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Olfactory proteotyping: towards
the enlightenment of the
neurodegeneration

Although phylogenetically ancient, the olfactory system has
received less attention than other sensorial systems. However,
olfactory dysfunction is considered an early prodromal event
in neurodegenerative diseases (NDs) (Doty, 2012; Attems et al.,
2014), which may vary from severe smell loss (e.g., Alzheimer’s and
Parkinson’s diseases) to relatively moderate loss (e.g., progressive
supranuclear palsy) (Doty, 2017). Recently, a cluster of neuro-
pathological and functional discoveries has evidenced the relevant
role of the olfactory bulb (OB) during the neurodegenerative pro-
cess (Attems et al., 2014; Rey et al., 2018). For instance, the dou-
ble-transgenic APP/PS1 mouse model of Alzheimer’s disease (AD)
develops early proteomic disturbances accompanied by a specific
modulation of the focal adhesion kinase (FAK) and mitogen-ac-
tivated protein kinase (MAPK) dynamics at the level of the OB,
demonstrating that olfactory molecular alterations occur prior to
B-amyloid plaque appearance and memory impairments in APP/
PS1 transgenic mice (Lachen-Montes et al., 2016). Nevertheless,
there are currently specific questions which should be addressed
in human neurodegeneration: Does the loss of smell precede the
onset of ND-specific neuropathological features? What is the met-
abolic impairment induced by protein inclusions in the OB? Is it
disease-specific or tauopathy/synucleinopathy-dependent? How
the neuropathological substrates modulate their constitutive in-
teractome at olfactory level? Are there common olfactory targets
across different neurological backgrounds?

In this perspective, we briefly summarize the current knowledge
generated by the application of neuroproteomic strategies for in-
depth molecular characterization of the OB in AD and Parkinson’s
disease (PD), and discuss challenges to move the field forward.

Neuroproteomics as a tool to characterize the molecular land-
scape of the olfactory bulb in proteinopathies: During decades,
the molecular complexity of the mammalian olfactory system
has impeded its systemic characterization, but shotgun “omic”
approaches together with bioinformatics developments are now
pushing forward the frontiers of olfaction research at an increasing
pace (Zelaya et al., 2015; Lachen-Montes et al., 2017a). Specifi-
cally, neuroproteomics is being applied to identify and quantify
olfactory-related proteomes in different biological contexts such as
olfactory learning, ageing and neurodegeneration (Lachen-Montes
et al., 2016). Using protein and peptide fractionation strategies
followed by liquid chromatography tandem mass spectrometry
(LC-MS/MS), the first proteomic atlas of the human OB was char-
acterized in 2012, identifying 1466 proteins involved in diverse bi-
ological functions highlighting nucleotide, RNA binding, hydrolase
and phosphatase activities (Fernandez-Irigoyen et al., 2012). Along
with recent exhaustive proteomic descriptions performed in hu-
man olfactory structures (Lachen-Montes et al., 2016), proteomic
workflows are also being used to quantitatively monitor OB molec-
ular derangements in human subjects with different neurological
syndromes to discover novel potential therapeutic targets and bio-
markers.

Olfactory proteotyping: commonalities and differences across
human tauopathies and synucleinopathies: Most of the neuro-
proteomics workflows focused on the characterization of human
AD and PD neurodegeneration, although informative, have ig-
nored the neuropathological progression of the disease across
AD/PD related-brain structures. We consider that the elucidation
of the progressive proteome-wide alterations that occurs in a

stage-dependent manner in early-affected OB region, may help to
unveil the biochemical routes affected during the olfactory patho-
physiology of AD and PD. Using a discovery pipeline combining
neuropathological examination, quantitative proteomics, network
biology and biochemical approaches, we have partially character-
ized the proteostatic imbalance present in the OB from AD and PD
subjects (Lachen-Montes et al., 2017b, 2018) (Figure 1). In partic-
ular: i) around 20% of the quantified proteome differs between AD
and PD phenotypes respect to nondemented controls, ii) differen-
tial functional interactors for neuropathological substrates (APP,
Tau, and alpha-synuclein) have been detected in the OB, iii) 24 OB
proteins are commonly deregulated across AD grading (Braak I-
I, Braak IITI-IV and Braak V—VT stages), and iv) 65 OB proteins
are commonly deregulated across Lewy body pathology (limbic,
early-neocortical and neocortical stages) (Lachen-Montes et al.,
2017b, 2018).

It has been hypothesized that differential disturbance of com-
mon pathological substrates (e.g., cholinergic damage) may be
part of the molecular mechanisms that cause olfactory dysfunction
across NDs (Doty, 2017). As brain-derived neurotrophic factor
(BDNF) signalling is directly involved in the survival of cholinergic
neurons, the characterization of the functional BDNF interactome
at the level of the OB might provide mechanistic clues in the elu-
cidation of olfactory impairments in AD and PD. In this context,
network-driven proteomics has allowed to detect some differen-
tial functional interactors of BDNF in AD and PD subjects at the
level of the OB (Lachen-Montes et al., 2017b, 2018) (Figure 2),
suggesting that these protein alterations may differentially compro-
mised the integrity of cholinergic pathways in both neurological
syndromes. In addition, our cross-disease study has allowed the
detection and identification of a subset of common protein media-
tors in PD and AD subjects with respect to nondemented controls
(Lachen-Montes et al., 2017b, 2018) (Figure 1), suggesting that this
shared OB proteome might be part of a common pathological dis-
arrangement during the olfactory neurodegeneration in both neu-
rological disorders. In particular, the mitochondrial cytochrome
c oxidase subunit 5A (COX5A) and CLIP-associating protein 2
(CLASP2) were commonly deregulated across all AD and PD
stages (Lachen-Montes et al., 2017b, 2018). COX5A is the terminal
oxidase in mitochondrial electron transport, and the up-regulation
observed in AD and PD suggests an early impairment in mitochon-
drial function and redox signaling at olfactory level. In the case
of CLASP2, its down-regulation indicates that neurite outgrowth,
synaptic function and neuronal polarity is compromised in AD and
PD olfactory neurons. Considering that cell survival routes have
been proposed as neuroprotective targets for slow the progression
or delay onset the neurodegenerative process, the cross-disease
monitorization of specific OB survival mechanisms also generated
important differences in the activation dynamics between AD and
PD. Specifically, the activation state of signaling axes such as MEK/
ERK, and MKK3/6-p38 MAPK was clearly different between AD
and PD phenotypes, whereas OB PDK1/PKC axis was similarly de-
regulated across AD and PD stages (Lachen-Montes et al., 2017b,
2018). Since no research has been specifically focused on the spe-
cific role of this shared protein/kinase panel between AD and PD
across olfactory structures, further targeted experiments are need-
ed to elucidate whether they could be potential mediators of the
AP and a-synuclein spreading or are secondary manifestations of
previous damage associated with olfactory deficit.

Olfactory proteomics as a novel strategy to detect secretable
biomarker candidates: Based on the relevance of the smell loss in
neurodegeneration, we consider that the application of proteomics
in primary olfactory structures is an ideal approach to explore early
pathophysiological changes, detecting olfactory proteins that might
be tested in biofluids as potential biomarkers. Data-mining of
mass-spectrometry-generated datasets has revealed that 30% of the
OB proteome is also localized in cerebrospinal fluid. One of these
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Figure 1 Olfactory proteotyping across Alzheimer’s disease (AD) and Parkinson’s disease (PD).

(A) Olfactory proteotyping approach to identify potential therapeutic targets and biomarkers. (B) Common deregulated targets across AD and PD
stages. High AD: Braak V—VI stages; intermediate AD: Braak III-IV stages; low AD: Braak I-II stages; LBDN: Lewy body neocortical stage; LBDE:
Lewy body early-neocortical stage; LBDL: Lewy body limbic stage.
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Figure 2 Modulation of the brain-derived neurotrophic factor
(BDNF) functional interactome across Alzheimer’s disease (AD)
stages at the level of olfactory bulb (OB).

Adaptation of BDNF functional network in initial AD (Braak I-II)
(left), intermediate AD (Braak III-IV) (right) and advanced AD (Braak
V-VI) (down). Continuous lines represent direct interactions, while
discontinuous lines correspond to indirect functional interactions.
Up-regulated molecules in red, and down-regulated molecules in
green. (See complete legend in Additional file 1). Deregulated proteins
are mainly involved in regulation of neurotransmitter release (synapto-
somal associated protein-25; SNAP25), dendrite formation (unconven-
tional myosin Va; MYOS5A), synaptic vesicle docking (syntaxin-binding
protein 1; STXBP1, AP3-complex subunit delta-1; AP3D1), endocytic
trafficking (Nck-associated protein 1; NCKAP1) and axon guidance
(Plexin-B2; PLXNB2). In the case of PD, the altered BDNF interactors
were polypyrimidine tract-binding protein 1 (PTBP1; common to
limbic and neocortical stages), and Laminin subunit beta-2 (LAMB2),
agrin (AGRN), interferon-induced, double-stranded RNA-activated
protein kinase (EIF2AK2) and Guanine deaminase (GDA) (specifically
modulated in neocortical stage).
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secretable proteins over-expressed in the OB from PD subjects is
Glucosamine-6-phosphate isomerase 2 (GNPDA2), an allosteric
enzyme that catalyzes the reversible reaction converting D-glucos-
amine-6-phosphate into D-fructose-6-phosphate and ammonia
(Lachen-Montes et al., 2018). Due to ammonia product causes defi-
cits in excitatory glutamatergic and GABAergic neurotransmission,
inflammatory responses, and memory impairments, we focused our
attention into the GNPDA2 protein biofluid profile in patients with
PD. Interestingly, GNPDA2 showed an inverse correlation with
respect to a-synuclein protein levels detected in cerebrospinal fluid
whereas serum levels were decreased in PD population respect to
nondemented controls. Although these data may be a consequence
of the damaged blood-brain barrier (BBB) previously report in PD,
additional experiments are needed to clinically validate the monitor-
ing of the GNPDA2 biofluid profile across different tauopathies and
synucleinopathies, in order to evaluate the specificity and sensitivi-
ty of this metabolic protein as a biomarker.

Conclusion and future perspective: Based on the assumption
that AD and PD share common underlying mechanisms due to
the overlap in clinical presentation and brain neuropathology,
cross-disease olfactory proteomic analyses have demonstrated pa-
thology-specific molecular pathways and protein signatures that
are common in AD and PD (Lachen-Montes et al., 2017b, 2018).
It is evident that data from more neurodegenerative diseases are
needed to complete the olfactory proteotyping across taupathies,
synucleinopathies and tardopathies. However, the extensive dy-
namic range in protein concentration and the proteome hetero-
geneity originated by diverse interconnected neuronal microenvi-
ronments, cause difficulties to globally interpret the outputs from
olfactory high-throughput molecular maps. In the near future, the
acquisition of high-throughput qualitative and quantitative molec-
ular data by technological developments in systems proteomics will
allow the precise dissection of unanticipated peptide and protein
regulators present in neurodegenerative primary olfactory struc-
tures. The application of MALDI imaging (Lachen-Montes et al.,
2018) will offer the great advantage to investigate the neuropatho-
logical changes taking place directly in olfactory areas, enabling
the so-called “molecular histology”. Technological advancements
in the field of laser capture microdissection coupled to mass spec-
trometry will allow the targeted molecular characterization of spe-
cific olfactory cell layers present in the OB, providing novel insights
regarding the molecular mechanisms that govern the olfactory
dysfunction in a cell-type dependent manner. Based on the differ-
ences and similarities observed in the activation state of OB surviv-
al kinases, future phosphoproteomic studies will allow to precisely
decipher novel cell-signaling networks disrupted during olfactory
neurodegeneration across tauopathies and synucleinopathies.

Due to the olfactory neuroepithelium is the only portion of the
central nervous system that is exposed to the external environment,
intranasal therapies based on enzyme replacement or specific drug
delivery are emerging as an alternative route to overpass the BBB
and deliver potential therapeutic agents to the brain (Agrawal et
al., 2018). Said that, we consider olfactory proteomics as a novel
source of pathological olfactory substrates to develop unanticipated
preclinical studies in order to potentially treat or cure the neurode-
generative process in its early phases.
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