARs (Rajani et al, 2021).
Moreover, inhibition of LTCCs in the aging piriform cortex
blocks LTD (Rajani et al., 2021) and could enhance learning
(Maziar et al, 2022). The increased significance of LTCCs

during aging may provide some insight into the susceptibility
of the aged PC to AD-related changes of the LC-NE pathway
(Figure 3). LTCCs contribute to both LTP and LTD in
olfactory learning (Figure 3A). A decrease in NE input to the
PC following LC degeneration may cause reduced activation
of LTCCs, diminishing LTCC-mediated LTP and impairing
protein synthesis-dependent long-term odor memory formation
(Figure 3B). On the other hand, a compensatory increase
in extracellular NE levels or adrenoceptors, which have been
correlated with age-related cognitive decline and AD (Wang
et al, 2013; Gannon and Wang, 2019), may cause LTCC
hyperfunction, leading to enhanced LTD (Figure 3C). Such
dysregulation has been suggested in models for age-related
cognitive decline (Thibault et al., 2007) and may be exacerbated
under the influence of higher NE signaling. The resulting impact
of AD pathology on extracellular NE levels within the PC remains
to be determined.

CONCLUSION AND OUTLOOK

Neurodegeneration of the LC and dysregulated noradrenergic
function correlate with AD progression and olfactory dysfunction
during preclinical stages. Further exploration of cellular and
molecular interactions within these regions may help to
characterize preclinical symptoms during this critical window.
Future perspectives will require an understanding of AD
pathology on multi-regional (OB and PC) extracellular NE,
noradrenergic receptor expression, and should involve the
interaction of both Af and tau pathologies on aging individuals.

Preserving LC neuronal health and function could be key
to prevent or reverse AD. Promoting phasic LC firing patterns
and reducing stress-inducing high tonic activity appear to
be beneficial in animal models (Omoluabi et al., 2021). Life
exposures such as education, novel environment, cognitive tasks
that are associated with LC phasic activity could enhance
the neural reserve to delay or reduce AD-related pathology
(Xu et al, 2020), whereas chronic stress that is associated
with high tonic LC activity increases AD risk (Wilson et al,
2011). We propose that LC degeneration at pre-clinical stages
drives early olfactory deficits. The availability of LC imaging
methods (Betts et al, 2019) enables the examination of
the relationship of LC integrity and olfactory function in
living humans and could provide insight into progression of
neurodegenerative diseases.

AUTHOR CONTRIBUTIONS

VR and QY contributed equally to the conceptualization, wrote
the manuscript, and approved the submitted version.

FUNDING

This work was supported by an Aging Research Centre Grant
(ARC-NL, VR) and a Canadian Institutes for Health Research
Project Grant (#PJT—16124 to QY).

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 908758


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Rajani and Yuan

Noradrenergic Modulation and Olfactory Dysfunction

REFERENCES

Adlimoghaddam, A., Snow, W. M,, Stortz, G., Perez, C., Djordjevic, J., Goertzen,
A. L, et al. (2019). Regional hypometabolism in the 3xTg mouse model of
Alzheimer’s disease. Neurobiol. Dis. 127, 264-277. doi: 10.1016/j.nbd.2019.03.
008

Arakawa, R., Okumura, M., Ito, H., Seki, C., Takahashi, H., Takano, H., et al. (2008).
Quantitative analysis of norepinephrine transporter in the human brain using
PET with (S,S)-18F-FMeNER-D2. J. Nucl. Med. 49, 1270-1276. doi: 10.2967/
jnumed.108.051292

Arnold, S. E., Lee, E. B, Moberg, P. J., Stutzbach, L., Kazi, H., Han, L. Y,
etal. (2010). Olfactory epithelium amyloid-beta and paired helical filament-tau
pathology in Alzheimer disease. Ann. Neurol. 67, 462-469. doi: 10.1002/ana.
21910

Attems, J., Walker, L., and Jellinger, K. A. (2015). Olfaction and Aging: a Mini-
Review. Gerontology 61, 485-490. doi: 10.1159/000381619

Bathini, P., Mottas, A., Jaquet, M., Brai, E., and Alberi, L. (2019). Progressive
signaling changes in the olfactory nerve of patients with Alzheimer’s disease.
Neurobiol. Aging 76, 80-95. doi: 10.1016/j.neurobiolaging.2018.12.006

Bekkers, J. M., and Suzuki, N. (2013). Neurons and circuits for odor processing in
the piriform cortex. Trends Neurosci. 36, 429-438. doi: 10.1016/j.tins.2013.04.
005

Betts, M. J., Kirilina, E., Otaduy, M. C. G., Ivanov, D., Acosta-Cabronero, J.,
Callaghan, M. F,, et al. (2019). Locus coeruleus imaging as a biomarker for
noradrenergic dysfunction in neurodegenerative diseases. Brain 142, 2558-
2571. doi: 10.1093/brain/awz193

Blazing, R. M., and Franks, K. M. (2020). Odor coding in piriform cortex:
mechanistic insights into distributed coding. Curr. Opin. Neurobiol. 64, 96-102.
doi: 10.1016/j.conb.2020.03.001

Bouret, S., and Sara, S. J. (2002). Locus coeruleus activation modulates firing
rate and temporal organization of odour-induced single-cell responses in rat
piriform cortex. Eur. J. Neurosci. 16, 2371-2382. doi: 10.1046/j.1460-9568.2002.
02413.x

Braak, H., and Del Trecidi, K. (2015). Neuroanatomy and pathology of sporadic
Alzheimer’s disease. Adv. Anat. Embryol. Cell Biol. 215, 1-162.

Braak, H., and Del Tredici, K. (2011). The pathological process underlying
Alzheimer’s disease in individuals under thirty. Acta Neuropatholog. 121, 171-
181. doi: 10.1007/s00401-010-0789-4

Braak, H., and Del Tredici, K. (2012). Where, when, and in what form does sporadic
Alzheimer’s disease begin? Curr. Opin. Neurol. 25, 708-714. doi: 10.1097/WCO.
0b013e32835a3432

Braak, H., Thal, D. R., Ghebremedhin, E., and Del Tredici, K. (2011). Stages of
the pathologic process in Alzheimer disease: age categories from 1 to 100 years.
J. Neuropathol. Exp. Neurol. 70, 960-969. doi: 10.1097/NEN.0b013e318232a379

Branca, C., Wisely, E. V., Hartman, L. K., Caccamo, A., and Oddo, S. (2014).
Administration of a selective beta2 adrenergic receptor antagonist exacerbates
neuropathology and cognitive deficits in a mouse model of Alzheimer’s disease.
Neurobiol. Aging 35, 2726-2735. doi: 10.1016/j.neurobiolaging.2014.06.011

Cassano, T., Romano, A., Macheda, T., Colangeli, R., Cimmino, C. S., Petrella,
A, etal. (2011). Olfactory memory is impaired in a triple transgenic model of
Alzheimer disease. Behav. Brain Res. 224, 408-412. doi: 10.1016/j.bbr.2011.06.
029

Chen, Y., Chen, T., and Hou, R. (2022). Locus coeruleus in the pathogenesis
of Alzheimer’s disease: a systematic review. Alzheimers Dement 8:¢12257. doi:
10.1002/trc2.12257

Crous-Bou, M., Minguillén, C., Gramunt, N., and Molinuevo, J. L. (2017).
Alzheimer’s disease prevention: from risk factors to early intervention.
Alzheimer’s Res. Therapy 9:1. doi: 10.1186/s13195-017-0297-z

Datiche, F., and Cattarelli, M. (1996). Catecholamine innervation of the piriform
cortex: a tracing and immunohistochemical study in the rat. Brain Res. 710,
69-78. doi: 10.1016/0006-8993(95)01279-6

de Almeida, L., Reiner, S. J., Ennis, M., and Linster, C. (2015). Computational
modeling suggests distinct, location-specific function of norepinephrine in
olfactory bulb and piriform cortex. Front. Comput. Neurosci. 9:73. doi: 10.3389/
fncom.2015.00073

Devanand, D. P. (2016). Olfactory Identification Deficits, Cognitive Decline, and
Dementia in Older Adults. Am. J. Geriatr. Psychiatry 24, 1151-1157. doi: 10.
1016/j.jagp.2016.08.010

Donoshita, Y., Choi, U. S., Ban, H., and Kida, I. (2021). Assessment of olfactory
information in the human brain using 7-Tesla functional magnetic resonance
imaging. Neuroimage 236:118212. doi: 10.1016/j.neuroimage.2021.118212

Doty, R. L., Shaman, P., Applebaum, S. L., Giberson, R., Siksorski, L., and
Rosenberg, L. (1984). Smell identification ability: changes with age. Science 226,
1441-1443. doi: 10.1126/science.6505700

Doucette, W., Milder, J., and Restrepo, D. (2007). Adrenergic modulation of
olfactory bulb circuitry affects odor discrimination. Learn Mem. 14, 539-547.
doi: 10.1101/Im.606407

Ebadi, A., Dalboni da Rocha, J. L., Nagaraju, D. B., Tovar-Moll, F., Bramati, I.,
Coutinho, G., et al. (2017). Ensemble Classification of Alzheimer’s Disease and
Mild Cognitive Impairment Based on Complex Graph Measures from Diffusion
Tensor Images. Front. Neurosci. 11:56. doi: 10.3389/fnins.2017.00056

Escanilla, O., Alperin, S., Youssef, M., Ennis, M., and Linster, C. (2012).
Noradrenergic but not cholinergic modulation of olfactory bulb during
processing of near threshold concentration stimuli. Behav. Neurosci. 126, 720—
728. doi: 10.1037/a0030006

Escanilla, O., Arrellanos, A., Karnow, A., Ennis, M., and Linster, C. (2010).
Noradrenergic modulation of behavioral odor detection and discrimination
thresholds in the olfactory bulb. Eur. J. Neurosci. 32, 458-468. doi: 10.1111/j.
1460-9568.2010.07297 x

Francis, B. M., Yang, J., Hajderi, E., Brown, M. E., Michalski, B., McLaurin,
J., et al. (2012). Reduced tissue levels of noradrenaline are associated with
behavioral phenotypes of the TSCRND8 mouse model of Alzheimer’s disease.
Neuropsychopharmacology 37, 1934-1944. doi: 10.1038/npp.2012.40

Gandy, J. C., Melendez-Ferro, M., Bijur, G. N., Van Leuven, F., Roche, J. K., Lechat,
B., et al. (2013). Glycogen synthase kinase-3beta (GSK3beta) expression in a
mouse model of Alzheimer’s disease: a light and electron microscopy study.
Synapse 67, 313-327. doi: 10.1002/syn.21642

Gannon, M., Che, P., Chen, Y., Jiao, K., Roberson, E. D., and Wang, Q. (2015).
Noradrenergic dysfunction in Alzheimer’s disease. Front. Neurosci. 9:220. doi:
10.3389/fnins.2015.00220

Gannon, M., and Wang, Q. (2019). Complex noradrenergic dysfunction in
Alzheimer’s disease: low norepinephrine input is not always to blame. Brain Res.
1702, 12-16. doi: 10.1016/j.brainres.2018.01.001

Gellman, R. L., and Aghajanian, G. K. (1993). Pyramidal cells in piriform
cortex receive a convergence of inputs from monoamine activated GABAergic
interneurons. Brain Res. 600, 63-73. doi: 10.1016/0006-8993(93)90402-9

Ghosh, A., Massaeli, F., Power, K. D., Omoluabi, T., Torraville, S. E., Pritchett, J. B.,
etal. (2021). Locus Coeruleus Activation Patterns Differentially Modulate Odor
Discrimination Learning and Odor Valence in Rats. Cereb Cortex Commun.
2:tgab026. doi: 10.1093/texcom/tgab026

Ghosh, A., Mukherjee, B., Chen, X., and Yuan, Q. (2017b). B-Adrenoceptor
activation enhances L-type calcium channel currents in anterior piriform cortex
pyramidal cells of neonatal mice: implication for odor learning. Learn. Mem. 24,
132-135. doi: 10.1101/1m.044818.116

Ghosh, A., Carew, S.J., Chen, X., and Yuan, Q. (2017a). The Role of L-type Calcium
Channels in Olfactory Learning and Its Modulation by Norepinephrine. Front.
Cell. Neurosci. 11:394. doi: 10.3389/fncel.2017.00394

Ghosh, A., Purchase, N. C., Chen, X., and Yuan, Q. (2015). Norepinephrine
Modulates Pyramidal Cell Synaptic Properties in the Anterior Piriform Cortex
of Mice: age-Dependent Effects of beta-adrenoceptors. Front. Cell Neurosci.
9:450. doi: 10.3389/fncel.2015.00450

Ghosh, A., Torraville, S. E., Mukherjee, B., Walling, S. G., Martin, G. M., Harley,
C. W,, et al. (2019). An experimental model of Braak’s pretangle proposal for
the origin of Alzheimer’s disease: the role of locus coeruleus in early symptom
development. Alzheimer’s Res. Ther. 11:1. doi: 10.1186/s13195-019-0511-2

Guerin, D., Peace, S. T., Didier, A., Linster, C., and Cleland, T. A. (2008).
Noradrenergic neuromodulation in the olfactory bulb modulates odor
habituation and spontaneous discrimination. Behav. Neurosci. 122, 816-826.
doi: 10.1037/20012522

Guerin, D., Sacquet, J., Mandairon, N., Jourdan, F., and Didier, A. (2009).
Early locus coeruleus degeneration and olfactory dysfunctions in Tg2576
mice. Neurobiol. Aging 30, 272-283. doi: 10.1016/j.neurobiolaging.2007.05.
020

Gulyas, B., Brockschnieder, D., Nag, S., Pavlova, E., Kasa, P., Beliczai, Z.,
et al. (2010). The norepinephrine transporter (NET) radioligand (S,S)-
[18F]FMeNER-D2 shows significant decreases in NET density in the

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 908758


https://doi.org/10.1016/j.nbd.2019.03.008
https://doi.org/10.1016/j.nbd.2019.03.008
https://doi.org/10.2967/jnumed.108.051292
https://doi.org/10.2967/jnumed.108.051292
https://doi.org/10.1002/ana.21910
https://doi.org/10.1002/ana.21910
https://doi.org/10.1159/000381619
https://doi.org/10.1016/j.neurobiolaging.2018.12.006
https://doi.org/10.1016/j.tins.2013.04.005
https://doi.org/10.1016/j.tins.2013.04.005
https://doi.org/10.1093/brain/awz193
https://doi.org/10.1016/j.conb.2020.03.001
https://doi.org/10.1046/j.1460-9568.2002.02413.x
https://doi.org/10.1046/j.1460-9568.2002.02413.x
https://doi.org/10.1007/s00401-010-0789-4
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1016/j.neurobiolaging.2014.06.011
https://doi.org/10.1016/j.bbr.2011.06.029
https://doi.org/10.1016/j.bbr.2011.06.029
https://doi.org/10.1002/trc2.12257
https://doi.org/10.1002/trc2.12257
https://doi.org/10.1186/s13195-017-0297-z
https://doi.org/10.1016/0006-8993(95)01279-6
https://doi.org/10.3389/fncom.2015.00073
https://doi.org/10.3389/fncom.2015.00073
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1016/j.jagp.2016.08.010
https://doi.org/10.1016/j.neuroimage.2021.118212
https://doi.org/10.1126/science.6505700
https://doi.org/10.1101/lm.606407
https://doi.org/10.3389/fnins.2017.00056
https://doi.org/10.1037/a0030006
https://doi.org/10.1111/j.1460-9568.2010.07297.x
https://doi.org/10.1111/j.1460-9568.2010.07297.x
https://doi.org/10.1038/npp.2012.40
https://doi.org/10.1002/syn.21642
https://doi.org/10.3389/fnins.2015.00220
https://doi.org/10.3389/fnins.2015.00220
https://doi.org/10.1016/j.brainres.2018.01.001
https://doi.org/10.1016/0006-8993(93)90402-9
https://doi.org/10.1093/texcom/tgab026
https://doi.org/10.1101/lm.044818.116
https://doi.org/10.3389/fncel.2017.00394
https://doi.org/10.3389/fncel.2015.00450
https://doi.org/10.1186/s13195-019-0511-2
https://doi.org/10.1037/a0012522
https://doi.org/10.1016/j.neurobiolaging.2007.05.020
https://doi.org/10.1016/j.neurobiolaging.2007.05.020
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Rajani and Yuan

Noradrenergic Modulation and Olfactory Dysfunction

human brain in Alzheimer’s disease: a post-mortem autoradiographic study.
Neurochem. Int. 56, 789-798. doi: 10.1016/j.neuint.2010.03.001

Hammerschmidt, T., Kummer, M. P., Terwel, D., Martinez, A., Gorji, A., Pape,
H. C, et al. (2013). Selective loss of noradrenaline exacerbates early cognitive
dysfunction and synaptic deficits in APP/PS1 mice. Biol. Psychiatry 73, 454-463.
doi: 10.1016/j.biopsych.2012.06.013

Hasselmo, M. E,, Linster, C., Patil, M., Ma, D., and Cekic, M. (1997). Noradrenergic
suppression of synaptic transmission may influence cortical signal-to-noise
ratio. J. Neurophysiol. 77, 3326-3339. doi: 10.1152/jn.1997.77.6.3326

Jung, M. W., Larson, J., and Lynch, G. (1990). Long-term potentiation of
monosynaptic EPSPS in rat piroform cortex in vitro. Synapse 6, 279-283. doi:
10.1002/syn.890060307

Kanter, E., and Haberly, L. (1993). Associative long-term potentiation in piriform
cortex slices requires GABAA blockade. J. Neurosci. 13, 2477-2482. doi: 10.
1523/jneurosci.13-06-02477.1993

Kanter, E. D., and Haberly, L. B. (1990). NMDA-dependent induction of long-term
potentiation in afferent and association fiber systems of piriform cortex in vitro.
Brain Res. 525, 175-179. doi: 10.1016/0006-8993(90)91337-g

Kareken, D. A., Doty, R. L., Moberg, P. J., Mosnik, D., Chen, S. H., Farlow, M. R,,
et al. (2001). Olfactory-evoked regional cerebral blood flow in Alzheimer’s
disease. Neuropsychology 15, 18-29. doi: 10.1037//0894-4105.15.1.18

Kjelvik, G., Evensmoen, H. R., Hummel, T., Engedal, K., Selbaek, G., Saltvedt,
I, et al. (2020). The Human Brain Representation of Odor Identification
in Amnestic Mild Cognitive Impairment and Alzheimer’s Dementia of Mild
Degree. Front. Neurol. 11:607566. doi: 10.3389/fneur.2020.607566

Kong, V., Devenyi, G. A., Gallino, D., Ayranci, G., Germann, J., Rollins, C., et al.
(2018). Early-in-life neuroanatomical and behavioural trajectories in a triple
transgenic model of Alzheimer’s disease. Brain Struct. Funct. 223, 3365-3382.
doi: 10.1007/s00429-018-1691-4

Kovacs, T., Cairns, N. J., and Lantos, P. L. (1999). beta-amyloid deposition and
neurofibrillary tangle formation in the olfactory bulb in ageing and Alzheimer’s
disease. Neuropathol. Appl. Neurobiol. 25, 481-491. doi: 10.1046/j.1365-2990.
1999.00208.x

Kovacs, T., Cairns, N. J., and Lantos, P. L. (2001). Olfactory centres in Alzheimer’s
disease: olfactory bulb is involved in early Braak’s stages. Neuroreport 12,
285-288. doi: 10.1097/00001756-200102120-00021

Lebel, D., Grossman, Y., and Barkai, E. (2001). Olfactory learning modifies
predisposition for long-term potentiation and long-term depression induction
in the rat piriform (olfactory) cortex. Cereb Cortex 11, 485-489. doi: 10.1093/
cercor/11.6.485

Li, W., Howard, J. D., and Gottfried, J. A. (2010). Disruption of odour quality
coding in piriform cortex mediates olfactory deficits in Alzheimer’s disease.
Brain 133, 2714-2726. doi: 10.1093/brain/awq209

Macknin, J. B., Higuchi, M., Lee, V. M., Trojanowski, J. Q., and Doty, R. L. (2004).
Olfactory dysfunction occurs in transgenic mice overexpressing human tau
protein. Brain Res. 1000, 174-178. doi: 10.1016/j.brainres.2004.01.047

Man, K. N. M., Navedo, M. F., Horne, M. C., and Hell, J. W. (2020). beta2
Adrenergic Receptor Complexes with the L-Type Ca(2+) Channel CaV1.2 and
AMPA-Type Glutamate Receptors: Paradigms for Pharmacological Targeting of
Protein Interactions. Annu Rev. Pharmacol. Toxicol. 60, 155-174. doi: 10.1146/
annurev- pharmtox-010919-023404

Mandairon, N., Peace, S., Karnow, A., Kim, J., Ennis, M., and Linster, C.
(2008). Noradrenergic modulation in the olfactory bulb influences spontaneous
and reward-motivated discrimination, but not the formation of habituation
memory. Eur. J. Neurosci. 27, 1210-1219. doi: 10.1111/j.1460-9568.2008.06
101.x

Martinez-Garcia, I, Hernandez-Soto, R., Villasana-Salazar, B., Ordaz,
B., and Pena-Ortega, F. (2021). Alterations in Piriform and Bulbar
Activity/Excitability/Coupling ~ Upon  Amyloid-beta ~ Administration
in vivo Related to Olfactory Dysfunction. J. Alzheimers Dis. 82, S19-S35.
doi: 10.3233/JAD-201392

Maziar, A., Critch, T. N. R. H. Y., Ghosh, S., Rajani, V., Flynn, C. M., Qin, T.,
et al. (2022). Aging differentially affects LTCC function in hippocampal CA1
and piriform cortex pyramidal neurons. Cerebral Cortex 2022:152. doi: 10.1093/
cercor/bhac152

Mesholam, R. I, Moberg, P. J., Mahr, R. N, and Doty, R. L. (1998). Olfaction
in neurodegenerative disease: a meta-analysis of olfactory functioning in

Alzheimer’s and Parkinson’s diseases. Arch. Neurol. 55, 84-90. doi: 10.1001/
archneur.55.1.84

Morrison, G. L., Fontaine, C. J., Harley, C. W., and Yuan, Q. (2013). A role for
the anterior piriform cortex in early odor preference learning: evidence for
multiple olfactory learning structures in the rat pup. J. Neurophys. 110, 141-152.
doi: 10.1152/jn.00072.2013

Mukherjee, B., and Yuan, Q. (2016). NMDA receptors in mouse anterior piriform
cortex initialize early odor preference learning and L-type calcium channels
engage for long-term memory. Sci. Rep. 6:35256. doi: 10.1038/srep35256

Murphy, C. (2019). Olfactory and other sensory impairments in Alzheimer disease.
Nat. Rev. Neurol. 15, 11-24. doi: 10.1038/s41582-018-0097-5

Omoluabi, T., Torraville, S. E., Maziar, A., Ghosh, A., Power, K. D., Reinhardt,
C., et al. (2021). Novelty-like activation of locus coeruleus protects against
deleterious human pretangle tau effects while stress-inducing activation
worsens its effects. Alzheimers Dement 7:¢12231. doi: 10.1002/trc2.12231

Omoluabi, T., Power, K. D., Sepahvand, T., and Yuan, Q. (2022). Phasic and
tonic locus coeruleus stimulation associated valence learning engages distinct
adrenoceptors in the rat basolateral amygdala. Front. Cell. Neurosci. doi: 10.
3389/fncel.2022.886803

Poo, C., and Isaacson, J. S. (2007). An Early Critical Period for Long-Term
Plasticity and Structural Modification of Sensory Synapses in Olfactory Cortex.
J. Neurosci. 27, 7553-7558. doi: 10.1523/jneurosci.1786-07.2007

Price, J. L., Davis, P. B., Morris, J. C., and White, D. L. (1991). The distribution
of tangles, plaques and related immunohistochemical markers in healthy aging
and Alzheimer’s disease. Neurobiol. Aging 12, 295-312. doi: 10.1016/0197-
4580(91)90006-6

Quinlan, E. M., Lebel, D., Brosh, 1., and Barkai, E. (2004). A Molecular Mechanism
for Stabilization of Learning-Induced Synaptic Modifications. Neuron 41, 185-
192. doi: 10.1016/50896-6273(03)00874-2

Rajani, V., Maziar, A., Man, K. N. M., Hell, J. W., and Yuan, Q. (2021). Age-
dependent contributions of NMDA receptors and L-type calcium channels to
long-term depression in the piriform cortex. Int. J. Mol. Sci. 22:24. doi: 10.3390/
ijms222413551

Rey, N. L., Jardanhazi-Kurutz, D., Terwel, D., Kummer, M. P., Jourdan, F., Didier,
A, etal. (2012). Locus coeruleus degeneration exacerbates olfactory deficits in
APP/PS1 transgenic mice. Neurobiol. Aging 33:2. doi: 10.1016/j.neurobiolaging.
2010.10.009

Reyes, P. F.,, Deems, D. A, and Suarez, M. G. (1993). Olfactory-related changes in
Alzheimer’s disease: a quantitative neuropathologic study. Brain Res. Bull 32,
1-5. doi: 10.1016/0361-9230(93)90310-8

Saiz-Sanchez, D., Ubeda-Banon, I, De la Rosa-Prieto, C., and Martinez-Marcos, A.
(2012). Differential expression of interneuron populations and correlation with
amyloid-beta deposition in the olfactory cortex of an AbetaPP/PS1 transgenic
mouse model of Alzheimer’s disease. J. Alzheimers Dis. 31, 113-129. doi: 10.
3233/JAD-2012-111889

Scullion, G. A., Kendall, D. A, Marsden, C. A., Sunter, D., and Pardon,
M. C. (2011). Chronic treatment with the alpha2-adrenoceptor antagonist
fluparoxan prevents age-related deficits in spatial working memory in APPxPS1
transgenic mice without altering beta-amyloid plaque load or astrocytosis.
Neuropharmacology 60, 223-234. doi: 10.1016/j.neuropharm.2010.09.
002

Shakhawat, A. M., Gheidi, A., MacIntyre, I. T., Walsh, M. L., Harley, C. W.,
and Yuan, Q. (2015). Arc-Expressing Neuronal Ensembles Supporting Pattern
Separation Require Adrenergic Activity in Anterior Piriform Cortex: an
Exploration of Neural Constraints on Learning. J. Neurosci. 35, 14070-14075.
doi: 10.1523/JNEUROSCI.2690-15.2015

Shea, S. D., Katz, L. C., and Mooney, R. (2008). Noradrenergic induction of odor-
specific neural habituation and olfactory memories. J. Neurosci. 28, 10711
10719. doi: 10.1523/JNEUROSCI.3853-08.2008

Theofilas, P., Ehrenberg, A. J., Dunlop, S., Di Lorenzo, Alho, A. T., Nguy, A., et al.
(2017). Locus coeruleus volume and cell population changes during Alzheimer’s
disease progression: a stereological study in human postmortem brains with
potential implication for early-stage biomarker discovery. Alzheimers Dement
13, 236-246. doi: 10.1016/j.jalz.2016.06.2362

Thibault, O., Gant, J. C., and Landfield, P. W. (2007). Expansion of the calcium
hypothesis of brain aging and Alzheimer’s disease: minding the store. Aging Cell
6,307-317. doi: 10.1111/§.1474-9726.2007.00295.x

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 908758


https://doi.org/10.1016/j.neuint.2010.03.001
https://doi.org/10.1016/j.biopsych.2012.06.013
https://doi.org/10.1152/jn.1997.77.6.3326
https://doi.org/10.1002/syn.890060307
https://doi.org/10.1002/syn.890060307
https://doi.org/10.1523/jneurosci.13-06-02477.1993
https://doi.org/10.1523/jneurosci.13-06-02477.1993
https://doi.org/10.1016/0006-8993(90)91337-g
https://doi.org/10.1037//0894-4105.15.1.18
https://doi.org/10.3389/fneur.2020.607566
https://doi.org/10.1007/s00429-018-1691-4
https://doi.org/10.1046/j.1365-2990.1999.00208.x
https://doi.org/10.1046/j.1365-2990.1999.00208.x
https://doi.org/10.1097/00001756-200102120-00021
https://doi.org/10.1093/cercor/11.6.485
https://doi.org/10.1093/cercor/11.6.485
https://doi.org/10.1093/brain/awq209
https://doi.org/10.1016/j.brainres.2004.01.047
https://doi.org/10.1146/annurev-pharmtox-010919-023404
https://doi.org/10.1146/annurev-pharmtox-010919-023404
https://doi.org/10.1111/j.1460-9568.2008.06101.x
https://doi.org/10.1111/j.1460-9568.2008.06101.x
https://doi.org/10.3233/JAD-201392
https://doi.org/10.1093/cercor/bhac152
https://doi.org/10.1093/cercor/bhac152
https://doi.org/10.1001/archneur.55.1.84
https://doi.org/10.1001/archneur.55.1.84
https://doi.org/10.1152/jn.00072.2013
https://doi.org/10.1038/srep35256
https://doi.org/10.1038/s41582-018-0097-5
https://doi.org/10.1002/trc2.12231
https://doi.org/10.3389/fncel.2022.886803
https://doi.org/10.3389/fncel.2022.886803
https://doi.org/10.1523/jneurosci.1786-07.2007
https://doi.org/10.1016/0197-4580(91)90006-6
https://doi.org/10.1016/0197-4580(91)90006-6
https://doi.org/10.1016/s0896-6273(03)00874-2
https://doi.org/10.3390/ijms222413551
https://doi.org/10.3390/ijms222413551
https://doi.org/10.1016/j.neurobiolaging.2010.10.009
https://doi.org/10.1016/j.neurobiolaging.2010.10.009
https://doi.org/10.1016/0361-9230(93)90310-8
https://doi.org/10.3233/JAD-2012-111889
https://doi.org/10.3233/JAD-2012-111889
https://doi.org/10.1016/j.neuropharm.2010.09.002
https://doi.org/10.1016/j.neuropharm.2010.09.002
https://doi.org/10.1523/JNEUROSCI.2690-15.2015
https://doi.org/10.1523/JNEUROSCI.3853-08.2008
https://doi.org/10.1016/j.jalz.2016.06.2362
https://doi.org/10.1111/j.1474-9726.2007.00295.x
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Rajani and Yuan

Noradrenergic Modulation and Olfactory Dysfunction

Vasavada, M. M., Martinez, B., Wang, J., Eslinger, P. J., Gill, D. ], Sun, X,
et al. (2017). Central Olfactory Dysfunction in Alzheimer’s Disease and Mild
Cognitive Impairment: a Functional MRI Study. J. Alzheimers Dis. 59, 359-368.
doi: 10.3233/JAD-170310

Veyrac, A., Nguyen, V. Marien, M., Didier, A.,, and Jourdan, F. (2007).
Noradrenergic control of odor recognition in a nonassociative olfactory
learning task in the mouse. Learn Mem. 14, 847-854. doi: 10.1101/lm.708807

Wang, L., Zhang, Z., Chen, J., Manyande, A., Haddad, R., Liu, Q., et al. (2020).
Cell-Type-Specific Whole-Brain Direct Inputs to the Anterior and Posterior
Piriform Cortex. Front. Neural. Circuits 14:4. doi: 10.3389/fncir.2020.00004

Wang, L. Y., Murphy, R. R., Hanscom, B., Li, G., Millard, S. P., Petrie, E. C,, et al.
(2013). Cerebrospinal fluid norepinephrine and cognition in subjects across the
adult age span. Neurobiol. Aging 34, 2287-2292. doi: 10.1016/j.neurobiolaging.
2013.04.007

Wesson, D. W., Borkowski, A. H., Landreth, G. E., Nixon, R. A, Levy, E., and
Wilson, D. A. (2011). Sensory network dysfunction, behavioral impairments,
and their reversibility in an Alzheimer’s beta-amyloidosis mouse model.
J. Neurosci. 31, 15962-15971. doi: 10.1523/J]NEUROSCI.2085-11.2011

Wilson, D. A, and Sullivan, R. M. (2011). Cortical processing of odor objects.
Neuron 72, 506-519. doi: 10.1016/j.neuron.2011.10.027

Wilson, R. S., Arnold, S. E., Schneider, J. A., Boyle, P. A., Buchman, A. S., and
Bennett, D. A. (2009). Olfactory impairment in presymptomatic Alzheimer’s
disease. Ann. N. Y. Acad. Sci. 1170, 730-735. doi: 10.1111/j.1749-6632.2009.
04013.x

Wilson, R. S., Begeny, C. T., Boyle, P. A,, Schneider, J. A., and Bennett, D. A. (2011).
Vulnerability to stress, anxiety, and development of dementia in old age. Am. J.
Geriatr. Psychiatry 19, 327-334. doi: 10.1097/JGP.0b013e31820119da

Xu, H., Yang, R, Dintica, C.,, Qi, X., Song, R., Bennett, D. A, et al. (2020).
Association of lifespan cognitive reserve indicator with the risk of mild

cognitive impairment and its progression to dementia. Alzheimers Dement 16,
873-882. doi: 10.1002/alz.12085

Xydakis, M. S., and Belluscio, L. (2017). Detection of neurodegenerative disease
using olfaction. Lancet Neurol. 16, 415-416. doi: 10.1016/S1474-4422(17)
30125-4

Yan, Y., Aierken, A., Wang, C., Song, D., Ni, ]., Wang, Z., et al. (2022). A potential
biomarker of preclinical Alzheimer’s disease: the olfactory dysfunction and its
pathogenesis-based neural circuitry impairments. Neurosci. Biobehav. Rev. 132,
857-869. doi: 10.1016/j.neubiorev.2021.11.009

Yuan, Q., Shakhawat, A. M., and Harley, C. W. (2014). Mechanisms underlying
early odor preference learning in rats. Prog. Brain Res. 208, 115-156. doi: 10.
1016/B978-0-444-63350-7.00005-X

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Rajani and Yuan. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 908758


https://doi.org/10.3233/JAD-170310
https://doi.org/10.1101/lm.708807
https://doi.org/10.3389/fncir.2020.00004
https://doi.org/10.1016/j.neurobiolaging.2013.04.007
https://doi.org/10.1016/j.neurobiolaging.2013.04.007
https://doi.org/10.1523/JNEUROSCI.2085-11.2011
https://doi.org/10.1016/j.neuron.2011.10.027
https://doi.org/10.1111/j.1749-6632.2009.04013.x
https://doi.org/10.1111/j.1749-6632.2009.04013.x
https://doi.org/10.1097/JGP.0b013e31820119da
https://doi.org/10.1002/alz.12085
https://doi.org/10.1016/S1474-4422(17)30125-4
https://doi.org/10.1016/S1474-4422(17)30125-4
https://doi.org/10.1016/j.neubiorev.2021.11.009
https://doi.org/10.1016/B978-0-444-63350-7.00005-X
https://doi.org/10.1016/B978-0-444-63350-7.00005-X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Noradrenergic Modulation of the Piriform Cortex: A Possible Avenue for Understanding Pre-Clinical Alzheimer's Disease Pathogenesis
	Introduction
	Anatomy and Synaptic Plasticity of the Piriform Cortex
	Modulation of the Piriform Cortex by Norepinephrine
	Norepinephrine and Olfactory Dysfunction in Humans and Animal Models
	Norepinephrine Modulation of Calcium Channels in Alzheimer's Disease: a Hypothesis
	Conclusion and Outlook
	Author Contributions
	Funding
	References


