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Editorial on the Research Topic
Trends in biomarkers for neurodegenerative diseases: Current research
and future perspectives

Neurodegenerative diseases are characterized by a progressive decline in brain function
and are a growing global threat (Jellinger, 2010). Early and accurate diagnosis of these
conditions is vital for the development of therapeutic interventions to prevent disease
progression and improve patient outcomes. However, many currently available biomarkers
for these conditions have limited sensitivity and specificity, and are not clinically applicable
during early disease stages (Hornung et al., 2020; Hansson, 2021).

A challenge for the diagnosis and treatment of neurodegenerative diseases is the difficulty
accessing the brain of living individuals. For most of these diseases, analysis of brain
tissue postmortem is required for accurate diagnosis. Major advancements have been made
in the development of cerebrospinal fluid (CSF), imaging, and blood-based biomarkers
for several neurodegenerative diseases (Ashton et al., 2020; Kaipainen et al., 2020; Dutta
et al,, 2021; Taha et al.,, 2022), which are proof of concept for the possibilities of early
diagnosis. Moreover, advances in proteomics, transcriptomics, and metabolomics have
provided valuable insights into the mechanisms of these conditions and have opened the
door to the development of novel diagnostic and therapeutic approaches (Peplow and
Martinez, 2021).

Collaborative efforts across the globe have helped elucidate the underlying mechanistic
pathways of neurodegenerative diseases, yet many remain poorly understood (Figure 1).
This Research Topic is a collection of research articles and reviews from diverse groups
around the globe discussing recent developments and insights in the field of biomarkers
for neurodegenerative diseases, their utility and limitations, and future directions toward
implementation of advanced biomarkers in regular clinical practice.
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Zhang, Ghose, et al. at Oxford University used deep-learning
neural networks to identify blood proteins that could predict the
now commonly used biomarker paradigm of amyloid, tau, and
neurodegeneration (AT[N]) pathologies in AD. The researchers
determined the AT[N] status in the brain and compared it to
the corresponding blood biomarkers. The study found enrichment
of proteins in five AD-associated clusters that could serve as
surrogate blood biomarkers for AD. Along similar lines, to study
the relationship between blood-based biomarkers of AD and
cognition in motoric cognitive risk (MCR) syndrome, Chen et al.
at MacKay Memorial Hospital, Taiwan, determined the levels of
plasma AP42 and total tau. They found that plasma tau levels
were significantly higher in the MCR and AD groups compared
to the normal cognition group. These findings suggest that MCR
and AD may share underlying pathology and cognitive function
may be related to tau levels in MCR. A study by Parvizi et al. at
the Medical University of Vienna, Austria, examined the potential
of blood neurofilament light chain (NfL) and glial fibrillary acidic
protein (GFAP), in detecting early neuropathological changes in
AD. A panel combining plasma NfL and GFAP with known AD risk
factors had a promising discriminatory power in distinguishing AD
from healthy controls and predicting amyloid positivity.

A retrospective, case-selective clinical study by Li et al. at
Tianjin Huanhu Hospital, China, aimed to differentiate AD
from frontotemporal lobar degeneration (FTLD) using clinical,
neuropsychological, and neuroimaging features. AD patients had
a higher prevalence of vascular disease-associated factors and a
higher percentage of Apolipoprotein E4 carriers. The findings
suggest that dynamic evaluation of cognitive function, behavioral
symptoms, and multimodal neuroimaging may help differentiate
between AD and FTLD.

10.3389/fnagi.2023.1153932

In a systematic review of preclinical in vitro and in
vivo studies, Fathi et al. at Shahid Beheshti University of
Medical Sciences, Iran, evaluated genes and mechanisms of
neuroinflammation in Parkinson’s disease (PD). The review
identified several neuroinflammatory factors and molecular
mechanisms contributing to the initiation and progression of PD,
and potential therapeutic approaches against them. A systematic
review focusing on different aspects by Asadi et al. at Tabriz
University of Medical Sciences, Iran, attempted to identify
validated competing endogenous RNA (ceRNA) loops in PD.
The reviewed studies indicate that ceRNA axes have a significant
impact on PD development and may be useful for the diagnosis
and treatment of PD. Bioinformatic analysis of genes targeted
in ceRNA axes showed that they were involved in processes
such as the cellular response to metal ions, oxidative stress,
and regulation of macromolecule metabolism. Heng et al. at the
Second Affiliated Hospital of Soochow University, China, explored
the association between osteoarthritis and PD through genetic
characterization and functional enrichment. Using bioinformatics
methods and datasets from the Gene Expression Omnibus
database, they identified 71 common genes affecting both diseases,
which were enriched in antigen processing and presentation,
mitochondrial translation, the mRNA surveillance pathway, and
nucleocytoplasmic transport. The study suggested that the gene
WDR43 may be useful for the diagnosis of osteoarthritis and
PD and that several immune cell types may be associated with
the pathogenesis of both diseases. Zheng et al. at Beijing Tiantan
Hospital, China, investigated whether abnormal a-synuclein (a-
syn) deposition occurs in the oral mucosa of patients with multiple
system atrophy (MSA) and whether a-syn and pathological forms
thereof in the oral mucosa could be potential biomarkers for MSA.

FIGURE 1
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Challenges in identifying biomarkers for neurodegenerative diseases. Identifying biomarkers for neurodegenerative diseases is challenging because
of the inaccessibility of the brain. As a result, there is a lack of detailed understanding of the underlying pathology. Additional challenges are variability
in clinical presentation and overlapping symptoms, and the long latent period of many of these diseases making it difficult to pinpoint specific
biomarkers for diagnosis and prediction of disease course.
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They found elevated levels of all tested a-syn species in patients
with MSA compared to controls. Interestingly, the a-syn levels
correlated negatively with disease duration, suggesting that they
will be most useful at early disease stages.

The ongoing COVID-19 pandemic has been linked to a range
of neurological complications, including cognitive impairment
and neurodegenerative changes (Li C. et al., 2022). A review
article by Silva et al. at Benemérita Universidad Auténoma de
Puebla, Mexico, discusses the possibility of SARS-CoV-2 entering
the central nervous system (CNS) through various neuroinvasive
pathways, including the transcribrial route, the ocular surface,
and the hematogenous system leading to the development of
neurodegenerative diseases. The authors highlighted that the virus
may also cause cytokine storms, neuroinflammation, and oxidative
stress, which may increase the risk of developing diseases, such as
AD and PD. Alvarez et al. at Marshall University, West Virginia,
reviewed the diverse neurodegenerative changes associated with
COVID-19 and highlighted the importance of major circulating
biomarkers, associated with disease progression and severity. Their
literature survey indicates that important CNS proteins, such as
GFAP, NfL, and pT181-tau, and various inflammatory cytokines are
altered significantly in COVID-19 patients. The review summarizes
the current understanding of the neuropathological changes
associated with COVID-19 and the potential use of biomarkers
in identifying patients at risk for developing severe forms of
the disease.

Huntington’s disease (HD) is a genetic neurodegenerative
disorder that is influenced by epigenetic changes, such as non-
coding RNA expression and accelerated DNA methylation age
(Bassi et al,, 2017). Ghafouri-Fard et al. at Shahid Beheshti
University of Medical Sciences, Iran, review the potential
interactions among these different layers of the epigenome in
relation to HD onset and progression. The authors discuss recent
findings of micro RNA (miRNA) and long noncoding RNA
dysregulation, as well as methylation changes and epigenetic age
in HD.

In a study focusing on amyotrophic lateral sclerosis (ALS),
Behler et al. at Ulm University, Germany, investigated the use of
diffusion tensor imaging (DTI) as a progression biomarker. The
study used Monte Carlo simulations to estimate the statistical
power and sample size needed for DTI studies in ALS considering
factors such as the number of scans per session, time intervals
between measurements, and measurement uncertainties. The
results showed that multiple scans per session can increase the
statistical power of DTT studies in ALS, particularly in cases of high
measurement uncertainty and small sample sizes. Addressing the
question of developing biomarkers for the spectrum of diseases
caused by tauopathy or TPD-43 proteinopathy, Wong et al. at
the University of Toronto, Canada, used spectral-domain optical
coherence tomography (SD-OCT) to examine the peripapillary
retinal nerve fiber layer (pRNFL) thickness and macular retinal
thickness in the eyes of participants with ALS, progressive
supranuclear palsy (a tauopathy), and the semantic variant of
primary progressive aphasia presumed to be caused by TDP-43
proteinopathy. Their data indicated that the TDP-43 group had
a significantly thinner pRNFL in the temporal sector compared
to the tauopathy group. miRNAs, a class of small non-coding
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RNAs, often are altered in neurodegenerative diseases and have the
potential to be used as biomarkers (Li S. et al., 2022). Alvia et al.
at Boston University School of Medicine compared the levels of
47 miRNAs in the prefrontal cortex of brain donors with chronic
traumatic encephalopathy (CTE), ALS, both CTE and ALS, and
control subjects. They found that 60% of the studied miRNAs were
significantly different between the pathology groups, of which 75%
were upregulated in both CTE and ALS. The identified miRNAs
were involved in pathways related to inflammation, apoptosis, and
cell growth/differentiation. Importantly, the largest change was in
miR-10b, which was increased in ALS but not in CTE or CTE +
ALS, suggesting that it could be used as a diagnostic biomarker.

Zhang, Chen, et al. at the Second Hospital of Hebei Medical
University, China, studied the role of endothelin-1 (ET-1) in
ALS and found that ET-1 and its receptors were expressed
in the spinal cord of a transgenic mouse model of ALS
and their expression changed as the disease progressed. In
addition, ET-1 had a toxic effect on motor neurons in a cell
model of ALS, which was rescued by selective ET-A or ET-
B receptor antagonists. They also found that Cdknlb (P27)
and Eif4ebpl could be used as biomarkers for understanding
and identifying the pathogenesis of ALS responding to ET-
1 intervention.

NfLs are proteins found in neurons and their levels have
been shown to be useful in the diagnosis, prognosis, and
monitoring of treatment response for a variety of neurological
conditions (Gaetani et al, 2019). In a review article, Delaby
et al. at Université de Montpellier, France, discussed the potential
value of NfL assays in the diagnosis and management of
patients with ALS, PD, frontotemporal dementia, and other
neurologic diseases. The authors also described the added
value of NfL compared to other biomarkers and proposed
specific indications where NfL may be helpful in diagnostic
and prognostic clinical decision-making. The authors pointed
out the importance of establishing reference ranges for NfL
levels in different biological samples, depending on factors
such as age, body mass index, and the specific medical
indication considered.

A study by Fernandez-Alvarez et al. at Pablo de Olavide
University, Spain, examined the relationship between plasma
markers of amyloid and neurodegeneration, intracortical
myelin content, and resting-state functional connectivity in
cognitively normal older adults. The researchers found that
lower plasma AB42 and higher plasma NfL were associated
with lower myelin content in certain brain regions. They also
found that higher NfL levels were associated with altered
functional connectivity between the insula and medial
The findings suggest potential links

among plasma AP42 and NfL, intracortical myelin content,

orbitofrontal cortex.

and functional connectivity in brain regions vulnerable to aging
and neurodegeneration.

Overall, this Research Topic highlights recent development
and innovation in the field of biomarkers for neurodegenerative
diseases, including AD, PD, HD, ALS, and others. The
Research Topic covers a range of biomarkers, including
those that can be measured in the periphery, such as blood
and spinal fluid. The Research Topic also covers the potential

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1153932
https://doi.org/10.3389/fnins.2022.867825
https://doi.org/10.3389/fnagi.2022.1020092
https://doi.org/10.3389/fnagi.2022.987174
https://doi.org/10.3389/fnins.2022.929151
https://doi.org/10.3389/fnins.2022.964715
https://doi.org/10.3389/fnins.2022.855096
https://doi.org/10.3389/fncel.2022.1069617
https://doi.org/10.3389/fnagi.2022.1034684
https://doi.org/10.3389/fnagi.2022.896848
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Dutta et al.

use of these biomarkers in clinical practice, including their
potential to aid in the diagnosis, prognosis, and monitoring
of disease progression and treatment response. Our goal
as editors was to provide a comprehensive overview of the
current state of the field and identify future directions for
research and development in this important area and we
hope the readers will find interest in the included articles
and reviews.
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Evidence suggests that SARS-CoV-2 entry into the central nervous system can result
in neurological and/or neurodegenerative diseases. In this review, routes of SARS-
Cov-2 entry into the brain via neuroinvasive pathways such as transcribrial, ocular
surface or hematogenous system are discussed. It is argued that SARS-Cov-2-induced
cytokine storm, neuroinflammation and oxidative stress increase the risk of developing
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.
Further studies on the effects of SARS-CoV-2 and its variants on protein aggregation,
glia or microglia activation, and blood-brain barrier are warranted.

Keywords: SARS-CoV-2, Alzheimer’s disease, Parkinson’s disease, neuroinvasive pathways, blood-brain barrier

INTRODUCTION

On December 12, 2019, in Wuhan City, Hubei Province, China, the first cases of an unexplained
pneumonia failing to respond to the standard treatment regimen led to an exhaustive search for a
new virus. The clinical symptoms of the condition were fever, dry cough, sore throat, pneumonia,
severe dyspnea, and myalgia (Huang C. et al., 2020; Zhu N. et al., 2020). Subsequently, on February
11, 2020, the new coronavirus was identified and was termed severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Coincidentally, a day earlier, the first draft genome of the virus was
made publicly available. This enabled research groups to develop different molecular diagnostics
such as RT-PCR and immunological assays. Later, CRISPR-based assays, nucleic acid microarray
assays, and next generation sequencing were added (Habibzadeh et al., 2021).

The World Health Organization (WHO) is responsible for declaring a pandemic. WHO
monitors disease activity on a global scale through a network of centers located in countries
worldwide and has a pandemic preparedness plan that consists of six phases of pandemic alert.
Phase 1 represents the lowest level of alert and usually indicates that a newly emerged or previously
existing virus is circulating among animals, with low risk of transmission to humans. Phase 6,
the pandemic phase, is declared when an outbreak is characterized by globally widespread and
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sustained disease transmission among humans (Rogers, 2022).
Since by the end of February 2020, COVID-19 had already
registered 83,652 cases globally (Wassie et al., 2020; Carvalho
et al., 2021). On March 11, 2020, WHO declared COVID-
19 a pandemic.

Patients who have concomitant comorbidities and patients
admitted to the intensive care unit are significantly more likely
to develop complications from COVID-19 (Sanyaolu et al,
2020). Elderly and seriously ill patients with a clinical history
of cardiovascular, liver, and/or kidney disease carry the highest
risk of mortality. Obesity is also a risk factor for all ages
(Huang Y. et al., 2020), and age, sex, ethnicity, socioeconomic
group, and geographical location may also influence the outcome
(Harwood et al., 2022).

The SARS-CoV-2 belongs to the Coronaviridae family of
the genus betacoronavirus (BCoV) and was identified as the
etiological agent of COVID-19. SARS-CoV-2, like other known
coronaviruses, is an enveloped virus with single-stranded positive
sense RNA and a genome approximately 29.9 kb in size (Masters,
2006; Rastogi et al., 2020). Genetically, SARS-CoV-2 and severe
acute respiratory syndrome coronavirus (SARS-CoV) both have
characteristically high homologous sequence, unlike the Middle
East Syndrome (MERS)-CoV virus (Yu et al., 2020). The SARS-
CoV-2 envelope is associated with four structural proteins:
membrane protein (M); spike protein (S); envelope protein (E);
and nucleocapsid protein (N) (Lu R. et al., 2020; Figure 1). Details
on the structure and molecular biology of the SARS-CoV-2 virus
have been recently reviewed by several groups (Arya et al., 2021;
Hu et al., 2021; Peng et al., 2021; Rahimi et al., 2021).

Analysis of mutations in the coding and non-coding regions,
genetic diversity, and pathogenicity of SARS-CoV-2 has also been
carried out and based on the results it was suggested that a
minimal variation in the genome sequence of SARS-CoV-2 may
be responsible for a drastic change in the structures of target
proteins, making available drugs ineffective (Naqvi et al., 2020).
Clinical data show that the main structures of the body that are
affected by COVID-19 are the respiratory and cardiovascular
systems (Kapoor, 2020; Lazzeri et al., 2020; Yi et al.,, 2021).
However, SARS-CoV-2 is able to infect other systems, such as
the digestive, urogenital and nervous systems (Zhang Y. et al,,
2020; Spudich and Nath, 2022). In this review, we discuss the
recent reports on the infectivity of SARS-CoV-2 in the central
nervous system (CNS) and the probable impact of COVID-19 on
neurodegenerative diseases.

Neurological Consequences of COVID-19

There are reports of COVID-19 exerting neurological effects,
the most common being hypogeusia (diminished sense of
taste) and anosmia (loss of sense of smell) (Gilani et al.,
2020; Spudich and Nath, 2022), and cerebrovascular damage
(Beyrouti et al., 2020; Meegada et al., 2020; Gilpin et al., 2021).
However, encephalopathies (Helms et al., 2020), demyelination
(Domingues et al., 2020; Zanin et al., 2020), edema and symptom
presentations similar to multiple sclerosis and Guillain-Barré
have also been observed with COVID-19 (Toscano et al., 2020;
Spudich and Nath, 2022). Other neurological/neuropsychiatric
symptoms such as alterations in consciousness and hallucinations

in COVID-19 have been attributed to SARS-CoV-2’s effect on
the frontal lobe cortex, an area intimately involved in perception
(Ellul et al., 2020; Ferrando et al., 2020; Paniz-Mondolfi et al.,
2020).

Because COVID-19 is a relatively recent disease, its full
pathogenic mechanisms and possible sequelae in the nervous
system remain unclear. Fortunately, novel molecular biology
techniques, such as RT-PCR, RT-qPCR, CRISPR-based assays,
and nucleic acid microarray assays have made it possible to
elucidate some general aspects of the disease (Habibzadeh et al.,
2021) and relate them to other public health emergencies caused
by other coronaviruses, such as SARS in 2002-2003 and MERS in
2012 (Zhu Z. et al., 2020). Researchers have been able to ascertain
complications associated with pre-existing conditions and the
key role played by the immune system in resolution or further
complication of the disease (de Wit et al., 2016; Abdelrahman
et al., 2020; Ansariniya et al., 2021). In addition, SARS-CoV-2-
induced acute and long-term neurological effects are a subject of
intense investigation and a main focus of this article.

NEUROINVASIVE MECHANISMS OF
SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS 2

Human coronaviruses not only cause common colds but can
also infect neural cells as evidenced by neurotropism and
neuroinvasion (Arbour et al., 2000). Studies carried out on brain
samples taken from patients with SARS disease detected the
presence of the SARS-CoV virus in nervous tissue (Ding et al.,
2004; Xu et al., 2005). Moreover, SARS-CoV-2 has been detected
in the brain and cerebrospinal fluid of COVID-19 patients using
RT-qPCR and immunohistochemistry techniques (Domingues
et al,, 2020; Huang Y. H. et al,, 2020; Moriguchi et al., 2020; Liu
J. M. et al., 2021; Serrano et al., 2021; Song et al., 2021). Although
the exact mechanism of neurological complications in COVID-
19 patients is unknown, it has been shown that infection with
SARS-CoV-2 damages the choroid plexus epithelium, leading to
leakage across the blood brain barrier (Pellegrini et al., 2020).
Nonetheless, potential mechanism (s) of SARS-CoV-2 entry
into the CNS are a subject of intense relevance and interest
(Hu et al., 2020).

It is known that both SARS-CoV and SARS-CoV-2 occupy the
primary receptor angiotensin-converting enzyme 2 (ACE2) (Li
etal., 2003; Lu R. et al., 2020) and can form a complex with other
cofactors such as transmembrane serine protease 2 (TMPRSS2)
(Hoffmann et al., 2020) and neuropilin-1 (Cantuti-Castelvetri
et al., 2020; Daly et al., 2020). This interaction between SARS-
CoV-2 and ACE2 is essential for the complex to be internalized
into the cells (Figure 1). TMPRSS2 is vital for SARS-CoV-2
infection, although it has a low expression in the brain. However,
SARS-CoV-2 can also infect cells via neuropilin-1 and furin
protease which have a higher and broader expression in the brain
compared to TMPRSS2 or ACE2 (Davies et al., 2020). Moreover,
SARS-CoV-2 is likely to infect glutamatergic neurons due to
higher expression of ACE2, neuropilin-1 and furin protease than
GABAergic neurons (Dobrindt et al., 2021). Thus, other proteins
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could be involved in SARS-CoV-2 entry into the brain. Indeed,
a recent study suggests that SARS-CoV-2 may interact with
metabotropic glutamate receptor 2 (mGluR2), which may play a
role in internalization and perhaps in SARS-CoV-2 neurotropism
(Wang]J. et al., 2021).

ACE?2 is highly expressed in adipose tissue and organs such
as the kidney, small intestine, heart, and testicles, and to a lesser
extent in the lung, liver, colon, spleen, muscle, blood, and brain
(Lietal., 2020). Moreover, alow but constant expression of ACE2
has been revealed via the use of transcriptomic techniques on
various brain structures, such as the brainstem, cortex, striatum,
hypothalamus, choroid plexuses, and the paraventricular nuclei
of the hypothalamus (Xia and Lazartigues, 2008; Chen R. et al,,
2020). Given the evidence for the distribution of ACE2 in the
brain, it can be inferred that multiple regions may be affected
during SARS-CoV-2 infection. Furthermore, SARS-CoV-2 has a
higher affinity for ACE2 than SARS-CoV and therefore, could
have a major detrimental effect on the brain (Natoli et al., 2020).

The clinical severity of COVID-19 has been correlated with
the frequency of neurological complications, while meningitis
and encephalitis have been associated with paranasal sinusitis and
could, in severe cases of SARS-CoV-2 infection, be an indicator
of an aggravated viral infection due to an obstruction in the
paranasal lymphatic vessels (Bridwell et al., 2020; Moriguchi
et al., 2020). On the other hand, the glymphatic system, a glia-
dependent elimination pathway for soluble wastes and metabolic
products in the brain, is believed to play an important role
in paranasal sinusitis. Serving as the brain’s “front end,” the
glymphatic system is interconnected with the lymphatic network
of the dura, cranial nerves, and veins of the skull (Benveniste
et al., 2019). This interconnection could be used by SARS-CoV-
2 to gain access to the brain in order to be internalized by
the neurons. A compromised blood-brain barrier (BBB) and the
perforation of the ethmoid bone are other suggested routes via

which the virus enters the brain (Zubair et al., 2020; Pacheco-
Herrero et al., 2021). Overall, three main routes for viral entry to
the CNS have been proposed: (1) the transcribrial neuroinvasive
route; (2) the neuroinvasive route via the ocular surface; and
(3) the hematogenous neuroinvasive route (Figure 2). These
proposed routes are discussed in the following sections.

Evidence of Neuroinvasive Routes via
Retrograde Axonal Transport

It has been proposed that one of the main neuroinvasive
pathways into the CNS by SARS-CoV-2, as well as other viruses
is via tropism, where a virus can infect a distinct group of
cells by binding to the virus receptors on the surface of the
host cell (Bauer et al., 2022a). In fact, chronic viral infections
can be a risk factor for neurodegenerative diseases. In this
regard, potential involvement of Japanese encephalitic virus, the
influenza virus, herpes simplex virus type-1 (HSV-1) and the
human immunodeficiency virus (HIV) in etiology of Parkinson’s
disease and for Alzheimer’s disease have been suggested (De
Chiara et al., 2012; Limphaibool et al., 2019; Sait et al., 2021). It
is worth noting that HSV-1 infections are common, and that the
virus can persist in a latent form within the neurons of its human
host. Therefore, viruses may cause damage in vulnerable brain
areas leading to neurodegenerative disease (Lotz et al., 2021; Sait
et al., 2021).

Transcribrial Neuroinvasive Route of Severe Acute
Respiratory Syndrome Coronavirus 2

It is suggested that SARS-CoV-2 reaches the olfactory bulb
via infection of the peripheral nerve terminals of the olfactory
sensory neurons (Mori, 2015; Desforges et al., 2019; Paniz-
Mondolfi et al, 2020; Kumar et al., 2021). This proposed
transcribrial route is supported by reports of SARS-CoV-
2 patients presenting symptoms of anosmia and dysgeusia
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points for SARS-CoV-2 invasion to the brain. (C) Hematogenous neuroinvasive route; SARS-CoV-2 possibly infects vascular endothelial cells via the ACE2 and
TMPRSS?2 receptors. Viral particles can reach the brain through the BBB by infecting and replicating inside brain microvascular endothelial cells. Moreover,
SARS-CoV-2 infection can cause excessive peripheral immune responses to result in BBB dysfunction via cytokine storm.
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(Klopfenstein et al., 2020; Levinson et al, 2020; Mutiawati
et al, 2021). It is noteworthy that ACE2 protein is highly
expressed in the olfactory bulb (Brann et al, 2020) and the
olfactory neuroepithelium (Sungnak et al., 2020; Ziegler et al.,
2020). Thus, it is postulated that SARS-CoV-2 forms complexes
with TMPRSS2 and neuropilin-1 via interaction with olfactory
neuroepithelial ACE2, allowing it to enter into the brain
retrogradely via the cranial nerves (Reza-Zaldivar et al., 2020;
Messlinger et al., 2021). Indeed, there are reports that when some
viruses infect the nociceptive neurons of the nasal cavity, they are
able to reach the CNS through the trigeminal nerve (Deatly et al.,
1990; Lochhead and Thorne, 2012) and other sensory terminals of
the vagus nerve (Driessen et al., 2016). Hence, SARS-CoV-2 could
follow the cranial nerves (Bulfamante et al., 2021; Messlinger
et al,, 2021) from their origin in the nasal cavity to the olfactory
nerve, and then to the olfactory bulb, and finally arriving at the
brain stem (Bougakov et al., 2021; Figure 2A). This pathway is
also followed by the OC43 coronavirus strain (Dubé et al., 2018).

Neuroinvasive Route of Severe Acute Respiratory
Syndrome Coronavirus 2 via the Ocular Surface
Recent studies conducted on both humans (Zhou et al., 2020;
Collin et al., 2021) and mice (Ma et al., 2020) have demonstrated
the expression of ACE2 and TMPRSS2 receptors in ocular surface
cells, a region comprising the epithelial cells of the cornea and
conjunctiva. Furthermore, a remarkable level of ubiquity of
ACE2 receptor expression was recently found in the trabecular
meshwork and ocular choroid cells of the outer eye, the optic
nerve, and optic radiation or geniculocalcarine tract to the

occipital cortex, which suggests that multiple cell types of the
visual system provide potential entry points for SARS-CoV-2
invasion (Hill et al., 2021). However, as ACE2 expression has
been observed more in the conjunctiva than in the cornea, SARS-
CoV-2 has greater neuroinvasive potential via the conjunctiva
(Leonardi et al., 2020; Ma et al., 2020). For the ocular surface to
be considered a SARS-CoV-2 infection route, TMPRSS2 must be
co-expressed along with ACE2, as TMPRSS2 acts as a cofactor
in internalization of the complex (de Freitas Santoro et al,
2021). It should be noted that TMPRSS2 expression has been
observed in both the cornea and the conjunctiva (Leonardi
et al,, 2020; Collin et al., 2021). However, the likelihood of
the ocular surface being an infection gateway is low despite
the potential of SARS-CoV-2 causing conjunctivitis and other
ocular discomfort (Chen X. et al., 2021). However, the actual
conjunctival transmission of SARS-CoV-2 is yet to be confirmed
(de Freitas Santoro et al., 2021).

The ocular surface is susceptible to viral infections by
means of aerosols or direct contact with fomites resulting
from exposure to external contaminants and is vulnerable to
a higher level of exposure than the oral cavity or the nostrils
(Coroneo, 2021; Figure 2B). In addition, clinical cases where
conjunctivitis was the initial symptomatic manifestation in
COVID-19 positive patients have been reported and confirmed
via both nasopharyngeal swab samples and PCR test which
detected the presence of SARS-CoV-2 RNA in tears (Zhang X.
et al., 2020; Hassan et al., 2021). Nonetheless, confirmation of the
conjunctival transmission of SARS-CoV-2 into the CNS requires
further investigation.
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Evidence of a Hematogenous
Neuroinvasive Route of Entry for Severe
Acute Respiratory Syndrome

Coronavirus 2 to the Brain

The BBB tightly regulates the movement of molecules, ions, and
cells between blood and the CNS and prevents the neurotoxic
components of plasma, blood cells, and pathogens from entering
the brain (Montagne et al., 2017). This regulatory characteristic
is attributed to the arteries, arterioles, and capillaries that supply
blood to the brain and that act in response to neuronal stimuli
that trigger an increased rate of neurovascular coupling, a
mechanism generated by the cerebral blood flow and the supply
of oxygen. The neurovascular unit is made up of the following
structural components: vascular cells (endothelium and wall
cells, pericytes, and smooth muscle cells); glia (astrocytes and
microglia); and neurons (Kisler et al., 2017; Sweeney et al., 2019;
Sanchez-Cano et al., 2021). The regulation conducted by the
BBB provides strict control over the cellular permeability of
neuronal tissues, which is essential for proper neuronal function
and which, furthermore, requires precise ionic concentrations
in the surrounding environment (Daneman, 2012; Daneman
and Prat, 2015). Therefore, the loss of homeostatic regulation
and deterioration in the restrictive capacity of the BBB play
important roles in the progression of neurological conditions
such as brain trauma, and infectious and neurodegenerative
diseases (Sanchez-Cano et al., 2021).

It is of particular interest to note that the ACE2 and TMPRSS2
receptors are expressed in the endothelial cells of the BBB (Chen
R. et al,, 2020; Qiao et al., 2020; Torices et al., 2021). Due to
these findings and the interaction of the virus with the protein
complex discussed earlier in this paper, it has been suggested that
SARS-CoV-2 could reach the brain via systemic circulation by
crossing the BBB and damage the choroid plexus (Baig, 2020;
Pellegrini et al., 2020). The actual hematogenous mechanism by
which SARS-CoV-2 gains entry to brain is not known. However,
several mechanisms have been suggested (Achar and Ghosh,
2020; Pellegrini et al., 2020). These include: (a) transcellular
migration, where the virus invades the host’s endothelial cells and
is able to cross the BBB; (b) paracellular migration, where the
virus invades the choroid plexus of the fenestrated endothelial
cells and gets into the brain; and (c) the “Trojan horse” strategy,
where the virus is internalized by phagocytic immune cells such
as neutrophils and macrophages, and is subsequently replicated
in the brain (Dahm et al.,, 2016; Figure 2C). Moreover, is likely
that SARS-CoV-2 invades the brain by damaging the integral
architecture of the BBB (Varghese et al., 2020). Thus, SARS-CoV-
2 can get access into the brain by one or a combination of the
above mechanisms.

Evidence of Neuroinvasive Mechanisms
of Severe Acute Respiratory Syndrome

Coronavirus 2 in Animal Models

Both the symptoms presented by infected patients and the
findings of clinical pathology provide evidence of possible
infection of the CNS by SARS-CoV-2. However, to further

explore the viral pathogenesis in the host and characterize the
mechanisms of viral access and dissemination in the CNS,
a translational neuroscience approach (Johansen et al., 2020;
Sanclemente-Alaman et al., 2020), similar to that employed in
the early research conducted on SARS and MERS is necessary
(Callaway, 2020; Natoli et al., 2020).

Because SARS-CoV-2 has a higher affinity for the human
ACE2 receptor (hACE2) than animal ACE2, few studies have
been carried out in animal models to determine the neuroinvasive
pathways of the virus (Wan et al., 2020). In addition, hACE2
is structurally different from that in animal species. Hence, a
significantly lower level of tropism is noted in animal vs. human
tissue, particularly in relation to CNS (Natoli et al., 2020). Indeed,
Brann et al. (2020) demonstrated that the olfactory sensory
neurons of the whole olfactory mucosa of mice, unlike olfactory
epithelial support cells, stem cells, and the cells of the nasal
respiratory epithelium, do not express ACE2 and TMPRSS2
genes. Thus, it is argued that based off of animal studies, anosmia
or other forms of olfactory dysfunction may not support olfactory
bulb as an entry route for SARS-CoVs into the CNS (Brann et al.,
2020; Natoli et al., 2020).

To overcome the discrepancy between animal and human
studies, several animal models with closer resemblance to
that of humans have been suggested. One suggestion is to
develop humanized mouse models that express the hACE2
receptor (Sun et al, 2020), as the murine is the most widely
used animal model for this purpose (Mufoz-Fontela et al,
2020). Another suggestion is to modify the SARS-CoV-2
spike to effectively bind with murine-ACE2 (Dinnon et al,
2020), however, this strategy is risky, since modifying the
viruses can create a natural reservoir for a virus that might
be completely different from the wild-type version. A third
suggestion is to induce mice to be susceptible to SARS-CoV-
2 infection by sensitizing the respiratory tract to the virus.
The latter may be achieved via transduction with adenovirus
or associated viruses that express hACE2 (Ad5-hACE2 or
AAV-hACE2, respectively) (Israelow et al., 2020; Rathnasinghe
et al., 2020). In all these suggestions, however, as mentioned
earlier, it must be borne in mind that the co-expression of the
ACE2 and TMPRSS2 receptors is necessary for the virus to
be internalized.

It was recently demonstrated that neuroinvasion by SARS-
CoV-2 could be achieved in an animal model where hACE2 was
overexpressed by means of an adeno-associated virus infection
(Song et al., 2021). Moreover, the neuronal infection could
be prevented by blocking ACE2 with neutralizing antibodies
or administering cerebrospinal fluid obtained from a COVID-
19 patient, where presumably antibodies were present (Song
et al, 2021). A recent study reported differences in the
neuroinvasiveness and neurovirulence among the most relevant
SARS-CoV-2 variants, D614G, Delta (B.1.617.2), and Omicron
(B.1.1.529) 5 days post inoculation in a hamster model. The
results showed that D614G variant had a high neuroinvasion via
the olfactory nerve compared to the Delta and Omicron variants
(Bauer et al., 2022b). While the results obtained provide evidence
for the neuroinvasive capacity of SARS-CoV-2 in an animal
model, the sequence of infection in different CNS cell types has
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not yet been determined. Therefore, more studies on detailed
mechanism (s) of SARS-CoV-2 infection of the CNS are needed.

NEUROPATHOLOGICAL FEATURES OF
SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS 2

SARS-CoV-2 has been reported to manifest neurological
symptoms that range from mild to fatal, while it can also
occur asymptomatically in patients. Clinical studies conducted
on patients hospitalized with COVID-19 report a level of
neurological manifestation ranging from 15.2% (Flores-Silva
et al.,, 2021), or 36.4% (Mao et al., 2020) to 54.7% (Romero-
Sanchez et al., 2020), and up to 88% (Garcia-Monco et al., 2021).
It should be noted that the frequency of neurological alterations
observed in patients with COVID-19 depends on whether they
have been evaluated by a neurologist and/or inclusion of patients
with a history of neurological complication.

The most common early neurological manifestations in
patients with COVID-19 are headache, dizziness, nausea,
vomiting, myalgia, and neuralgia (Guan et al, 2020; Mao
et al, 2020; Wang et al, 2020; Song et al., 2021). Anosmia
and dysgeusia develop in the early stages of infection and are
more frequent in less severe cases (Mao et al., 2020; Flores-
Silva et al., 2021; Garcia-Monco et al.,, 2021). Late-infection
neurological manifestations include acute cerebrovascular
disease, meningoencephalitis, impaired consciousness, and
skeletal muscle injury (Al Saiegh et al., 2020; Guan et al., 2020;
Guidon and Amato, 2020; Parikh et al., 2020). Less-frequently
reported symptoms include dysautonomia, seizures, movement
disorders, Guillain Barré syndrome, Miller Fisher syndrome,
and optic neuritis (Gutiérrez-Ortiz et al., 2020; Hwang et al,
2020; Manji et al, 2020). In addition, the University College
London Queen Square Institute of Neurology has reported
five categories of clinical presentations at a neurological level:
(1) encephalopathy with delirium/psychosis and no magnetic
resonance imaging or cerebrospinal fluid abnormalities; (2)
inflammatory CNS syndromes including encephalitis and
acute disseminated encephalomyelitis; (3) ischemic strokes;
(4) peripheral neurological disorders including Guillain-Barré
syndrome and brachial plexopathy; and (5) miscellaneous
central nervous disorders (Paterson et al., 2020; Gasmi et al.,
2021). Thus, neurological manifestations are variable and
not uncommon in COVID-19 patients. Moreover, both
morphological and biochemical pathological changes may be
manifested as detailed below.

Morphological Changes

Research on the clinical and imaging aspects of COVID-19
infection as well as molecular biology studies conducted on both
in vitro and in vivo models have provided valuable information
in understanding the etiological mechanisms of SARS-CoV-2.
However, despite the large amount of information available on
the disease, there is little work conducted to characterize its
pathological manifestations in the tissues of different systems of
the body (Al Nemer, 2020; Skok et al., 2021; Table 1). Studies

carried out on the anatomical brain pathology during autopsy
reveal morphological alterations in the frontal and occipital lobes,
olfactory bulb, cingulate gyrus, corpus callosum, hippocampus,
basal ganglia, thalamus, cerebellum, midbrain, middle pons,
medulla, brainstem, and the lateral ventricles (Barone et al.,
2021; Caramaschi et al., 2021; Generoso et al., 2021). The
most common gross findings are edema (Reichard et al., 2020),
hemorrhagic lesions (Paniz-Mondolfi et al., 2020; Reichard et al.,
2020), hydrocephalus (Lacy et al., 2020), atrophy and low brain
mass (Lax et al., 2020; Wichmann et al., 2020), olfactory bulb
asymmetry (Coolen et al., 2020), and infarcts (Solomon et al.,
2020). SARS-CoV-2 has also been found to cause lesions and
alterations in neuronal structures, while neuronal infection can
cause encephalitis and the generation of lethal microthrombi
(Bradley et al., 2020; von Weyhern et al., 2020). In addition, severe
COVID-19 infection accompanied by multisystem inflammatory
syndrome may cause fibrotic lesions and generate cerebral
thrombosis (Turski et al., 2020).

Various studies have been carried out to ascertain the
structural modifications in the brains of COVID-19 patients.
Magnetic resonance techniques have shown a bilateral
obliteration of the olfactory cleft in 50% of SARS-CoV-2-
positive patients as well as a sudden loss of smell and subtle
olfactory bulb asymmetry in 25% of the sampled patients (Niesen
et al, 2021). Another study demonstrated microstructural
changes using diffusion tensor imaging (DTI) and 3D high-
resolution T1WI sequences in COVID-19 patients, where greater
volume of bilateral gray matter (reported as gray matter volume)
was observed in the hippocampus, olfactory cortices, insula,
left rolandic operculum, left Heschl gyrus, and right cingulate
gyrus (Lu Y. et al,, 2020). These findings demonstrate possible
alterations in the structural and functional integrity of brain
microstructures in susceptible patients, and also suggest potential
long-term consequences of SARS-CoV-2 infection, which may
lead to or accelerate a variety of neurodegenerative diseases
(EIBini Dhouib, 2021), discussed further below.

Molecular and Biochemical Changes

Given that most cases of SARS-CoV-2 infection present mild
or moderate symptoms and that a group with severe infections
develops multiple systemic dysfunctions as a consequence of
imbalances in the immune and the oxidation-reduction systems,
it is not surprising that inflammatory states and oxidative
stress are commonly indicated in pathogenesis of COVID-19
(Mrityunjaya et al., 2020; Forcados et al., 2021). In addition,
hyperactivation of the immune system leading to an exaggerated
release of pro-inflammatory cytokines referred to as “cytokine
storm” is not only associated with severe complications, but also
poorer outcome (Chen G. et al., 2020; Noroozi et al., 2020; Tan
etal., 2021; Yang et al,, 2021).

Both the innate and adaptive immune systems have been
widely described as working together, with the innate response
representing the host’s first line of defense and the adaptive
response becoming prominent several days after infection, when
T and B cells have undergone clonal expansion (Strbo et al., 2014).
Furthermore, the components of the innate system contribute
to the activation of antigen-specific cells, which amplify their
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TABLE 1 | CNS damage by SARS-CoV-2 suggesting susceptibility to Parkinson’s and Alzheimer’s disease.

Characteristics Alzheimer’s disease

Parkinson’s disease

References

Affected brain regions
(Autopsy findings)

Hippocampus, cortex (Frontal,
occipital, and cingulate), insula.  thalamus.
Brain morphological and
macroscopic changes
Prefrontal cortex,
hippocampus.

Brain regions expressing
ACE2 and TMPRSS2

Intracellular SARS-CoV-2 Frontal cortex

Biochemical markers

Midbrain, basal ganglia,

Edema, hemorrhagic lesions, hydrocephalus, atrophy and low brain mass, infarcts.
Striatum (Human brain), SNpr,

SNpc (mouse brain)

No findings report

Glia and microglia response, cytokine storm (increased interleukins
IL-1B, IL-6, IL-8, IL-12, IL-17, IL-18). Oxidative stress in various brain

Solomon et al., 2020; von Weyhern et al., 2020;
Generoso et al., 2021

Paniz-Mondolfi et al., 2020; Reichard et al.,
2020; Wichmann et al., 2020

Chen R. et al., 2020; Qiao et al., 2020

Paniz-Mondolfi et al., 2020; Liu J. M. et al.,
2021

Chaudhry et al., 2020; Aimutairi et al.,
2021;Chiricosta et al., 2021; Frank et al., 2022

regions such as BBB and neurons susceptible to cell death.

SNpr, substantia nigra pars reticulate; SNpc, substantia nigra pars compacta; IL, interleukin.

Environmental factors

Trauma, infections, metabolic disease, stress, lifestyle

4/\>
g srmscovs

Lipid peroxidation
l?
Protein aggregation

- Glia activation
- Microglia activation

Nitration proteins - Cytokine release

- DNA damage

FIGURE 3 | SARS-CoV-2 infection and possible links for both Alzheimer’s and
Parkinson’s disease. The common risk factors between COVID-19 and
neurodegenerative diseases is the age; the oxidative stress; and,
neuroinflammation. It’s possible that COVID-19 patients are more susceptible
to developing neurodegenerative diseases and that patients with
neurodegenerative diseases are more susceptible to contracting COVID-19.

responses in order to achieve complete control over the pathogen
by recruiting innate effector mechanisms. Therefore, the innate
and adaptive responses are fundamentally different, although
the synergy between them is essential for an effective immune
response (Chaplin, 2010). Patients with severe SARS-CoV-2
infection manifest an increased innate immune response and
a suppressed adaptive immunity, which is why a delayed
elimination of the virus from the organism is observed (Pan Y.
et al., 2021). This scenario aggravates the immune status of the
patient as it increases the levels of various inflammatory factors
and increases both the number and activation of immune cells at
the site of the inflammation, a process from which cytokine storm
originates (Catanzaro et al., 2020; Chen R. et al., 2021).

Neurons infected by SARS-CoV-2 release inflammatory
mediators that are capable of activating adjacent cells such as
glia, microglia, mast cells and endothelial cells, conditions which
constitute the beginning of neuroinflammation (Almutairi et al.,
2021; Frank et al, 2022). Elevated immunological mediators
during SARS-CoV-2 infection include: tumor necrosis factor
a (TNF-a); interferon gamma (INFy); a series of chemokines
such as CCL-2, CCL-5, and CXCL-10; a series of interleukins
such as IL-1B, IL-6, IL-8, IL-12, IL-17, IL-18, and IL-33;
and granulocyte macrophage colony stimulating factor (GM-
CSF) (Kempuraj et al, 2020; Mehta and Fajgenbaum, 2021;
Tripathy et al., 2021). SARS-CoV-2 infection induces the down-
regulation of ACE2, disrupting the physiological balance between
ACE/ACE2 and angiotensin II (Ang-II)/angiotensin and leading
to severe multiple organ injury (Mehrabadi et al, 2021). In
fact, it has been suggested that ACE2 downregulation may
contribute to the pathogenesis of lung injury in COVID-19
(Ni et al., 2020). Angiotensin II stimulates gene expression
of multiple inflammatory cytokines such as TNF-a and IL-
6. TNF-a, in particular, induces macrophage differentiation of
a pro-inflammatory phenotype, which exerts an antimicrobial
effect. However, such differentiated macrophages are also
responsible for recruiting more cell types via cytokine secretion,
thus exacerbating the inflammatory response. Similarity, IL-6,
essential for T cell differentiation, when elevated, signals a poorer
SARS-CoV-2 prognosis (Banu et al., 2020; Patra et al., 2020; Ben
Moftah and Eswayah, 2022).

Additionally, the pro-inflammatory factors discussed above
are able to cross the BBB, increase vascular permeability, and
trigger further release of pro-inflammatory cytokines from the
microglia (da Fonseca et al, 2014; Zhang et al., 2021). This
cascade results in increased apoptotic activity, increased levels
of reactive oxygen species (ROS), mitochondrial dysfunction and
eventual neurodegeneration (Chaudhry et al., 2020; Chiricosta
etal., 2021; Kumar et al., 2021). Moreover, the high concentration
of pro-inflammatory cytokines can lead to the activation of the
coagulation cascade, suppression of anticoagulant factors, and
hence increase the chance of thrombosis (Al Saiegh et al., 2020;
Levi et al., 2020). An opposite scenario may also manifest itself
where an increase in fibrinolytic activity leading to an increase
in the level of fibrin degradation and hemorrhagic conditions
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including aneurysms may be observed in certain patients infected
with SARS-CoV-2 (Al Saiegh et al., 2020).

SEVERE ACUTE RESPIRATORY
SYNDROME CORONAVIRUS 2 AND
NEURODEGENERATIVE DISEASE

The link between systemic and central inflammation, as well
as between neurological and neuropsychiatric diseases, is well
known (Hurley and Tizabi, 2013; Schwartz and Deczkowska,
2016; Skaper et al., 2018). In nervous tissue, the increased levels
of inflammatory mediators and glial cell activity caused by SARS-
CoV-2 infection may pose an increased risk of neurodegenerative
disease such as Alzheimer’s disease (AD), Parkinson’s disease
(PD) as well as multiple sclerosis (MS), stroke and neurological
trauma (Mohammadi et al., 2020; Li et al.,, 2021; Tekiela and
Majersik, 2021). SARS-CoV-2 infection in people with senility is
likely to increase the neuropathological intensity and contribute
to the worsening of motor and cognitive deficits (Wang Y.
et al, 2021; Yu et al, 2021). Indeed, one of the main risk
factors for both COVID-19 and neurodegenerative disease is
age (Ferini-Strambi and Salsone, 2021; Figure 3). Older people
comprise the section of the population most prone to developing
neurodegenerative diseases (Hou et al., 2019) and present with
more severe clinical reaction to COVID-19 (Lebrasseur et al.,
2021). In addition, lifestyle and preexisting conditions such as
trauma, infection, metabolic disease, and stress can accelerate the
onset and progression of neurodegenerative diseases (Graham
and Sharp, 2019; Madore et al., 2020; Lotz et al., 2021).

It is important to note that protein aggregation in the brain is
considered as one of the main reasons behind neurodegeneration.
Protein aggregation has been observed for tau protein and
AP peptide in AD; and a-synuclein for PD. The aggregation
process spreads from one cell to another, and the aggregates and
deposits formed impair brain function. It is unclear whether viral
infections directly or indirectly cause neurodegeneration (Liu S.
et al.,, 2021). However, it has been suggested that viruses can
initiate pathological protein aggregation via a direct mechanism
in AP peptide aggregation in vitro and in animal models infected
with HSV-1 and respiratory syncytial virus (Ezzat et al., 2019).
A recent study has shown direct interactions between the
N-protein of SARS-CoV-2 and a-synuclein as the molecular basis
for the observed correlation between SARS-CoV-2 infections and
parkinsonism (Semerdzhiev et al., 2022). Given that cell-surface
glycans function as initial, usually low-affinity attachment factors,
these receptors play key roles in SARS-CoV-2 infection (Koehler
et al., 2020; Prasad et al, 2021). Moreover, the ability of S1
protein of SARS-CoV-2 to interact with heparin receptor can lead
to many misfolded brain proteins including amyloid complex
and ultimately lead to neurodegeneration (Tavassoly et al., 2020;
Idrees and Kumar, 2021).

Alzheimer’s Disease

One of the main causes of disability among older people around
the world is dementia, with AD as the most common form
(Alzheimer’s-Association, 2020). The mechanisms involved in

the pathogenesis of AD are complex and not fully understood.
However, the most accepted hypothesis involves molecular
changes such as extracellular deposition of the B-amyloid
protein and intracellular phosphorylation of the tau protein,
causing the formation of amyloid plaques and neurofibrillary
tangles, respectively (Liu et al, 2019). In addition, intense
neuroinflammation, oxidative stress, mitochondrial dysfunction,
and protein misfolding have also been implicated (Gandhi et al.,
2019; Perez Ortiz and Swerdlow, 2019; Leng and Edison, 2021;
Figure 3). Patients with AD are more susceptible to contracting
COVID-19 (Finelli, 2021; Pan A. P. et al, 2021; Wang Q.
et al, 2021), and COVID-19 patients are more susceptible to
developing AD (Brown et al., 2020; Chiricosta et al., 2021;
Villa et al., 2022). This might not be surprising due to the
presence of common risk factors such as age, cardiovascular
disease, metabolic, and psychological disorders between the
two diseases (Brown et al, 2020; Finelli, 2021). Generally,
inflammation increases with age, wherein higher levels of pro-
inflammatory cytokines have been quantified in older people
(Niraula et al, 2017; Rea et al, 2018). Furthermore, given
that infection with a wide variety of pathogens is suspected
to be a risk factor for the onset of AD (Seaks and Wilcock,
2020; Vigasova et al., 2021), an increased risk of developing
AD and cognitive impairment in susceptible populations after
SARS-CoV-2 infection would also be expected. Moreover, these
patients often face social stigma and mental stress, which can
further aggravate neuroinflammatory processes and result in
psychiatric disorders (Justice, 2018; Milligan Armstrong et al.,
2021). The presence of pathogens and other factors such as age,
alcohol and tobacco consumption, cerebral hypoxia, metabolic
diseases, pollution, sedentary lifestyle, or sleep disorders may
cause BBB malfunction (Noe et al, 2020; Hussain et al,
2021), and hence lead to the infiltration of neurotoxic proteins
such as the B-amyloid peptide (Wang D. et al, 2021). SARS-
CoV-2 infection accompanied by a local immune response
incorporating astrocytes and microglia could generate a state
of neuroinflammation in susceptible patients that can manifest
for a long term (Kumar et al, 2021; Villa et al, 2022).
Such a scenario would be expected to exacerbate the current
pathology in AD patients.

Genetically, apolipoprotein E €4 allele (APOE4) has been
determined the strongest risk factor for AD (Serrano-Pozo et al,,
2021). Furthermore, APOE4 has been associate with increased
susceptibility to SARS-CoV-2 infection and COVID-19 (Kurki
etal., 2021). Cerebral microvasculature complications may be the
basis of neurological issues in hospitalized COVID-19 patients
(Miners et al., 2020; Lee et al,, 2021). Interestingly APOE4 is
also involved in BBB dysfunction and cerebrovascular diseases
(Montagne et al., 2021). However, further research is needed to
determine the exact role of APOE4 in COVID-19-induced AD.

Parkinson’s Disease

Similar to AD, PD is related to COVID-19, sharing risk factors
such as advanced age, cardiovascular and metabolic diseases
(Park et al., 2020; Fearon and Fasano, 2021; Sharifi et al., 2021).
Moreover, patients with PD may be immunosuppressed, which
makes them more susceptible to infections of any type including
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SARS-CoV-2 (Tansey and Romero-Ramos, 2019; Prasad et al,,
2020).

Histologically, PD is characterized by the loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) and
cytoplasmic inclusions, mainly composed of o-synuclein
aggregates called Lewy bodies (Henderson et al., 2019; Figure 3).
Although the precise etiology of PD is not well known, some
hypotheses for its pathogenesis and development point to
oxidative stress, neuroinflammation, mitochondrial dysfunction,
synaptic pathogenesis, and also as a result of infection (Hurley
and Tizabi, 2013; Meng et al., 2019). As patients in an advanced
stage of PD have difficulties in chewing and swallowing, they
commonly experience salivary accumulation and aspiration
(Kwon and Lee, 2019). In addition, the stiffness of the chest wall
common in PD inhibits the cough reflex, forming a favorable
environment for SARS-CoV-2 infection. In the most severe cases,
SARS-CoV-2 infection progresses to pneumonia, which is one of
the leading causes of death in PD patients (Bhidayasiri et al.,
2020). It is already well known that various viral infections can
accentuate the pathological sequelae of PD (Jang et al., 2009).

Recently, a study demonstrated the ability of the HINI
influenza virus to block protein degradation pathways
and promoting the formation of a-synuclein aggregates in
dopaminergic neurons in vitro (Marreiros et al., 2020), and
a more recent study provided similar results in an in vivo
model (Bantle et al., 2021). Furthermore, increased amounts
of phosphorylated a-synuclein, activation of microglia and
astrocytes, and selective loss of dopaminergic neurons in the
SNpc with behavioral and motor consequences have been
observed as secondary consequences of infection with the
western equine encephalitis virus (WEEV) (Bantle et al., 2019).
Thus, it is not unreasonable to expect similar consequences with
SARS-CoV-2 infection (Chand-Cuevas et al., 2020). Moreover,
COVID-19 pandemic causing at least partial confinement and
social distancing may not only limit the mobility but may
also aggravate depression, mental stress, and loneliness in PD
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Repetitive head impacts (RHI) and traumatic brain injuries are risk factors for the
neurodegenerative diseases chronic traumatic encephalopathy (CTE) and amyotrophic
lateral sclerosis (ALS). ALS and CTE are distinct disorders, yet in some instances, share
pathology, affect similar brain regions, and occur together. The pathways involved and
biomarkers for diagnosis of both diseases are largely unknown. MicroRNAs (miRNAS)
involved in gene regulation may be altered in neurodegeneration and be useful as stable
biomarkers. Thus, we set out to determine associations between miRNA levels and
disease state within the prefrontal cortex in a group of brain donors with CTE, ALS,
CTE + ALS and controls. Of 47 miRNAs previously implicated in neurological disease
and tested here, 28 (60%) were significantly different between pathology groups. Of
these, 21 (75%) were upregulated in both ALS and CTE, including miRNAs involved in
inflammatory, apoptotic, and cell growth/differentiation pathways. The most significant
change occurred in miR-10b, which was significantly increased in ALS, but not CTE
or CTE + ALS. Overall, we found patterns of miRNA expression that are common
and unique to CTE and ALS and that suggest shared and distinct mechanisms
of pathogenesis.

Keywords: chronic traumatic encephalopathy, amyotrophic lateral sclerosis, microRNA, contact sports, p-tau,
TDP-43, prefrontal cortex

INTRODUCTION

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease associated with years
exposure to repetitive head impacts (RHI). Chronic traumatic encephalopathy has been reported
in a wide variety of RHI exposures, including contact sports such as American football, boxing,
hockey, and rugby as well as from military blast injuries. Clinical symptoms may involve multiple
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domains, including mood, behavior, and cognitive functions
(Katz et al., 2021). In some cases, motor symptoms can emerge in
the form of parkinsonism (Adams et al., 2018) or motor neuron
disease/amyotrophic lateral sclerosis (ALS) (McKee et al., 2009).
Amyotrophic lateral sclerosis is four times more frequent in
National Football League players (Lehman et al., 2012; Daneshvar
et al,, 2021) and is found within ~6% of contact sports athletes
with CTE (Mez et al., 2017). Microscopically, the hallmark of
CTE involves phosphorylated tau (p-tau) neurofibrillary tangles
(NFTs) that accumulate within neurons and neuronal processes
in the cerebral cortex, preferentially at sulcal depths and around
blood vessels. TDP-43 is present in approximately half of low
stage (stage I and II) CTE and first appears within the CTE
p-tau lesions at the sulcal depths of the frontal cortex (Danielsen
et al, 2017). In high stage (stage III and IV) CTE, TDP-43
pathology is more frequent and involves additional brain regions
(McKee et al., 2013).

Amyotrophic lateral sclerosis (ALS) is characterized by
progressive degeneration of motor neurons within the motor
cortex of the brain (upper motor neurons) and spinal cord (lower
motor neurons). Symptoms typically manifest in one region
of the body and progress to paralysis, respiratory failure, and
eventual death. In most sporadic cases, pTDP-43 inclusions are
present within motor neurons and variably in other regions of the
brain. The disease course tends to be rapid with death occurring
in 2 to 5 years. Both genetic and environmental factors are linked
to the etiology of ALS (Saez-Atienzar et al., 2021). A 2007 study
found that a diagnosis of ALS was 11-fold higher in those with
multiple head injuries within 10 years than in those with no head
injuries (H. Chen et al., 2007; Schmidt et al., 2010).

Chronic traumatic encephalopathy (CTE) with TDP-43
proteinopathy and ALS was first reported in contact sport
athletes, including 2 former NFL athletes and one professional
boxer (McKee et al, 2010) as well as a young soccer player
(McKee et al,, 2014). In a study done on the military cohort of the
Department of Veterans Affairs Biorepository Brain Bank 5.8% of
those with ALS were also comorbid with CTE. These comorbid
subjects were more likely to have a history of traumatic brain
injury (TBI). Clinically, they were more likely to have a bulbar
onset and mood and behavioral alterations (Moszczynski et al.,
2018; Walt et al., 2018).

MicroRNAs (miRNAs) are small non-coding strands of RNA
of approximately 22 base pairs that are involved in regulating
translation of messenger RNA. They target mRNA at the 3 UTR
and may either silence their translation or degrade them (O’Brien
et al., 2018). MiRNAs are fairly new in the biomarker field and
several studies have been performed that describe that their
fluctuations in relation to diseases such as ALS and Alzheimer’s
disease (Cheng et al., 2015; Mez et al., 2017; Miya Shaik et al,,
2018; Ricci et al.,, 2018; Dewan and Traynor, 2021; Magen et al,,
2021). Their putative involvement in CTE is thus far unknown.

The overlap in CTE and ALS pathologies and risk factors
suggests they may share common disease mechanisms, yet the
pathways of neurodegeneration might be sufficiently divergent
to allow biomarker distinctions and diagnosis during life. Here
we set out to determine whether miRNA levels were altered
in the prefrontal cortex of participants with CTE, ALS, and

comorbid CTE + ALS compared to controls. We hypothesized
that individual miRNAs would be differentially regulated in each
disease and that some miRNAs would be shared by CTE and ALS.

MATERIALS AND METHODS

Participants and Pathological Groups

Brain donors were selected from the Department of Veterans
Affairs Biorepository Brain Bank (Brady et al., 2013) and the
Understanding Neurology Injury and Traumatic Encephalopathy
(UNITE) study brain bank (Mez et al., 2015, 2017). All consents
for research participation and brain donation were provided
by next of kin. Institutional Review Boards of the Boston and
Bedford VA Healthcare Systems and Boston University Medical
Center approved the relevant study protocols.

All brains were examined by neuropathologists (TS, AM,
BH, VA) with no knowledge of the clinical data. Diagnoses
were made using previously reported protocols and well-
established criteria (Mez et al,, 2015). The diagnosis of ALS
required degeneration of upper and lower motor neurons with
degeneration of lateral and ventral corticospinal tracts of the
spinal cord and loss of anterior horn cells from cervical,
thoracic and lumbar spinal cord with gliosis (Mackenzie et al.,
2010). Chronic traumatic encephalopathy was diagnosed using
established National Institute of Neurological Disorders and
Stroke, NIBIB consensus criteria (McKee et al., 2016; Bieniek
et al, 2021) and the McKee staging system (McKee et al., 2013;
Alosco et al., 2020).

Brain donors were age and sex (all men) matched, had no
other neurodegenerative disease co-morbidities and CTE cases
were selected to include all 4 stages. The groups included 16
participants with CTE, 12 with CTE and ALS (CTE + ALS),
and 2 controls from the UNITE brain bank (Mez et al., 2015).
Fourteen participants with ALS, 9 with CTE + ALS, and 5
controls were selected based on matching diagnosis, age, and
sex from the Department of VABBB (Brady et al., 2013). An
additional 13 controls were included from the VA National Post-
Traumatic Stress Disorder brain bank (Friedman et al., 2017).
Controls were without a clinical neurodegenerative disease at
post mortem examination. Overall, there were 71 participants, 16
in the CTE group, 21 in the CTE + ALS group, 14 in the ALS
group, and 20 participants in the control group (Table 1). There
was no significant difference in the age at death or RIN values
between the groups.

MiRNA Selection

A custom miRNA plate (Applied BioSystems, Waltham MA) was
designed to include 47 targets previously implicated in human
neurodegenerative diseases including Alzheimer disease, ALS,
Multiple Sclerosis and Huntington’s disease as determined by
PubMed search in May 2019 (Supplementary Tables 1, 2). This
study is the first to examine miRNA levels in CTE. MiRNA
pathways were determined via Pubmed searches conducted
in December 2019 using terms including each miRNA name,
Alzheimer Disease, ALS, Huntington’s disease, TBI, multiple
sclerosis, Parkinson’s disease, inflammatory, cell death, apoptosis,

Frontiers in Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 855096


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

Alvia et al. MicroRNA in CTE and ALS

TABLE 1 | Variation in pathological group demographics.

Control n =20 ALSn =14 CTEn=16 CTE+ALS n = 21
Age (years) 53.6 (2.5) 59.1 (1.4) 64.9 (3.2) 59.1 (3.4)
Age range (years) 39-70 48-64 34-89 29-87
CTE stage N/A N/A 2.56 (0.26) 2.62(0.2)
RIN 6.8 (0.26) 6.93 (1.4) 6.56 (0.32) 7.48 (0.29)

Data are expressed as mean (SEM). Amyotrophic lateral sclerosis (ALS), chronic traumatic encephalopathy (CTE).

TABLE 2 | Changes in miRNA expression between pathological groups.

MicroRNA Control CTE ALS CTE+ALS

ACT ACT P-value ACT P-value ACT P-value
miR-107 -0.07 -1.48 0.0100 -1.31 0.0337 -1.18 0.0342
miR-181c-5p —-2.23 -3.40 0.0489 —2.89 0.4215 —2.99 0.2298
miR-34c-5p 6.60 518 0.0292 5.35 0.0765 5.31 0.0331
let-7b-5p 0.02 -1.43 0.0128 —-1.18 0.0591 -1.23 0.0226
miR-9-5p —4.78 —6.06 0.0148 —5.76 0.0971 -5.94 0.0179
miR-125b-5p -5.17 -6.62 0.0098 —6.23 0.0948 -6.29 0.0387
miR-210-3p 3.54 2.45 0.0747 2.42 0.0789 245 0.0491
miR-124-3p —6.43 -7.49 0.0493 —7.01 0.4540 -7.22 0.1439
let-7d-5p —1.07 —2.03 0.1351 —-2.12 0.1112 —1.68 0.4122
miR-146b-5p 1.47 0.32 0.0181 0.29 0.0184 0.89 0.3034
miR-197-3p —6.97 -8.02 0.0444 —7.89 0.1066 -7.78 0.1181
miR-148a-3p 1.59 0.52 0.0403 0.40 0.0262 0.64 0.0533
miR-26b-5p —-3.99 -5.46 0.0069 —4.99 0.1147 -5.27 0.0129
miR-26a-5p -3.81 -5.36 0.0029 —4.72 0.1395 -5.04 0.0125
miR-128-3p —4.35 -5.79 0.0099 —5.41 0.0952 -5.45 0.0428
miR-23a-3p —2.89 -3.90 0.0849 —-3.73 0.2038 —3.69 0.1693
miR-34a-5p -1.50 —5.51 0.0992 -273 0.0418 —2.56 0.0552
miR-100-5p 0.68 —-0.66 0.0271 —0.24 0.2071 —0.26 0.1260
miR-16-5p —1.34 -2.72 0.0138 —2.40 0.0920 —2.29 0.0934
miR-19b-3p 0.039 -1.17 0.0333 —-0.92 0.1358 —-1.11 0.0289
miR-30d-5p -1.09 -213 0.0495 -1.93 0.1535 -2.25 0.0142
miR-30e-5p —4.30 -5.35 0.0881 -5.57 0.0380 -5.78 0.0044
let-7i-5p —4.38 -5.80 0.0173 —5.48 0.1035 -5.69 0.0199
miR-15a-5p -2.02 -3.31 0.0161 -3.36 0.0161 -3.08 0.0399
miR-146a-5p 0.44 —0.69 0.0450 -0.93 0.0153 -0.68 0.0300
miR-30c-5p —4.78 —5.78 0.0553 —5.81 0.0581 -5.75 0.0434
miR-196a-5p 214 0.95 0.0866 0.68 0.0265 0.67 0.0171
miR-186 2.40 0.96 0.0112 1.44 0.1522 1.30 0.0475
miR-30a-5p —4.40 —4.81 0.8045 —5.62 0.2241 —5.47 0.0991
miR-132-3p -0.62 -1.37 0.2381 —1.29 0.3511 —-0.91 0.8370
miR-221-3p —2.68 -3.94 0.0316 -3.96 0.0370 -3.99 0.0150
miR-10b 2.14 1.65 0.6900 0.195 0.0013* 1.10 0.0949
miR-212-3p —0.48 -1.06 0.3908 -1.30 0.1647 —1.26 0.1364
miR-153-3p —-1.32 -2.25 0.0742 —1.80 0.5561 —-1.99 0.2126
miR-101-5p —1.66 —2.78 0.2891 —2.79 0.2913 —2.58 0.3736
miR-422a -0.72 -1.25 0.6501 —1.41 0.4741 -1.83 0.0803
miR-23b-3p —4.35 —4.71 0.8332 —5.01 0.4834 —5.33 0.1175
miR-133b 7.29 6.08 0.0686 6.32 0.2049 6.19 0.0772

ACTs of the 38 successfully amplified miRNAs are shown. P-values are from ANOVA with post-hoc Dunnett multiple comparison test between the disease and control
groups. All bolded values are significant with a = 0.05. Asterisks (*) indicate p-values that are below Bonferroni correction value of 0.0013.
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FIGURE 1 | Venn Diagram showing distinct and overlapping significantly altered miRNA within CTE, ALS, and CTE + ALS compared to controls. Bold and underline
indicates a p-value at or below the Bonferroni number of 0.0013. Purple indicates miRNAs involved in inflammatory pathways; green indicates cell growth; blue

Cell Growth

Inflammatory

Apoptotic
Other

miR-196a-5p
miR-30e-3p

miR-30c-5p
miR-210-3p

CTE+ALS

cell growth, cell proliferation, development, human brain.
Each individual miRNA may be involved in multiple different
processes, and there is likely overlap between involved pathways.

Samples and MiRNA Extraction
Whole brain and spinal cord were half frozen and half fixed
for complete neuropathological workup as described previously
(Brady et al., 2013; Mez et al., 2015). miRNAs were measured
within frozen dorsolateral prefrontal cortex gray matter. This
region was chosen because it is affected in both diseases and
has been utilized in previous studies of gene expression in
neurodegenerative diseases (Labadorf et al., 2018).
Approximately 30 mg of frozen prefrontal cortex was
homogenized over wet ice by hand using thioglyecrol provided
by the Maxwell RSC miRNA kit (Promega, Madison WI). From
this same kit the homogenized tissue was then processed with
lysis buffer, DNase and proteinase K solutions. The solution was
then inserted into a ready-made cartridge from the kit with all the
reagents needed for extraction. MiRNA was extracted and eluted
using the Maxwell 16 Instrument (Promega).

Quantitative Real Time Polymerase

Chain Reaction

Samples were diluted to 5ng/jul and transcribed into cDNA using
a Tagman Advanced MiRNA cDNA Synthesis Kit from Applied
BioSciences. The cDNA underwent an additional amplification

step to increase yields of unstable miRNAs (MiR-Amp). Samples
were diluted 1:10 and loaded onto qPCR plates with Tagman
Fast Advanced Master Mix. Each sample received 2 qPCR runs
using the StepOnePlus Real Time polymerase chain reaction (PCR)
System (Applied Biosystems, Foster City, CA), including one to
evaluate for U6 a small non-coding spliceosome RNA that is a
common endogenous control (Campos-Melo et al., 2013). The
next qPCR run was with the custom miRNA plates with primers
for selected targets. Samples were tested in duplicate.

Statistical Analysis

Targets that were successfully amplified had their ACT calculated
using U6 endogenous control values. All statistics and graphs
were generated using GraphPad Prism. Outliers were excluded
using the ROUT method set to 0.1%, which resulted in
the exclusion of miR-15a-5p from one CTE + ALS sample.
Significant changes in each miRNA ACT were determined
between experimental groups and controls using ANOVA
with Dunnetts multiple comparison testing. In order to
further account for the multiple miRNAs tested, a Bonferroni
correction of a-value (0.05) divided by the number of
successfully amplified miRNA (38) was applied to give a cut-
off p-value of 0.00132. For the purposes of graphing the
relative change was calculated using the 272ACT method
(Livak and Schmittgen, 2001).

Frontiers in Neuroscience | www.frontiersin.org

May 2022 | Volume 16 | Article 855096


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

Alvia et al.

MicroRNA in CTE and ALS

TABLE 3 | Upregulated miRNAs between control and pathology groups.

MicroRNA CTE ALS CTE+ALS

miR-107
miR-181c-5p
miR-34c-5p
let-7b-5p
miR-9-5p
miR-125b-5p
miR-210-3p
miR-124-3p
let-7d-5p
miR-146b-5p
miR-197-3p
miR-148a-3p
miR-26b-5p
miR-26a-5p
miR-128-3p
miR-23a-3p
miR-34a-5p v
miR-100-5p
miR-16-5p
miR-19b-3p
miR-30d-5p
miR-30e-5p v
let-7i-5p
miR-15a-5p
miR-146a-5p v v
miR-30c-5p
miR-196a-5p v
miR-186 v
miR-30a-5p

miR-132-3p

miR-221-3p v v v
miR-10b v

miR-212-3p

miR-153-3p

miR-101-5p

miR-422a

miR-23b-3p

miR-133b

v v

N NENENEN

N NENEN

NN N N N SN
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v’ denotes if a miRNA ACT was upregulated in its pathological group in relation to
the control group. Statistical analysis was done via ANOVA and Dunnett’s multiple
comparison testing.

RESULTS

A total of 38 of the 47 targets were successfully amplified,
indicating reliable expression in the human prefrontal cortex. Of
those 38 miRNAs, 28 showed a significant difference in ACT
values across pathology groups using ANOVA (Table 2). Figure 1
shows the distribution and overlap of upregulated miRNA across
pathology groups.

MiRNAs significantly upregulated across pathology groups
are summarized in Table 3. Those altered in only one
disease group included two (7%) miRNAs (miR-34a-5p and

miR-10b-5p) upregulated in ALS; five miRNAs (18%; miR-
124-3p, miR-181c-5p, miR-197-3p, miR-16-5p, and miR-100-
5p) were significantly altered in CTE; and two (7%; miR-
30c-5p and miR-210-3p) were unique to CTE + ALS. Of
the miRNAs that were significantly altered in two disease
groups, two miRNAs (7%; miR-146b-5p and miR-148a-3p)
were upregulated in ALS and CTE; two (7%; miR-196a-5p
and miR-30e-5p) were upregulated in both ALS and in the
CTE + ALS; eleven (39%; miR-125b-5p, miR-9-5p, let-7i-5p,
miR-26a-5p, miR-26b-5p, miR-30d-5p, miR-128-3p, miR-34c-
5p, miR-19b-3p, miR-186 and let-7b-5p) were upregulated in
CTE and CTE + ALS. Finally, four miRNAs (14%; miR-
146a-5p, miR-107, miR-15a-5p and miR-221-3p) had significant
upregulation in all 3 pathological groups (Figure 1). Only miR-
10b had a p-value less than 0.00132 (Bonferroni corrected for
multiple comparisons).

Based on previous studies, miRNAs were categorized
according to their role in physiological processes. The
majority of miRNAs altered in ALS, CTE, or CTE + ALS
have roles in inflammation, apoptosis, or cell growth and
differentiation (Supplementary Tables 3-5). Specifically, eight
(29%) upregulated miRNAs are involved in inflammatory
processes (Figure 2), nine (32%) are involved in cell growth and
differentiation (Figure 3) and 10 (36%) play a role in apoptosis
(Figure 4). There was one miRNA (3%) (miR-186) that was
upregulated in CTE and CTE + ALS that has been shown to
affect synaptic activity and inhibit BACE1 (Kim et al., 2016). The
cell growth and differentiation miR-10b was increased in ALS,
but not CTE or CTE + ALS (Figure 3). Apoptotic miRNAs were
increased similarly across ALS, CTE, and CTE + ALS (Figure 4).

Within each disease, the percentage of miRNA pathways
involved differed (Figure 5). In ALS, altered miRNAs were most
frequently involved in cell growth (40%) and apoptosis (40%) and
less frequently inflammation (20%). CTE also showed frequent
alterations in cell growth (36%), but greater involvement in
inflammatory pathways (32%) compared to ALS. Finally, when
ALS and CTE were comorbid, apoptosis (37%) and inflammatory
(32%) pathways were the most frequently involved.

DISCUSSION

Overall, we found that CTE and ALS were characterized by
similar changes in miRNAs previously implicated in neurological
disease. The majority of miRNAs (72%) were similarly involved
in ALS and CTE, suggesting common pathogenetic pathways of
inflammation, cell growth, and apoptosis. The most significantly
changed miRNA was miR-10b-5p, which was increased in ALS.

Cell Growth and Differentiation Pathways

MiR-10b is involved in cell growth and differentiation pathways.
Mir-10b-5p has been shown to interact with the HOX gene
cluster in both Alzheimer’s disease (AD) (Ruan et al., 2021)
and Huntington’s disease (Hoss et al, 2014). In Alzheimer
disease Ruan and colleagues showed that HOX genes were
decreased and inhibited by miR-10b-5p, leading to more
severe disease. Hoss et al. showed that three miRNAs that
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FIGURE 2 | Cell Growth and Differentiation miRNAs significantly altered in CTE, ALS, or CTE + ALS. MiR-10b was upregulated in ALS alone. MiR-146b-5p and
miR-148a-3p were significantly upregulated in non-comorbid ALS and CTE. MiR-197-3p was upregulated in CTE. Four miRNAs, miR-26a-5p, miR-26b-5p,
miR-128-3p, miR-34c-5p were upregulated in CTE and CTE + ALS. Finally, miR-15a-5p was upregulated in all 3 conditions. Error bars denote standard error of the
mean. *p < 0.05, *p < 0.01 compared to control group. Refer to Table 3 for statistical analyses between the pathologic groups and the control group.

originate at or near the HOX gene cluster, miR-10b-5p, miR-
196a-5p and miR-148a-3p, are significantly upregulated in
Huntington’s disease, a neurodegeneration characterized by
motor dysfunction, personality change, and cognitive decline.
MiR-10b-5p has been studied in its relation to ALS though
results have been mixed. Down regulation in ALS has been
observed in muscle tissue (Si et al., 2018) and in plasma (Banack
et al,, 2020), but upregulation has been observed in whole blood
(De Felice et al., 2018).

Another target of miR-10b-5p is brain derived neurotrophic
growth factor (BDNF), which is a key regulator of cell growth
and plasticity in the brain and has been shown to enhance cell
survival. MiR-10b-5p has been shown to directly inhibit BDNF
(L. Wang et al., 2020). The BDNF/TrkB pathway has been shown
to be altered in ALS and BDNF was increased in skeletal muscle
(Lanuza et al., 2019). Decreases in BDNF have also been reported
after TBI (Korley et al.,, 2016), in AD, and in aging (Jiao et al,,
2016). Other miRNAs that disrupt BDNF and may be involved
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FIGURE 3 | Inflammatory miRNAs significantly altered in CTE, ALS, or CTE + ALS. MiR-124-3p, miR-181c-5p were significantly upregulated in CTE only. MiR-9-5p,
let-7b-5p, miR-125-5p, let-7b-5p were significantly upregulated in both CTE and CTE + ALS. MiR-210-3p was significantly upregulated in comorbid CTE + ALS.
Finally, miR-146a-5p and miR-107 were significantly upregulated in all three groups. Error bars denote standard error of the mean. *p < 0.05, **p < 0.01 compared
to control group. Refer to Table 3 for statistical analyses between the pathologic groups and the control group.

include miR-26a-5p, miR-26b-5p, and miR-15a-5p. These were
also found to be altered in CTE and CTE + ALS.

Inflammatory Pathways

Altered inflammatory pathways are a feature of RHI
and CTE (Cherry et al, 2016, 2021) and ALS (Spencer
et al, 2020), and numerous miRNAs might regulate these
processes (Supplementary Table 3). Of the miRNAs
altered in CTE and CTE + ALS compared to ALS, many

were inflammatory, which supports the roles of RHI and
inflammation in CTE pathogenesis. On the other hand,
some inflammatory miRNAs were upregulated similarly
in all three disease groups (miR-146a-5p, miR-107). MiR-
146a-5p and miR-107 along with miR-9-5p, miR-181c-5p
and miR-125b-5p are involved in the NF-«kB pathway.
The NF-kB has been previously implicated in ALS (Parisi
et al, 2016; Tahamtan et al., 2018; Slota and Booth,
2019; Kaillstig et al., 2021) and TBI (Jassam et al, 2017;
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FIGURE 4 | Apoptotic miRNAs significantly altered in CTE, ALS, or CTE + ALS. MiR-34a-5p-5p was significantly upregulated in ALS alone. miR-16-5p and
miR-100-5p were upregulated in CTE. MiR-30c-5p was upregulated in comorbid CTE + ALS. MiR-196a-5p and miR-30e-5p miRNAs were upregulated in both ALS
and CTE + ALS. Let-7i-5p, miR-30d-5p, and miR-19-3p were upregulated in both CTE and CTE + ALS. Finally, miR-221-3p was upregulated in all three groups.
Error bars denote standard error of the mean. *p < 0.05, **p < 0.01 compared to control group. Refer to Table 3 for statistical analyses between the pathologic
groups and the control group.
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FIGURE 5 | Frequency of miRNA pathways in disease. MiRNAs were
classified into inflammatory, cell growth, apoptotic, and other pathways and
the frequency within each pathway is shown. (A). Frequency of miRNA
pathways in ALS. (B). Frequency of miRNA pathways in CTE. (C). Frequency
of mRNA pathways in CTE + ALS.

Pierre et al., 2021). Outside of the NF-kB pathway, miR-125b-5p
has been directly implicated in hyperphosphorylation of tau
(Banzhaf-Strathmann et al, 2014) and might contribute to
CTE pathogenesis.

Apoptotic Pathways

Several upregulated miRNAs have a role in apoptosis and
autophagy in neurodegenerative diseases. Protein and damaged
cell clearance are especially important in ALS and CTE in which
abnormal p-TDP-43 and p-tau proteins accumulate. MiRNAs
related to apoptosis and autophagy were the predominantly
altered group in ALS and CTE + ALS (Figure 5). MiR-34a-
5p upregulation was unique to ALS. It has been previously
demonstrated an upregulation in the plasma of familial ALS
research participants with the C9orf72 mutation (Kmetzsch
et al., 2021). The autophagy pathway is primarily regulated
by inhibition of mTOR (mammalian target of rapamycin).
mTOR is directly inhibited by miR-100-5p which was also
found to be upregulated in CTE and has previously been
implicated in altered protein deposition in AD (Ye et al., 2015).
PI3K/akt, an activator of mTOR which is inhibited by miR-
16-5p (T. Li et al, 2019), also found to be upregulated in
CTE. Another key player in both apoptosis and autophagy
pathways is Beclin, which fosters removal of old proteins and
damaged cells. MiR-30c-5p, miR-30d-5p, and miR-30e-5p were
all upregulated in ALS and CTE and have been shown to inhibit
Beclin (Millan, 2017; Zhao et al., 2017), a protein involved in
apoptosis and autophagy.

Biomarker Development

MiRNAs have been proposed as potential biomarkers for
disease (Ghosh et al, 2021). Currently, CTE can only be
diagnosed at autopsy and ALS is typically diagnosed after motor
functions have declined. It remains to be determined whether
miRNAs, such as miR-10b-5p are altered in biofluids such
as the cerebrospinal fluid or blood during life in individuals
with ALS or CTE. There have been recent studies that have
examined the utility of select miRNA biomarkers in blood.
MiR-181 is widely expressed in neurons and may be a
marker for neuronal density, and miR-181 levels in serum
have recently been associated with increased risk of death
in ALS (Magen et al, 2021). We did not see differences
in ALS prefrontal cortex but found that miR-181c-5p was
significantly upregulated in the CTE group. Other promising
miRNA targets that may be used as blood biomarkers of ALS
patients include miR-206 and miR-124-3p (Soliman et al., 2021;
Vaz et al., 2021). Correlations with blood and brain miRNA levels
require further study.

Limitations

There were several limitations to this study. Only select miRNAs
previously implicated in neurological disease were tested. Future
studies should include more cases and examine additional
miRNA targets as well as correlation between miRNA expression
and markers for inflammation, cell growth, and apoptosis. This
study also focused on changes in miRNAs within postmortem
tissue from prefrontal cortex. Whether these changes are specific
to prefrontal cortex in CTE and ALS or characteristics of
widespread brain areas remains to be determined. Postmortem
human brain tissue was evaluated; however, miRNAs are
generally stable to degradation, and RIN values, a measure of
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tissue quality, were not significantly different between groups.
Study participants were limited to primarily Caucasian men,
limiting the generalizability of these findings.

CONCLUSION

Shared miRNA alterations in CTE and ALS suggest that
inflammation, apoptosis, and cell growth are neurodegenerative
pathways common to both disorders. Unique increases in miR-
100-5p in brain donors with CTE, and unique increases in
miR-10b-5p in brain donors with ALS suggest that miRNA
analysis might prove useful in distinguishing these disorders
but will require future studies of additional brain donors using
broader regions of brain and spinal cord. Future studies in
biofluids during life are warranted, including cerebrospinal fluid
and serum, to determine the utility of miRNAs for potential
biomarker development. Overall, these shared and distinct
miRNA profiles suggest that miRNA analysis might prove useful
in the future development of biomarkers for CTE and ALS.
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Evidence suggests that lightly myelinated cortical regions are vulnerable to aging and
Alzheimer’s disease (AD). However, it remains unknown whether plasma markers of
amyloid and neurodegeneration are related to deficits in intracortical myelin content,
and whether this relationship, in turn, is associated with altered patterns of resting-
state functional connectivity (rs-FC). To shed light into these questions, plasma levels of
amyloid-p fragment 1-42 (AB1_42) and neurofilament light chain (NfL) were measured
using ultra-sensitive single-molecule array (Simoa) assays, and the intracortical myelin
content was estimated with the ratio T1-weigthed/T2-weighted (T1w/T2w) in 133
cognitively normal older adults. We assessed: (i) whether plasma AB1_4> and/or NfL
levels were associated with intracortical myelin content at different cortical depths
and (i) whether cortical regions showing myelin reductions also exhibited altered rs-
FC patterns. Surface-based multiple regression analyses revealed that lower plasma
AB1—42 and higher plasma NfL were associated with lower myelin content in temporo-
parietal-occipital regions and the insular cortex, respectively. Whereas the association
with AB1_4o decreased with depth, the NfL-myelin relationship was most evident in the
innermost layer. Older individuals with higher plasma NfL levels also exhibited altered rs-
FC between the insula and medial orbitofrontal cortex. Together, these findings establish
a link between plasma markers of amyloid/neurodegeneration and intracortical myelin
content in cognitively normal older adults, and support the role of plasma NfL in boosting
aberrant FC patterns of the insular cortex, a central brain hub highly vulnerable to aging
and neurodegeneration.

Keywords: aging, Alzheimer’s disease, intracortical myelin, functional connectivity, blood biomarkers, amyloid-
beta, neurofilament light

INTRODUCTION

Aging is the major risk factor for Alzheimer’s disease (AD), but the reasons why aging
increases susceptibility to AD are poorly understood. One contributing factor may be the
perturbation of myelin-related genes (Mathys et al., 2019) that eventually leads to widespread
degeneration of myelin sheaths. This phenomenon results in slowing of conduction velocity
along nerve fibers, modifying the timing of network oscillations, and ultimately affecting
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functional connections within neural circuits (Peters, 2002). The
efficiency of remyelination also declines with age, likely due to the
limited regenerative capacity of oligodendrocyte progenitor cells
(Irvine and Blakemore, 2006). Consequently, lightly myelinated
axons become more vulnerable to irreversible degeneration
during aging, favoring cognitive decline (Wang et al., 2020) and
the spread of AD pathology before the onset of symptoms (Mitew
etal,, 2010; Braak and Del Tredici, 2015; Couttas et al., 2016; Dean
etal., 2017; Luo et al,, 2019).

New ultrasensitive  quantitative  technologies allow
the identification of proteins in blood at subfemtomolar
concentrations (Rissin et al., 2010; Yang et al., 2017), opening
new avenues for the development of blood biomarkers capable
of detecting individuals at risk for cognitive decline and
AD. Accumulated evidence suggests that lower levels of
plasma amyloid-p fragment 1-42 (AP;_4;) are associated with
accelerated aging and AD. Accordingly, low levels of plasma
AP _4 at baseline have shown to increase the risk of cognitive
decline (Seppili et al., 2010), mild cognitive impairment (MCI)
(Rembach et al., 2014) and AD (Rembach et al., 2014; Chouraki
et al., 2015; Hilal et al., 2018; de Wolf et al., 2020). Moreover,
higher plasma concentrations of neurofilament light chain
(NfL), the main cytoskeletal structure of myelinated axons, have
been associated with increased brain AP load in cognitively
unimpaired older adults (Chatterjee et al, 2018; Benedet
et al.,, 2020), and have shown to predict cortical thinning and
subsequent cognitive impairment in the preclinical stage of both
familial and sporadic AD (Preische et al., 2019; Lee et al., 2022).
However, it remains largely unknown whether plasma markers of
amyloid and neurodegeneration bear any relation to brain myelin
content in cognitively normal older individuals, which may be
relevant to establish surrogate markers of vulnerability to AD.

Although myelination is a prominent feature of the subcortical
white matter (WM), the gray matter (GM) of the cerebral cortex
also contains a substantial amount of myelinated axons unevenly
distributed in layers (Nieuwenhuys, 2013). Thus, myelin density
is higher in deeper than in superficial cortical layers and in
sensorimotor than in association regions (Nave and Werner,
2014). This particular distribution of cortical myelin may partially
account for the functional organization of the neocortex (Beul
et al., 2017; Huntenburg et al.,, 2017). Moreover, evidence has
shown that subtle changes in myelin have meaningful effects on
neuronal network function (Waxman, 1980; Felts et al., 1997;
Pajevic et al., 2014). Therefore, aging-related patterns of rs-FC
may be driven by cortical regions showing myelin deficits, which,
in turn, may be conditioned by plasma markers of amyloid and
neurodegeneration.

Here, we specifically addressed these questions by
investigating whether the T1w/T2w ratio, considered as a
proxy of myelin content in the cortical GM (Glasser and Van
Essen, 2011), is associated with plasma levels of AB;_4, and NfL
in cognitively normal older adults, and whether this relationship
varies with cortical depth. Next, we assessed whether those
cortical areas showing plasma measurements-related myelin
deficits also exhibited alterations in their pattern of rs-FC, which
in turn may account for the variability in cognitive functioning.
Therefore, the present study sought to test three inter-related

hypotheses. As amyloid pathology has been previously associated,
either direct or indirectly, with myelin damage (Desai et al.,
2010; Mitew et al., 2010; Schmued et al., 2013; Dean et al.,
2017; Luo et al., 2019; Chen et al,, 2021), we first hypothesized
that lower levels of plasma APj_4, will be associated with
lower intracortical myelin content in cognitively normal older
adults. The relationship between aging-related axonal damage
and myelin breakdown is likely strengthened by dysfunctional
oligodendrocytes, which supply energy for axonal metabolism
(Mot et al., 2018). Accordingly, our second prediction was that
higher levels of plasma NfL will be accompanied by lower myelin
content, and that this relationship will become more evident in
inner cortical layers, where oligodendrogenesis is most impaired
(Orthmann-Murphy et al., 2020; Xu et al.,, 2021). Finally, and
given the critical role of myelin in neuronal communication and
fine-tuning of neuronal circuits (Fields, 2015; Monje, 2018), we
postulated that cortical regions showing lower myelin content
related to plasma levels of AB;_4 and/or NfL will also show
altered patterns of rs-FC.

MATERIALS AND METHODS

Participants

One hundred thirty-three cognitively normal older adults
participated in the study (65 £ 5.9 vyears; range: 54-
76 years; 81 females). They were recruited from senior
citizen’s associations, health-screening programs, and hospital
outpatient services. All of them underwent neurological and
neuropsychological assessment to discard both the presence
of dementia and objective cognitive impairment. Individuals
with medical conditions that affect brain structure or function
(e.g., cerebrovascular disease, epilepsy, head trauma, history
of neurodevelopmental disease, alcohol abuse, hydrocephalus,
and/or intracranial mass) were not included in the study.
Participants met the following criteria: (i) normal global cognitive
status in the Mini-Mental State Examination (scores > 26); (ii)
normal cognitive performance in the neuropsychological tests
relative to appropriate reference values for age and education
level; (iii) global score of 0 (no dementia) in the Clinical
Dementia Rating; (iv) functional independence as assessed by the
Spanish version of the Interview for Deterioration in Daily Living
Activities (Bohm et al., 1998); (v) scores <5 (no depression) in
the short form of the Geriatric Depression Scale (Sheikh and
Yesavage, 1986); and (vi) not be taking medications that affected
cognition, sleep, renal or hepatic function. All participants gave
informed consent to the experimental protocol approved by
the Ethical Committee for Clinical Research of the Junta de
Andalucia according to the principles outlined in the Declaration
of Helsinki. Table 1 contains sample characteristics.

Neuropsychological Assessment

All participants received neuropsychological assessment. They
were administered with the following tests: the Spanish version
of the Memory Binding Test (MBT) (Gramunt et al., 2016);
the short form of the Boston Naming Test (BNT); the semantic
and phonological fluency tests based on the “Animal” and letter
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TABLE 1 | Demographics, cognitive and biochemical variables.

Age 65+ 5.9
Sex (F/M) 81/52
Education years 11.7+£45
ApoE4 (yes/no) 31/102
MMSE 286 +1.3
Memory Binding Test

Total free recall 16.2 £ 4.6
Pairs in free recall 53+26
Total paired recall 27.1+4.9
Paired recall pairs 9.8+ 41
Total delayed free recall 151 £5.0
Pairs in delayed free recall 58+39
Total delayed paired recall 289+ 5.4
Boston Naming Test 121+ 241
Phonological fluency 1567 £ 4.4
Semantic fluency 22.0+17.0
Trail Making Test-A 470+ 215
Trail Making Test-B 119.56 + 67.7
Tower of London 319.3 £ 113.2

Plasma AB1 - 42 (pg/ml)
Plasma NfL (pg/ml)

121 £ 5.1 (2.4 - 24)
12.9+7.2(2.3-39.6)

Results are expressed as mean =+ SD, unless otherwise stated. F/M,
females/males; MIMSE, Mini Mental State Examination; NfL: neurofilament light.

“P” naming tasks; the two forms of the Trail Making Test
(TMT-A and TMT-B); and the Tower of London (TL). All
neuropsychological scores were z transformed. In the case of
TMT-A and TMT-B, we used the inverse z-values, while in
the case of the MBT and TL we first computed a composite
measure by summing the z-scores of the different scores. We then
applied principal component analysis to obtain the Spearman’s
“g” factor as an index of global cognitive function. This analysis
was done with R Statistical Software v3.0.1 (R Foundation
for Statistical Computing, Vienna, Austria) using the prcomp
function. We only retained the first component (eigenvalue
3.4), which explained 53.7% of variance in the data, due to the
contribution of MBT (24.2), BNT (24.2), phonological fluency
(24.2), semantic fluency (3.2), TMT-A (8.6), TMT-B (9.5), and TL
(6.0). The standardized residuals were used to obtain the latent
variable g (factor loading MBT: 0.92; BNT: 0.92; phonological
fluency: 0.92; semantic fluency: 0.33; TMT-A: 0.55; TMT-B:
0.57; TL: 0.46).

Measurements of Plasma Af1_42 and NfL
Fasting blood samples were taken at 9:00-10:00 AM in all
participants to control for potential circadian effects. Briefly,
venous blood samples were collected in 10 ml dipotassium
ethylene diamine tetraacetic acid (EDTA) coated tubes (BD
Diagnostics), and immediately centrifuged (1,989 g) at 4°C for
5 min. Supernatant plasma was aliquoted into polypropylene
tubes containing 300 L1 of plasma mixed with 10 1 of a protease
inhibitor cocktail (cOmplete Ultra Tablets mini, Roche), and
stored at —80°C until analysis. Plasma samples used in the present
study were not previously thawed.

Plasma AB;_4 and NfL levels were measured on the ultra-
sensitive single-molecule array (Simoa) HD-1 analyzer platform
(Quanterix, MA, United States) following the manufacturer’s

instructions. The AB;_4, Simoa 2.0 assay (Cat. No. 101664)
and the NF-light Simoa assay advantage kits (Cat. No. 103186)
were purchased from Quanterix. These assays measure AB;_4
and NfL levels in human plasma with a detection limit of 0.044
and 0.038 pg/ml, respectively. Two quality control samples were
run on each plate for each analyte. Plasma Af;_4, and NfL
determinations were run in duplicates, and the average of the two
measurements (pg/ml) was used for statistical analysis. Samples
with coefficients of variation higher than 20% were excluded.

Magnetic Resonance Imaging

Acquisition

Structural and functional magnetic resonance imaging (MRI)
scans were performed on a 3T Philips Ingenia MRI scanner,
equipped with a 32-channel radio-frequency (RF) receive head
coil and body RF transmit coil (Philips, Best, Netherlands). The
following MRI sequences were acquired in the same session: (i)
3D T1-weighted (T1w) magnetization prepared rapid gradient
echo (MPRAGE) in the sagittal plane: repetition time (TR)/echo
time (TE) = 2,600 ms/4.7 ms, flip angle (FA) = 9°, acquisition
matrix = 384 x 384, voxel resolution = 0.65 mm? isotropic,
resulting in 282 slices without gap between adjacent slices; (ii) 3D
T2w scan in the sagittal plane: TR/TE: 2,500 ms/251 ms, FA = 90°,
acquisition matrix = 384 mm X 384 mm, voxel resolution
= 0.65 mm? isotropic, resulting in 282 slices without gap between
adjacent slices; and (iii) T2w Fast Field Echo images using
a blood-oxygen-level-dependent (BOLD) sensitive single-shot
echo-planar imaging (EPI) sequence in the axial plane: TR/TE:
2,000 ms/30 ms, FA = 80°, acquisition matrix = 80 mm x 80 mm,
voxel resolution = 3 mm? isotropic, resulting in 35 slices with
1 mm of gap between adjacent slices. To allow for optimal Bl
shimming, a Bl calibration scan was applied before starting
the EPI sequence. We acquired 250 EPI scans preceded by
four dummy volumes to allow time for equilibrium in the spin
excitation. Before starting the acquisition of the EPI sequence,
participants were asked to remain still and keep their eyes closed
without falling sleep. Pulse and respiratory rates were recorded
using the scanner’s built-in pulse oximeter placed on the left-hand
index finger and a pneumatic respiratory belt strapped around
the upper abdomen, respectively. Brain images were visually
examined after each MRI sequence; they were repeated if artifacts
were clearly identified. All participants underwent the same MRI
protocol at the MRI facility of Pablo de Olavide University.

Structural MRI Preprocessing and

Generation of Cortical Myelin Maps

Tlw scans were preprocessed using Freesurfer v6.0.' The
Freesurfer’s pipeline included brain extraction, intensity
normalization, automated tissue segmentation, generation of
white matter (WM) and pial surfaces, correction of surface
topology and inflation, co-registration, and projection of cortical
surfaces to a sphere for establishing a surface-based coordinate
system (Fischl and Dale, 2000). Pial surface misplacements and
erroneous WM segmentation were manually corrected on a slice-
by-slice basis by one experienced technician. The T2w image was

'https://surfer.nmr.mgh.harvard.edu/
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registered to the T1w image with bbregister employing a trilinear
interpolation method. bbregister is a within-subject, cross-modal
registration program that uses a boundary-based cost function
constrained to 6 degrees of freedom (Greve and Fischl, 2009).

We have used the T1w/T2w ratio image to indirectly estimate
the relative intracortical myelin content in individual cortical
surfaces. Previous studies have shown that regional variations
in the T1w/T2w ratio match the myelin content derived from
histologically-defined cortical areas (Glasser and Van Essen,
2011) and they further correlate with cortical myelination
patterns across the lifespan (Grydeland et al, 2019). This is
partially due because myelin alters the signal intensity of T1w
and T2w images in opposite directions and, consequently,
the T1w/T2w ratio provides both enhanced tissue contrast
and sensitivity to brain myelin content (Uddin et al., 2019).
Furthermore, the T1w/T2w ratio cancels radiofrequency (RF)
receive field (B1—) artifacts in the absence of head motion,
and corrects reasonably well for RF transmit field (B1+) effects
when the participants’ head is precisely located at the isocenter
of the magnetic field (Glasser et al., in press). In the present
study, the latter requirements were strictly met to reduce
transmit field biases and spurious results in cortical myelin
maps.

The tissue fraction effect was corrected in individual T1w/T2w
ratio images using PETsurfer (Greve et al., 2016), setting the
point spread function estimate to zero. Next, three intermediate
surfaces were generated within the cortical GM at fixed relative
distances between the WM and pial surfaces (Polimeni et al.,
2010). These surfaces were located at 90% (outer layer), 50%
(medium layer) and 10% (inner layer) of the cortical thickness
away from the WM surface. Finally, individual myelin maps
obtained at different cortical depths were projected onto the
average cortical surface, transformed to z-scores, and smoothed
using non-linear spherical wavelet-based de-noising schemes
(Bernal-Rusiel et al., 2008). All processing steps were visually
checked for quality assurance. Figure 1 illustrates the analysis
pipeline for intracortical myelin mapping.

Functional MRI Preprocessing and
Resting State-Functional Connectivity
Analysis
Resting-state functional magnetic resonance imaging (rs-
fMRI) data were preprocessed using AFNI functions,” version
AFNI_20.3.01. For each participant, high-frequency spikes were
eliminated (3dDespike), time-locked cardiac and respiratory
motion artifacts on cerebral BOLD signals were minimized
using RETROICOR (Glover et al., 2000), time differences in
slice-acquisition were corrected (3dTshift), EPI scans were
aligned using rigid body motion correction and selecting the
first volume as reference (3dVolreg), and aligned EPI scans were
co-registered to their corresponding T1w volumes (3dAllineate;
cost function: Ipc + ZZ).

Dynamics were removed provided that more than 5% of
voxels exhibited signal intensities that deviated from the median

Zhttps://afni.nimh.nih.gov/afni

absolute deviation of time series (3dToutcount); and/or when
the Euclidean norm (enorm) threshold exceeded 0.3 mm in
head motion. None of the participants showed more than 20%
of artifactual dynamics after applying censoring. Simultaneous
regression was further applied to minimize the impact of
non-neuronal fluctuations on the rs-fMRI signal (3dTproject).
Nuisance regressors included: (i) six head motion parameters
(3 translational and 3 rotational) derived from the EPI scan
alignment along with their first-order derivatives, (ii) time
series of mean total WM/CSF signal intensity, and (iii) cardiac
(measured by pulse oximeter) and respiratory fluctuations plus
their derivatives to mitigate effects of extracerebral physiological
artifacts on cerebral BOLD signals. No temporal band-pass
filtering was applied.

Preprocessed rs-fMRI scans were projected onto the fsaverage5
cortical surface space. Seeds for FC analyses were derived from
cortical regions showing significant associations between plasma
measurements (i.e., ABj_4 and NfL levels) and intracortical
myelin content. Surface-based rs-FC seed to whole cortex
maps were obtained using the Fisher’s z-transform of the
corresponding Pearson’s correlation coeflicients.

Sample Size Estimation

To estimate the sample size, we performed power analysis
with the G*Power software (v3.1.9.6).> Only two studies
have previously assessed the relationship between AB;_4 and
intracortical myelin content, one in the AD continuum using
both CSF AP;_ 4 and amyloid PET (Luo et al., 2019) and other in
cognitively normal older adults using amyloid PET (Yasuno et al.,
2017). To our knowledge, research investigating associations
between NfL levels and intracortical myelin content or addressing
the potential moderating effect of plasma measurements (i.e.,
AB1_42 or NfL) on the relationship between intracortical myelin
content and cortical rs-FC patterns is lacking. Therefore, we
computed an a priori (prospective) power analysis (fixed model,
R? deviation from zero) to achieve statistical power of 80% given
a 0.025 two-sided significance level and an overall Cohen’s effect
size (f2) ranging from 0.05 to 0.2. Supplementary Figure 1 shows
the results of this analysis for additive models evaluating the
relationship between one of the plasma measurements (either
AB1_42 or NfL) and intracortical myelin content (3 predictors),
and for interactive models assessing the moderating effect of one
of the aforementioned plasma measurements on the relationship
between intracortical myelin and rs-FC (5 predictors). This
analysis revealed that 263 and 308 participants are required to
detect an overall effect size of 0.05 for additive and interactive
models, respectively. As the study sample consisted of 133
participants, interpretation of significances is conditional on the
existence of overall effect sizes equal to or greater than 0.10 and
0.12 for main and interaction effects, respectively.

Statistical Analysis
We first applied the frequentist approach to determine whether
age was related to plasma measurements and intracortical myelin

*https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine- psychologie-und-
arbeitspsychologie/gpower.html
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FIGURE 1 | Analysis pipeline for intracortical myelin mapping. (A) Individual T1w scans were skull-stripped. Next, pial and WM boundaries were established using
semi-automatic segmentation procedures implemented in Freesurfer. (B) Intracortical myelin content was obtained by computing the voxel-wise ratio of T1w to T2w.
Warm colors represent regions of high intracortical myelin while cold colors represent regions of low myelin content, as revealed by T1w/T2w ratio values. (C) Three
uniformly spaced layers were delineated within the cortical ribbon of the T1w/T2w ratio image: 90% (outer layer), 50% (medium layer) and 10% (inner layer) of the
cortical thickness away from the WM surface. (D, Left panel) Individual myelin maps obtained at different cortical depths were projected onto the average cortical
surface. (Right panel) lllustrative representations of the three cortical depths superimposed on myeloarchitectonic organization of the human neocortex (Figure

adapted from Vogt, 1903).
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after adjusting for the effects of sex. Next, by applying the same
approach, we performed vertex-wise multiple linear regression
analyses to evaluate the relationship of plasma measurements
(either APj_4p or NfL) with intracortical myelin content at
different cortical depths (90, 50, and 10% away from the WM
surface), including age and sex as covariates of no interest. To
assess whether associations between plasma measurements and
intracortical myelin content differed with cortical depth, we
first computed the mean of the sum of all significant regions
at the three cortical depths to extract the fitted values. These
fitted values were entered into a mixed model with subjects
as random effect to determine whether the strength of these

associations varied significantly as a function of cortical depth.
The effect of the moderator factor (i.e., cortical depth) was
evaluated through an ANOVA that compared the null model only
including the intercept with the experimental model including
cortical depth as a fixed effect. If differences reached significance,
post hoc comparisons were performed with the R package
emmeans and multiple comparisons were adjusted using the
Bonferroni correction.

Using the frequentist approach, we further evaluated whether
cortical regions showing significant associations with plasma
measurements also exhibited altered patterns of rs-FC. For
this, we applied a vertex-wise multiple regression model that
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included as regressor of interest the interaction between plasma
measurements (either AB;_4; or NfL) and the mean intracortical
myelin of the region used as seed in the rs-FC analysis. These
models were adjusted by age and sex.

Vertex-wise regression analyses for intracortical myelin and
rs-FC were performed using the SurfStat package.* Results were
corrected for multiple comparisons using a hierarchical statistical
model that first controls the family-wise error rate at the level of
clusters by applying random field theory over smoothed statistical
maps (Pyertex < 0.001, puster < 0.05), and next controls the false
discovery rate at the level of vertex within each cluster (p < 0.05)
over unsmoothed statistical maps (Bernal-Rusiel et al., 2010). The
anatomical location of significant results was based on vertices
showing the maximum statistic within each significant cluster
(Desikan et al., 2006).

After inferential evidence of a main or an interaction effect,
we computed the standardized measure of effect size (i.e.,
Cohen’s f2) to evaluate local effect size within the context of
a multivariate regression model (Cohen, 1988). To establish
the precision of standardized effect sizes, we computed 95%
confidence intervals (Clgsy) using the normal approximated
interval with bootstrapped bias and standard error (N = 10,000
bootstrap samples) with the Matlab’s bootci function.

Next, for each cortical vertex showing the maximum statistic
within each significant cluster, we applied Bayesian linear
regression analyses using JASP, version 0.12.2.° The Bayesian
approach allowed us to quantify the evidence for the alternative
hypothesis and to overcome the problem of multiple comparisons
resulting from performing different models for two hemispheres
and three cortical depths. Bayesian linear regression analyses
were based on non-informative priors such as the Jeffreys-
Zellner-Siow prior with an r scale of 0.354 (Liang et al. (2008). We
compared the strength of the Bayes factor for the model including
all covariates of no interest (null model) with the model including
the predictor of interest (experimental model) (BFjp). The
classification scheme proposed by Lee and Wagenmakers (2013)
was employed to interpret the BF;o. We only reported those
results that reached significance according to the frequentist
approach as long as the evidence in favor of the alternative
hypothesis was at least moderate (BF;o > 3).

Finally, we evaluated whether associations of intracortical
myelin content with either plasma AB;_4,/NfL levels or rs-FC
accounted for the variability in global cognitive function. For
this purpose, we first applied the Yeo-Johnson transformation
to the cognitive index (i.e., the latent variable g) to reduce the
detrimental effects of skewedness and heteroscedasticity in the
different models (Yeo and Johnson, 2000). Next, we built four
models to assess main and interaction effects. The first model only
included the covariates of no interest; the second model the main
effects; the third model the two-way interactions between the
different predictors of interest; and the fourth model the three-
way interaction. We first calculated F-tests between the different
sequential models, and then compared the relative strength of the
Bayes factor between the models.

*https://www.math.mcgill.ca/keith/surfstat/
>https://jasp-stats.org/

RESULTS

Associations of Age With Intracortical
Myelin and Plasma Levels of AB{_42 and
NfL

Age was positively related to plasma APi_4 (Fi,130 = 9.8,
p = 0.002) and NfL levels (Fi,130 = 28.8, p < 107%). On
the contrary, age was negatively associated with intracortical
myelin content in postcentral regions of the left hemisphere
(F1,130 = 21.2, p < 1077) and superior parietal lobe of the right
hemisphere (Fy,130 = 21.3, p < 10~°). These results are illustrated
in Supplementary Figure 2.

Relationship Between Intracortical
Myelin and Plasma Levels of AB{_4> and
NfL

Figure 2 displays intracortical myelin maps projected onto
the average cortical surface obtained at different depths (i.e.,
outer, medium and inner layers) before z-transformation. As
expected, T1w/T2w ratio values increased with cortical depth
(Nieuwenhuys, 2013; Nave and Werner, 2014). Our T1w/T2w
ratio maps differ from those reported in Glasser and Van
Essen (2011), especially in some regions of the occipital
cortex, whose intracortical myelin content was associated with
plasma levels of AB;_4 (see Figure 3). These differences
may be due to the distinct approaches used to obtain the
intracortical myelin maps in the two studies. Thus, we used
absolute values comprising the entire range of T1w/T2w ratio
values instead of a percentile scaling between 3 and 96%,
as in Glasser and Van Essen (2011). Neither we adjusted
the color palette to identify the transitions between adjacent
areas, since we were not interested in delineating spatial
gradients or myeloarchitectural features of cortical regions
(Glasser and Van Essen, 2011).

Plasma levels of AB;_4, were positively associated with
T1w/T2w ratio values in temporo-parietal-occipital regions of
both hemispheres at the three cortical depths, as illustrated in
Figure 3 and reported in Table 2. The evidence in favor of
the alternative hypothesis was extreme (BF;o > 100) for myelin
content of inner and outer layers, and moderate in the medium
layer (BF;o was reported in Table 2).

Regarding the association between Af;_4, and intracortical
myelin, mixed model ANOVAs revealed a significant main effect
of cortical depth for the right hemisphere (x? = 346.6, p < 10~ 1°)
that was not extended to the left hemisphere (x* =57, p =0.06).
Post hoc analyses showed that the strength of positive associations
in the right hemisphere decreased with cortical depth, being
stronger for the outer than for the other two layers (p < 0.0001),
and stronger for the medium than for the innermost layer
(p < 0.0001). Figures 4A,B illustrate these results.

The regression analysis also revealed a negative association
between plasma NfL levels and T1w/T2w ratio values of the right
insular cortex (Figure 5 and Table 2). This result was restricted
to the inner layer, where the Bayesian linear regression analysis
showed a BFjg of 3.4, indicating that the alternative hypothesis is
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FIGURE 2 | Intracortical myelin maps projected onto the average cortical surface obtained at different depths (outer, medium, and inner layer) before
z-transformation. Note that, in general, T1w/T2w ratio values increase with cortical depth. Left (L) and right (R).
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FIGURE 3 | Associations between plasma AB1 _ 4 levels and intracortical myelin content (T1w/T2w ratio values) on cortical surfaces obtained at 90% (outer layer),
50% (medium layer) and 10% (inner layer) of the cortical thickness away from the WM surface. Projected size effects on inflated cortical surfaces indicate positive
associations of plasma AB+ —42 levels with intracortical myelin content, after adjusting for age and sex. The color bar indicates the range of overall size effects
(Cohen’s f2). Left (L) and right (R). Scatter plots show partial correlations between plasma Ap+ _ 4 levels and the mean myelin content of the most significant cluster
for each cortical depth and hemisphere, adjusted by age and sex.
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TABLE 2 | Significant associations of plasma Ab1 — 4o and NfL with T1w/T2w ratio intensity values.

Vertex location with maximum statistic MNI R? Fs5,127 2 o Clgs, BFo
Positive associations with AB4_42 (inner layer)

L fusiform (Dgiuster = 10~°) -40 -73 -14 0.18 273 0.50 0.47-0.54 220F
L lateral occipital (pgjuster = 107°) -30-90-15 0.19 34.7 0.53 0.50-0.56 1234F
L inferior temporal (Dciuster = 0.02) —42 -51 -11 0.12 16.4 0.28 0.25-0.32 87Vvs

R lateral occipital (Pguster = 107°) 19-85-8 0.1 18.3 0.35 0.32-0.38 24365
R precuneus (Ogjuster = 0.0004) 13-54 16 0.13 19.0 0.38 0.35-0.42 6145
R lingual (ociuster = 0.003) 7-602 0.13 19.4 0.35 0.32-0.38 2047F
Positive associations with AB1_42 (medium layer)

L fusiform (ogjuster = 0.0003) -30-72-16 0.14 13.2 0.31 0.28-0.34 3.9M

R lingual (Ogiuster = 107°) 4-627 0.14 16.7 0.36 0.32-0.39 4.2M

Positive associations with AB_42 (outer layer)

L fusiform (ogjuster = 107°) -40-71-18 0.19 13.2 0.34 0.31-0.37 1817E
L superior parietal (Dgjuster = 0.0002) -23-84 24 0.14 18.8 0.37 0.34-0.40 2643
R pericalcarine (Dgiuster = 107°) 5-7812 0.12 5.5 0.34 0.31-0.37 7472F
R lateral occipital (Ogjuster = 107°) 20 -89 -8 0.15 21.3 0.36 0.33-0.39 3547F
Negative associations with NfL (inner layer)

R insula (Dguster = 0.04) 4104 0.16 25.4 0.46 0.42-0.49 3.4M

MNI coordinates are in MNI152 space. °: measure of local effect size. Clgso: 95% confidence interval. BF1o: Bayes factor yielded by the Bayesian linear regression
analysis. The superscript of the BF;o indicates the qualitative interpretation of the evidence for the alternative hypothesis: M moderate; VS very strong; E extreme.

L: left; R: right.
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FIGURE 4 | Boxplots showing individual fitted mean intracortical myelin values for regions showing a significant association with plasma measurements at different
cortical depths. Effect of cortical depth for the AB1_42 associations with intracortical myelin in the left (A) and right hemisphere (B). Note that positive associations
between plasma AB1_ 42 levels and intracortical myelin content (T1w/T2w ratio values) increased from inner to outer cortical layers only in the right hemisphere. (C)
Effect of cortical depth for the NfL associations with intracortical myelin of the right insula. Note that the association between plasma NfL levels and intracortical
myelin content (T1w/T2w ratio values) was more negative in the inner than in the medium and outer layers.

Cortical depth

about three times more likely than the null, which is classified
as moderate. The mixed model ANOVA addressing the effect
of cortical depth on the strength of this association revealed a
significant main effect in the right insular cortex (x> = 354.9,
p < 10719). The association of NfL with intracortical myelin was
more negative for the innermost layer than for the other two
layers (p < 0.0001). Figure 4C illustrates these results.

Effect of the Relationship Between
Plasma Measurements and Myelin
Content on Rs-FC

We next performed rs-FC analysis using as seeds those
regions derived from significant associations between

plasma measurements (Afj_42 and NfL) and myelin content
(regions displayed in Figures 3, 5). The interaction between
plasma AB;_4 and intracortical myelin did not predict
rs-FC for none of the seeds evaluated. Conversely, the
multiple regression analysis performed on the rs-FC map
with the right insula as seed revealed a significant two-way
interaction in the left medial orbitofrontal cortex (R2 = 0.13,
fmax = 4.36, Peuster = 0.006, tho = -2.22, Closy,[-2.81 to —
1.63]). Figure 6A shows the spatial location of this result.
Post hoc analyses shown in Figure 6B revealed a negative
relationship between FC and myelin in individuals with
higher plasma levels of NfL (ie., the group with 4 1SD)
and a positive relationship in those with lower NfL levels
(i.e., the group with —1SD). The Bayesian analysis yielded a BFo
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FIGURE 5 | Associations between plasma NfL levels and intracortical myelin
content (T1w/T2w ratio values) on the cortical surface obtained at 10% of the
cortical thickness away from the WM surface (inner layer). (A) Projected size
effects on the inflated cortical surface indicate negative associations of plasma
NfL levels with intracortical myelin content, adjusted by age and sex. The color
bar indicates the range of overall size effects (Cohen’s ). Right (R). (B) The
scatter plot shows the partial correlation between plasma NfL levels and the
mean myelin content of the significant cluster for the inner cortical layer
located in the right insula, adjusted by age and sex.

of 304, and therefore the evidence in favor of the alternative
hypothesis is considered as extreme.

Associations of Plasma Measurements,
Intracortical Myelin and Resting
State-Functional Connectivity With
Cognition

The ANOVAs performed to compare the sequential models
revealed no significant main or interaction effects on cognition.
BFo ranged between 0.33 and 1. Accordingly, no evidence in
favor of the null hypothesis was observed in either case.

DISCUSSION

We showed that plasma levels of AB1-42 and NfL were
associated with intracortical myelin content, suggesting that they
are able to track variations in myelin content in the aging
neocortex. Interestingly, associations with plasma NfL were most
evident in inner cortical layers, where fibers are more densely
myelinated (Nave and Werner, 2014) and oligodendrogenesis is

—
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FIGURE 6 | Moderating effect of plasma NfL levels on the relationship
between the mean myelin content and the rs-FC pattern of the right insula. (A)
Projected size effects on the inflated cortical surface show the moderating role
of plasma NfL levels in the association between the myelin content and rs-FC
pattern of the right insula. The color bar indicates the overall range of size
effects (Cohen’s 2). Left (L). (B) Scatter plot for the association of the mean
myelin content of the right insula with rs-FC between the right insula and left
medial orbitofrontal cortex (MOFC) at 1 SD below and above the mean of
plasma NfL levels, adjusted by age and sex.

most impaired (Orthmann-Murphy et al., 2020; Xu et al., 2021).
Furthermore, we found that higher concentrations of plasma NfL
were associated with aberrant FC patterns of the insular cortex,
a central brain hub highly vulnerable to neurodegeneration
involved in affective and cognitive processes (Cauda et al., 2011).
Considering that myelin undergoes significant alterations during
aging and that aging is the major risk factor for AD, these results
may be helpful in detecting myelin dysfunctions in aging and
hypothetically serve to identify vulnerability to develop AD.

Plasma AB1_45 Levels Are Positively
Associated With Intracortical Myelin
Content

Previous studies have shown that low plasma Af;_4
concentrations appear in MCI/AD patients carrying the
Apolipoprotein E ¢4 allele (APOE4) (Kleinschmidt et al,
2016) and in cognitively normal individuals showing abnormal
CSF-amyloid status and positive amyloid PET scans (Verberk
et al, 2018). Moreover, plasma Af;_4> levels have been
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negatively associated with WM hyperintensities and positively
with global cognition, memory performance, hippocampal
volume and cortical thickness of the temporal lobe (Llado-Saz
et al., 2015; Poljak et al., 2016; Hilal et al., 2018), as well as with
a steeper rate of subsequent cognitive decline (Rembach et al.,
2014; Poljak et al., 2016, Verberk et al., 2020) and increased risk
of AD (Chouraki et al., 2015; Hilal et al., 2018; de Wolf et al.,
2020).

Our results revealed a positive relationship between plasma
AB1_4 levels and intracortical myelin in cognitively normal
older adults, linking plasma amyloid markers to cortical myelin
integrity in normal aging. The association between cerebral
amyloid aggregation and myelin deficits has been mainly
supported by research in mouse models of AD (Desai et al,
2010; Mitew et al.,, 2010; Schmued et al.,, 2013; Chen et al.,
2021). These studies showed that myelin pathology extends across
regions with AP deposits (Mitew et al., 2010; Schmued et al.,
2013), suggesting that the absence of oligodendrocytes in the
plaque core may contribute to the destabilization of neuronal
networks surrounding AP deposits (Palop and Mucke, 2010).
This interpretation has been reinforced by research showing
in vivo associations between myelin alterations and amyloid
pathology in preclinical AD (Dean et al., 2017; Luo et al,
2019). In particular, lower CSF AB;_4, levels were found to be
associated with lower myelin water fraction (MWF) in the WM
of late myelinating brain regions (Dean et al., 2017), which are
affected by AD lesions from the earliest stage (Braak and Del
Tredici, 2015). Further evidence indicates that preclinical AD
patients exhibit the lowest T1w/T2w ratio in the inferior parietal
lobe, which continues to decrease with disease progression
(Luo et al,, 2019). Our results complement these findings,
providing evidence that positive associations of intracortical
myelin with plasmatic AP;_4, are restricted to posterior cortical
regions in normal aging. Together, these results suggest that
myelin breakdown in aging and preclinical AD occurs in the
reverse direction in which myelination develops, from cortical
association regions to subcortical WM projection tracts, and from
posterior to anterior brain regions (Bartzokis, 2004).

An alternative interpretation is that the load of WM lesions,
instead of AB deposition in plaques, could drive the relationship
between plasma AP;_4, and intracortical myelin content. In
line with this hypothesis, it has been reported that associations
between CSF APj_4; levels and cortical atrophy are noticeable
in dementia patients but absent in cognitively normal older
adults, whereas correlations between CSF Af;_4 and WM
lesions are present in normal elderly individuals but lacked in
dementia patients (Skoog et al., 2018). Further, if associations
between plasma APj_4; and intracortical myelin content were
a reflection of the cerebral amyloid burden, this relationship
should be stronger in deeper cortical layers, where the myelin
content is higher (Hughes et al, 2018). This prediction is
supported by evidence indicating that AP staining in 5xFAD
transgenic mice is more intense in deeper than in superficial
cortical layers. As a result, T1 and T2 values were more
drastically reduced in deeper cortical regions in transgenic mice
compared to wild-type mice (Spencer et al., 2013). Moreover,
analysis of the laminar distribution of transmitter receptors

in the human neocortex has shown that deeper layers of
temporo-occipital regions concentrate a high density of kainate
receptors (Palomero-Gallagher and Zilles, 2019). Given that
oligodendrocytes contribute to the control of extracellular
glutamate levels (Matute et al, 2001) and oligodendrogenesis
is mostly impaired in the deeper cortical layers (Orthmann-
Murphy et al., 2020; Xu et al., 2021), alterations in glutamate
homeostasis may result in overactivation of kainate receptors and
subsequent excitotoxic oligodendroglial death, especially in the
innermost layers. However, our results showed that associations
between plasma AB;_4 and intracortical were stronger in the
outer cortical layer (at least in the right hemisphere), suggesting
that plasma AB; _4,-myelin associations are not likely driven by
cerebral amyloid burden.

It is also worth noting that T1 relaxation rate correlates
with iron concentration in the brain, showing much higher iron
relaxivity values in the cortex than in other brain structures
(Ogg and Steen, 1998). Accordingly, high-field MRI data from
postmortem brain samples has revealed a layered organization
of iron content in the cortical mantle suggestive of each
region’s myeloarchitecture (Fukunaga et al., 2010). Therefore, we
cannot rule out that associations between plasma measurements
and intracortical myelin content are partially due to iron
accumulation. Future experiments should use more sophisticated
in vivo approaches to separate iron and myelin content in
the human cortex (Shin et al, 2021) in order to reliably
determine their specific effects on aging and aging-related
neurodegenerative conditions.

Plasma NfL Levels Are Negatively
Associated With Intracortical Myelin
Content and Abnormal Resting
State-Functional Connectivity

Neurofilament light chain is one of the scaffolding proteins of the
axonal cytoskeleton with important roles in axonal and dendritic
branching (Yuan et al., 2017). NfL is particularly abundant in
myelinated axons and is released to the periphery upon damage
of the central nervous system (Gafson et al., 2020). Although
plasma NfL is not a specific AD biomarker, it has been positively
associated with higher risk of cognitive decline in cognitively
normal older adults, MCI and AD patients (Mattsson et al.,
2017; Aschenbrenner et al., 2020; Lee et al., 2022) and higher
CSF NfL concentration in the early presymptomatic stages of
familial AD (Preische et al., 2019) and in all stages of sporadic AD
(Mattsson et al., 2017). At baseline, it has been positively related
to neocortical AP and tau in cognitively unimpaired and impaired
older adults, respectively (Chatterjee et al., 2018; Benedet et al.,
2020) and negatively to hippocampal atrophy in all stages of
AD (Mattsson et al., 2017; Hu et al., 2019) and to the mean
cortical thickness of the whole-brain and specific brain regions
in MCI and cognitively normal older adults (Lee et al., 2022).
Over time, decreasing plasma NfL levels have also been related to
progressive enlargement of the lateral ventricles and decreasing
brain metabolism, hippocampal volume and cortical thickness
especially in MCI and AD patients (Mattsson et al., 2017; Benedet
etal.,, 2020). Consequently, plasma NfL is considered a promising
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and cost-effective biomarker of axonal injury in AD and a variety
of neurological conditions (Khalil et al., 2018).

High blood NfL levels may further reflect myelin breakdown,
presumably due to dysfunctional oligodendrocytes, which
provide trophic support to axons (Mot et al., 2018). Multiple
lines of evidence indirectly support this hypothesis in humans.
For instance, recent experiments have revealed associations
between high serum NfL levels and MRI markers of myelin
damage in multiple sclerosis (Yik et al., 2022), pediatric acquired
demyelinating syndrome (Simone et al., 2021), and X-linked
adrenoleukodystrophy (Weinhofer et al, 2021). Our results
add further support to this hypothesis, showing a negative
relationship between plasma NfL levels and intracortical myelin
content of the right insular cortex, a lightly myelinated cortical
region that has shown increased vulnerability in aging (Hu et al.,
2014), preclinical (Cantero et al., 2020) and prodromal AD
(Cantero et al., 2017).

We also showed that plasma NfL levels modulated patterns
of FC between the insula and medial orbitofrontal cortex, two
lightly myelinated cortical areas that appeared to be vulnerable
to detrimental effects of aging (Bartzokis, 2011; Vidal-Pifeiro
etal., 2016). Recent evidence has linked rs-FC patterns of insular
cortex and orbitofrontal cortex to apathy (Jang et al.,, 2021),
a multi-domain syndrome associated with poor outcomes and
incident dementia in normal older adults (van Dalen et al.,
2018), suggesting that impaired FC of these two regions may
have unfavorable implications for aging. Tract tracing studies in
primates have revealed that the anterior insula has prominent
connections to the orbitofrontal cortex (Flynn et al, 1999),
forming a functional unit that serves in the integration of
complex autonomic, cognitive and emotional processes (Morel
et al,, 2013), all of them manifestly affected by aging (Salthouse,
2012). We speculate that as long as plasma NfL levels are
elevated, reduced myelin content of the insular cortex may affect
synchronized timing of neuronal impulses leading to abnormal
functional connections with the medial orbitofrontal cortex.

Study Limitations

Results of the present study were cross-sectionally obtained,
which has strengths and weaknesses that should be
acknowledged. While cross-sectional studies are valuable
for establishing preliminary evidence in planning advanced
studies, they are not helpful for drawing predictive conclusions.
As long as the study sample is representative of the overall
population, cross-sectional studies are adequate for measuring
the prevalence of health outcomes, understand determinants of
health, and describe features of a population (Wang and Cheng,
2020). Therefore, our results cannot establish a true cause and
effect relationship between T1w/T2w ratio values and plasma
levels of AB;_4 and NfL, nor can they determine a temporal
relationship between outcomes and risk factors. However, they
could be used to generate predictive hypothesis for longitudinal
studies in which T1w/T2w ratio values are used as a predictive or
dependent variable.

Linking our results to AD requires caution. Brain-specific
proteins are present in much lower concentrations in blood
than in CSF because the blood-brain barrier prevents free
passage of molecules between the CNS and blood compartments

(Zetterberg and Burnham, 2019). More importantly, Ap species
are expressed in non-brain tissues and bind to a variety of blood
proteins (Marcello et al.,, 2009), which may not reflect brain
AP turnover/metabolism and consequently reduce the potential
for monitoring A pathology in the blood. Moreover, the
plasma AP _42/AP_ 49 ratio has shown better concordance with
cerebral amyloid load than plasma AP _ 4, alone (Janelidze et al.,
20165 Schindler et al., 2019), suggesting that the AB;_42/AB1—40
ratio has an added value as a pre-screening biomarker in AD.

CONCLUSION

The present study showed that lower plasma AP;_4 and
higher plasma NfL levels were associated with lower intracortical
myelin content in temporo-parietal-occipital regions and the
insula, respectively. Notably, the latter association was most
evident in inner cortical layers, where axons are more heavily
myelinated (Nave and Werner, 2014) and oligodendrogenesis is
most impaired (Orthmann-Murphy et al., 2020; Xu et al., 2021).
Plasma NfL levels further moderated the relationship between
intracortical myelin content and rs-FC, likely revealing a complex
inter-relationship between axonal damage, myelin breakdown
and FC in aging. As myelin undergoes significant alterations in
aging, the most important risk factor for AD, these results may
be helpful in detecting aging-related myelin dysfunctions and
potentially serve to identify vulnerability to develop AD.
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Parkinson’s disease (PD), the second most common neurodegenerative disorder, is
characterized by neuroinflammation, formation of Lewy bodies, and progressive loss of
dopaminergic neurons in the substantia nigra of the brain. In this review, we summarize
evidence obtained by animal studies demonstrating neuroinflammation as one of the
central pathogenetic mechanisms of PD. We also focus on the protein factors that
initiate the development of PD and other neurodegenerative diseases. Our targeted
literature search identified 40 pre-clinical in vivo and in vitro studies written in English.
Nuclear factor kappa B (NF-kB) pathway is demonstrated as a common mechanism
engaged by neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
and 6-hydroxydopamine (6-OHDA), as well as the bacterial lipopolysaccharide (LPS).
The a-synuclein protein, which plays a prominent role in PD neuropathology, may also
contribute to neuroinflammation by activating mast cells. Meanwhile, 6-OHDA models of
PD identify microsomal prostaglandin E synthase-1 (mMPGES-1) as one of the contributors
to neuroinflammatory processes in this model. Immune responses are used by the central
nervous system to fight and remove pathogens; however, hyperactivated and prolonged
immune responses can lead to a harmful neuroinflammatory state, which is one of the
key mechanisms in the pathogenesis of PD.

Keywords: Parkinson’s disease, nuclear factor kappa B (NF-«B), NLRP3 inflammasome, microglia, mast cells,
neuroinflammation
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder
defined by dopaminergic neuronal loss in the substantia nigra
(SN) pars compacta, aggregation of misfolded a-synuclein
(a-syn) as Lewy bodies, and motor dysfunction (Trudler
et al, 2015). Degeneration of the nigrostriatal pathway leads
to hallmark motor symptoms of this disease, including
bradykinesia, rigidity, tremor at rest, and postural instability.
Furthermore, most patients exhibit non-motor symptoms, such
as sleep disorders, autonomic nervous system dysfunction, and
cognitive impairment (Trudler et al, 2015; Kempuraj et al.,
2016). Currently, pharmacological and surgical interventions
are the main treatment options in PD which provide only
symptomatic relief for patients. Among various disease-
specific pathogenetic mechanisms, neuroinflammation plays a
prominent role in the onset and progression of a broad range of
neurodegenerative disorders, including PD, Alzheimer’s disease
(AD), and multiple sclerosis (MS). It has been demonstrated
that the sterile neuroinflammation in neurodegenerative diseases
embodies a cascade of events involving abnormal protein
aggregates, upregulated inflammatory mediators, and activation
of non-neuronal glial cells, which leads to neuronal damage.
Neurodegeneration, in turn, induces further glial activation and
neuroinflammation in the central nervous system (CNS). Out
of the several different non-neuronal cell types of the CNS,
microglia are the most prominent contributors to neuroimmune
reactions. They express several different pattern recognition
receptors (PRRs), such as toll-like receptor (TLR)2, TLR4, TLR9,
and receptor for advanced glycation end products (RAGE),
that recognize various pathogens and abnormal proteins.
Microglial activation leads to the secretion of various pro-
inflammatory mediators, including interleukin (IL) 1B, IL-
6, and tumor necrosis factor a (TNF-a), to restore tissue
hemostasis and also facilitate tissue repair (Ransohoff and
Brown, 2012; Ransohoff, 2016; Molteni and Rossetti, 2017).
Astrocytes represent another type of glial cells, which are
critical for neuronal networks and maintenance of brain tissue
homeostasis. Similar to microglia, astrocytes express PRRs and
can contribute to neuroimmune responses by releasing a broad
range of inflammatory mediators (Cunningham et al.,, 2019).
Although acute inflammatory response can clear abnormal
proteins, eliminate cell debris, and promote tissue repair,
persistent inflammation is detrimental since it produces harmful
inflammatory mediators and cytotoxins, as well as inhibits
neural regeneration.

Neuroinflammation contributes to PD pathogenesis
throughout the progression of this disease from early a-syn
aggregation to causing dopaminergic cell loss and ultimately
PD symptoms. For example, the accumulation of misfolded
a-syn has been suggested to cause dysregulation of both innate
and adaptive immune responses (Harms et al,, 2021). Strong
support to the neuroinflammatory hypothesis of PD is provided
by genome-wide association studies linking sporadic PD to
polymorphism in the human leukocyte antigen (HLA) region
containing HLA-DR gene (Mohamadkhani et al., 2009; Simoén-
Sanchez et al., 2009; Hamza et al.,, 2010; Ahmed et al., 2012).

The sustained inflammatory responses have been described
in both PD patients and animal models of this disease, which
through various mechanisms can cause neuronal dysfunction. In
addition to reactive microglia and astrocytes releasing neurotoxic
molecules, other mechanisms contributing to neuronal death
and neurodegeneration in PD have been discovered; they include
brain infiltration and activation of inflammatory mast cells and
T lymphocytes, increased oxidative stress, and upregulation of
inflammatory signaling molecules (Lyman et al., 2014; Jarrott
and Williams, 2016; Kempuraj et al., 2016).

Activated glial cells and infiltrating peripheral immune cells
are the main sources of the various pro-inflammatory mediators
contributing to the onset and progression of PD. Activated glial
cells release a broad range of both pro- and anti-inflammatory
cytokines, such as TNF-a, IL-1B/IL-1a, IL-6, IL-8, and IL-10, as
well as the brain inflammatory protein called glia maturation
factor (GMF), which regulates functions of glial cells and can also
induce neurodegeneration in the brain (Lim et al., 2004; Zaheer
et al.,, 2008a,b; Tore and Tuncel, 2009; Kempuraj et al., 2013;
Molteni and Rossetti, 2017; Mukai et al., 2018). Activated mast
cells release potentially harmful mediators, such as proteases,
utilizing the degranulation process (Tore and Tuncel, 2009;
Taracanova et al., 2017; Mukai et al., 2018).

Dopaminergic neurotoxins such as 6-OHDA, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), and its metabolite
1-methyl-4-phenylpyridinium (MPP™') have been shown to
adversely alter neuronal functions in both mature and developing
nervous tissue. They have been used to induce PD in animal
models where they, in addition to dopaminergic neuronal
damage, cause glial activation, oxidative stress, mitochondrial
damage, and the release of inflammatory cytokines (Czfonkowska
etal., 1996; Stojkovska et al., 2015; Trudler et al., 2015; Pourasgari
and Mohamadkhani, 2020). In vivo and in vitro studies show that
the mechanism of action for dopaminergic neurotoxins could
involve high-mobility group box 1 (HMGBI1) (Huang et al,
2017), which is a nuclear DNA binding non-histone protein
that facilitates the assembly of nucleoprotein complexes, but can
also be released extracellularly and act as a damage-associated
molecular pattern (DAMP) triggering neuroimmune responses
(Sims et al., 2010).

The present systematic review aims to identify and evaluate
the underlying genes and mechanisms of neuroinflammation in
PD pre-clinical studies. Following this, a gene list-independent
approach to compare different disease models is used.

METHOD

Search Strategy

Electronic databases PubMed, Scopus, Google Scholar, Web of
Science, and EMBASE were searched using the medical subject
headings (MeSH) aimed at identifying all research articles related
to the topic “The association between neuroinflammation
and Parkinson’s disease.” Two authors independently
conducted the search using search strategies specific for
each database and reviewed all relevant peer-reviewed articles
published before April 2022. The following search terms
were used “[(neuro-inflammation) AND Parkinson’s disease],”

Frontiers in Aging Neuroscience | www.frontiersin.org

54

July 2022 | Volume 14 | Article 855776


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

Fathi et al.

Inflammatory Biomarkers and Genes in Parkinson’s Disease

“[(neuro-inflammation) AND neurodegenerative disease],”
“[((inflammation) AND Parkinson’s disease) AND brain],
“(adaptive immunity) AND (Parkinson), (immunological
biomarkers) AND (Parkinson), (hHumoral immunity) AND
(Parkinson),”  “[((inflammation) AND  neurodegenerative
disease) AND brain], “[(inflammatory markers) AND
Parkinson’s disease];” and “[(inflammatory markers) AND
neurodegenerative disease],” ”[((inflammation) AND Parkinson’s
disease) AND animal].” A total of 40 articles were included.

Types of Studies (Selection Criteria)

This review article considered both quantitative and qualitative
data on the association between neuroinflammation and PD,
which were obtained by reviewing all available in vivo and
in vitro pre-clinical studies relevant to this topic. Review
articles and studies with human subjects were excluded. Only
articles published in English were included. Duplicate data
and low-quality studies, identified by the Systematic Review
Center for Laboratory animal Experimentation (SYRCLES)
quality assessment checklist (Hooijmans et al., 2014), were
excluded. All eligible studied, both with positive and negative
findings have been included in this systematic review. SYRCLES
quality assessment checklist (Hooijmans et al., 2014) was
used to assess selection bias, performance bias, detection bias,
attrition bias, reporting bias, and other sources of bias (see
Supplementary Table 1).

Data Extraction

The relevant studies were selected after the title, abstract, and full-
text screening of the articles. In addition, the reference lists of
selected studies were reviewed to identify any additional articles,
should they have not been identified by the search process. The
following information was extracted from each of the identified
studies: cell culture and animal model used, the size of the PD
model and control groups, inflammatory markers studied, and
the key results obtained (see Table 1). This study was approved
by the Iranian National Committee for Ethics in Biomedical
Sciences (Code of Ethics: IRSBMU.RETECH.REC.1399.992).

RESULTS

Study Selection

The current study has been run based on PRISMA checklist
(Tore and Tuncel, 2009). At first, 2,499 papers were identified
through the search on PubMed, and 7,560 were identified
through searching other databases (Scopus, Google Scholar, Web
of Science, and EMBASE). However, 4,823 of those 10,059 articles
were excluded due to duplication in different databases. After
screening the abstracts and titles of these obtained studies, 2,121
more papers were excluded due to unavailability of abstracts,
or articles written in non-English, or being review articles.
Moreover, 3,003 more papers were removed due to being
irrelevant to the main subject or human studies. Finally, from
the 112 remaining articles, 36 records excluded because of not
relevant for the topic of the review. The full texts of the 76
remaining papers were fully assessed, and 36 more studies were
excluded due to insufficient or unclear data (n = 19) and low

quality (n =17). Finally, 40 articles, published before April 2022,
were chosen for systematic review (Figure 1).

Types of Studies Included at a Glance

The main results of all the papers included in this review are
summarized first based on the neuroinflammatory pathways of
PD. The method used to induce PD in animal models might be
a key factor which affects the mechanism of neuroinflammation
observed in a particular study; therefore, we reviewed the
methods in both Tablel and a separate subsection of the
results. The other subsections are introduced based on the most
frequently appearing topics and mechanisms discussed in the
reviewed articles.

A total of 40 articles are included in this review. Twenty-one
out of 40 studies used only in vivo models, 11 were based on in
vitro experiments, and 8 studies employed both in vitro and in
vivo experiments. A variety of methods were used in different
studies to induce PD: 11 studies used MPTP, 10 a-Syn injection, 6
LPS, 5 A53T a-Syn transgenic mice, and 2 paraquat. Two studies
used both 6-OHDA and LPS, 1 used both MPTP and LPS, 1
6-OHDA, and 1 used prothrombin kringle 2.

Summary of Methods Used to Induce PD in

Animal Models

Table 1 illustrates a variety of methods used by the reviewed
studies to induce PD in animal models. Each method initiates
its own pathway leading to PD-like pathology. Administration
of MPTP to different animal species has been used extensively
to model PD neuropathology. MPTP mimics the destruction
of dopaminergic neurons of the substantia nigra pars compacta
observed in PD. The mechanism by which MPTP causes damage
to dopaminergic neurons involves a sequence of events including
disturbance in the mitochondrial function, oxidative stress
and respiratory failure. MPTP leads to inducible nitric oxide
synthase (iNOS) overexpression. MPP+ is the active metabolite
of MPTP which accumulates in dopaminergic (DA) neurons
of the model after treatment with MPTP. MPP+ provokes
the production of superoxide radicals which react with nitric
oxide and generate peroxynitrite. This substance inhibits the
function of many proteins including tyrosine hydroxylase. As
a result, the production of dopamine is disturbed leading to
damage of DA neurons (Przedborski et al., 2000; Burré et al.,
2014, 2018).The loss of DA cells after MPTP administration
has also been shown to activate microglia in the SN of rhesus
monkeys (McGeer and McGeer, 2007). Therefore, in vivo and
in vitro use of MPTP and its metabolite MPP+ can help
elucidate the molecular mechanisms of the neuroinflammatory
reactions in PD. Injection of lipopolysaccharide (LPS) and the
following brain region-specific inflammation in mice provides
in vivo models to investigate neurodegenerative diseases such
as PD (Noh et al, 2014). LPS treatment in mice causes a
decrease in the level of IL-4 and IL-10 but an elevation in
the level of TNF-a, interleukin-1pf, prostaglandin (PG) E; and
nitric oxide. IL-10 has a neuroprotective effect against LPS
intoxication (Tansey and Goldberg, 2010). As shown in Table 1,
some studies have used this method to create a PD model.
6-hydroxydopamine (6-OHDA) is another neurotoxin used to
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TABLE 1 | A rapid review of articles assessed.

References Type of in Age and sex of Experimental Method used Type of Inflammatory Disease mechanism New
vitro/in vivo animal models design to induce PD immune cell factors therapeutic
models targets

Zhang et al. N9 microglial cells Age and sex not In vivo/in vitro LPS Microglia NLRP3, caspase-1, AMS-17 inhibits NLRP3 pathways

(2022) C57BL/6 mice specified tumor necrosis and microglial activation.

factor-a (TNF-a), IL-1B
and inducible nitric
oxide synthase (INOS)

Karikari et al. Wildtype C57BL/6 In vivo AAV-A53T- B cells B cells do not protect neurons

(2022) or Recombination- stereotactically a-syn from neurodegeneration
activating gene 1 injection of
(RAG1)~/~ mice Adeno-

associated
Vector 1/2
serotype
(AAV1/2)
containing
AB53T a-syn to
the SN

Lai et al. (2021) Young adult 2.5-month-old In vivo The PFF Microglia a-syn Neuroinflammation may occur
wild-type mice Male unilateral a-syn—injected before a-syn pathologic
(C57BL/BN) intracranial aggregation

injection

La Vitola et al. C57BL/6 naive 8-week-old In vivo LPS Microglia and a-syn Peripheral neuroinflammation

(2021) mice and A53T C57BL/6 naive astrocytes induces PD by a-syn
a-synuclein mice accumulation and causes motor
transgenic PD 8-months-old deficits in AS3T mice
mice A53T mice

Sex not specified

Mao et al. (2021) PC12 cells - In vitro LPS Microglia Lipoic acid Lipoic acid inhibits p53/NF—«B

pathway

Zhang et al. In vitro: BV2 0 or 1-day-old In vitro/in vivo LPS Microglia a-syn metabotropic a-Syn causes

(2021) murine microglial Male stereotaxic glutamate receptor 5 lysosome-dependent degradation
cells injection of (MGIUR5) of mGIuR5 to occur faster.
Human embryonic LPS mGIuRS5 regulates

kidney (HEK) 293T
cells

Rat primary
microglia extracted
from the brains of
Sprague-Dawley
rats

In vitvo: Sprague-
Dawley rats

neuroinflammation
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TABLE 1 | Continued

References Type of in Age and sex of Experimental Method used Type of Inflammatory Disease mechanism New
vitro/in vivo animal models design to induce PD immune cell factors therapeutic
models targets

Williams et al. C57BL/6 Sex and age not In vivo The Myeloid cells a-syn major a-syn causes the major

(2021) (wild-type), specified stereotaxic a-synuclein CD4 and histocompatibility histocompatibility complex Il
Terb=/=, Cd4=/—, surgery overexpression CD8T cells complex Il (MHCII) (MHCII) protein on CNS myeloid
and Cd8~/~ mice mouse model, IFNy cells to be upregulated and leads

T cell to recruitment of CD4 and CD8 T
deficiency cells into the CNS. These cells
produce IFNy

Trudler et al. Human induced Sex and age not In vitro/In vivo AB3T a-syn Microglia a-syn antibody In vitro, NLRP3) inflammasome is

(2021) pluripotent stem specified stereotactically secreted from Caspase 1 activated by a-syn through TLR2
cell injection hiPSC-derived TLR2 leading to interleukin-18
(hiPSC)-derived of hiMG A9-DA secretion. aSyn—antibody
microglia (hiMG) neurons complexes had a positive effect
hiMG with aSyn in on this inflammation process. In
humanized vivo, a-syn antibody worsened
mouse brain caspase-1 activation and

neurotoxicity
Huang et al. SH-SY5Y cells - In vitro plated Paraquat HMGB1 Paraquat induces an increase of Knockdown
(2020) in 10cm HMGB1 which results in cytokine of HMGB1
dishes with release through
various doses RAGE-P38-NF-kB signaling
of PQ added pathway

Sarkar et al. C57/BL mice Sex and age not In vitro/In vivo aSynagg Microglia aSynagg aSynagg causes downregulation

(2020a) Primary microglial specified pre-formed of progranulin (Grn) gene in
cells from fibrils microglia demonstrating immune
postnatal roles of this gene in PD
mouse pups

Subbarayan T cell deficient Sex and age not In vivo adeno- AAV9-a-syn CD4+ and CD4+ and CD8+ T cells cause

et al. (2020) (athymic nude) and specified associated CD8+ T cells, overexpression of MHCII in
T cell competent virus (AAV) micoglia microglia and DA cell loss
(heterozygous) rats a-syn

Iba et al. (2020) a-syn transgenic 10-11 months old In vivo a-syn CD3+/CD4+ CD3+/CD4+ T cells recruited into
(tg) mice (e.g., Sex not specified T cells the brain in synucleinopathies
Thy1 promoter line
61)

Morales-Garcia SH-SY5Y Cell Age not specified In vitro/In vivo 6-OHDA PDE7 An elevated level of PDE7

et al. (2020) Culture, Primary Injection of LPS happens due to oxidative stress
rat ventral LPS into the caused by 6-OHDA or LPS.
mesencephalic right side of
neuron/glia the SN.
cultures, male
Wistar rats

(Continued)
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TABLE 1 | Continued

References Type of in Age and sex of Experimental Method used Type of Inflammatory Disease mechanism New
vitro/in vivo animal models design to induce PD immune cell factors therapeutic
models targets

Sarkar et al. Primary mouse - In vitro Aggregated Microglia Kv1.3: a voltage-gated Fyn kinase mediates Kv1.3

(2020b) microglia aSyn potassium channel channels. Expression of Kv1.3

stimulation channels increases

Javed et al. GMF knockout Sex and age not In vivo MPTP: GMF GMF causes NLRP3

(2020) (GMF~/~) and specified 1-methyl-4- IL-1p and IL-18 inflammasome inhibition and
C57BL/6 wild-type phenyl- decrease in the level of IL-1B and
(WT) mice 1,2,3,6- IL-18

tetrahydropyridine

LiV. etal (2019) A53T mice, Murine Brain tissue from In vivo/in vitro a-syn Microglia a-syn a-syn induces CXCL12
microglial cell line 3-months-old Stereotaxic surgery CXCL12 upregulation and its release from
BV-2 and murine mice microglia through
RAW 264.7 cell Sex not specified TLR4/IkB-a/NF-«kB pathway.
line, B Microglia migrate to the SN as a
Brain tissue from result
Neonatal and
3-month-old mice

Kempuraj et al. Mouse bone - In vitro MPTP Astrocytes, Interleukin-33 Astrocytes and glia-neurons Abrogation of

(2019) marrow-derived Mast cells, ERK1/2 MAPKs affected by mast cell proteases ERK1/2
mast cells Microglia NF-«xB and mast cells affected by GMF MAPKs and
(BMMCs), GMF and MPP+ are activated through NF-kB
astrocytes of p38 ERK1/2 MAPKs and NF-kB pathways in
C57BL/6 fetal pathways mast cells,
mice. and release IL-33 glia-neurons,

MPTP-induced mast cells secrete and
CCL2 and express UDP4 which astrocytes
are both significant in the

pathogenesis of PD

Kempuraj et al. Primary mouse - In vitro MPTP Mast cells CCL2 MPTP-induced mast cells secrete

(2016) bone UCP4 CCL2 and express UDP4 which
marrow-derived are both significant in the
mast cells pathogenesis of PD
(BMMCs), mouse
primary astrocyte
culture

lkeda-Matsuo mPGES-1 Male In vivo/In vitro 6-OHDA mPGES-1 6-OHDA induces PD in mice and

et al. (2019) knockout mice, Age not specified Administration PGE2 causes expression of MPGES-1
Male and female Female of the which subsequently results in
wild-type mice Age not specified neurotoxin PGE2 production and neural cell
primary locally loss in the SN
mesencephalic and unilaterally
culture generated
from pregnant
mPGES-1 KO and
WT mice at E15

(Continued)
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TABLE 1 | Continued

References Type of in Age and sex of Experimental Method used Type of Inflammatory Disease mechanism New
vitro/in vivo animal models design to induce PD immune cell factors therapeutic
models targets

Cao et al. (2012) Primary microglial - In vitro a-syn Microglia Fcy receptor FcyRs play an important role in Inhibition of
cultures from a-SYN the a-SYN interaction with FcyRs
wild-type mice NF-«B microglia.

p65

Yao et al. (2019) BV2 microglia - In vitro LPS Microglia p38 The level of p38 and p62 elevates. MicroRNA-
cells, human DA MPTP p62 They cause pro-inflammatory 124 have an
cell line, SH-SY5Y cytokines secretion effect on p38
cells and p62

negatively
and on
autophagy
positively

Panicker et al. HEK-293T cells - In vitro AAV-aSyn Microglia Fyn kinase B-Syn uptake in microglia is Inhibition of

(2019) aSyn regulated by Fyn and CD36 the NLRP3

NLRP3-inflammasome a-syn activates inflamTnmasome
CD36 NLRP3 inflammasome and Fyn

Joetal (2019) C57BL/6N Male In vivo MPTP Gintonin, a Gintonin reduces the level of
wild-type (WT) Age not specified ginseng-derived a-syn aggregation induced by
mice glycolipoprotein MPTP in the SN and striatum of

the mouse model
Earls et al. C57BL/6J mice 8-week-old males In vivo PFF Microglia, PFF a-syn Intrastriatal injection of PFF a-syn
(2019) and females Intrastriatal a-syn—injected Astrocytes, B, leads to the activation of
injection CD4+T, Microglia, Astrocytes, B, CD4+ T,
CD8+ T, and CD8+ T, and natural killer cells in
natural killer not only CNS but also peripheral
cells lymphoid organs
Hong et al. C57BL/6 mice Male In vivo MPTP Mast cells TG2 Mast cells release TG2 after
(2018) Age not specified activation of NF-kB pathway by
MPP+

Neal et al. (2018) C57 BL/6J mice Sex and age not In vivo MPTP Astrocyte GPNMB GPNMB activates the CD44

specified Intraperitoneal receptor leading to an
injection anti-inflammatory phenotype in
astrocyte

Zhu et al. (2018) Mouse primary - In vitro MPTP Drd2 Dopamine D2 receptor limits
astrocytes NLRP3 inflammasome NLRP3 inflammasome in

astrocytes
Ambrosi et al. Sprague-Dawley Male In vivo 6-OHDA CD4+ T CD4+ T regulatory (Treg) cells are
(2017) rats Age not specified Unilateral regulatory decreased in the circulation
infusion to (Treg) cells
the SN
(Continued)
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TABLE 1 | Continued

References Type of in Age and sex of Experimental Method used Type of Inflammatory Disease mechanism New
vitro/in vivo animal models design to induce PD immune cell factors therapeutic
models targets

Kim B. W. et al. C57BL/6 mice 8-12 weeks old In vivo MPTP Microglia LCN2 Expression of LCN2 increases in Abrogation of

(2016) Male Intraperitoneal Astrocytes the nigrostriatal DA system as LCN2 in the

injections MPTP-induced PD in mice nigrostriatal
activates glia and astrocytes DA system

Main et al. (2016) C57BI/6 wildtype Sex and age not In vivo MPTP Type-1 IFNs Type-1 IFNs contribute to
mice and specified neurodegeneration in PD
IFNAR1~/~ mice

Zhu et al. (2015) Cell culture from - In vitro LPS Astrocytes IL-10 LPS treatment results in neural IL-10
ventral cell loss and activates astrocytes
mesencephalic to release IL-10
tissues of
embryonic
Sprague Dawley
rats

Shin et al. (2015) Sprague Dawley Sex and age not In vivo Prothrombin Microglia TLR4 Prothrombin kringle-2 (pkr-2) Inhibition of
(SD) rats, C57BL/6 specified Intranigral kringle-2 administration in rat and mouse pkr-2 induced
mice injection brains increases TLR4 expression increase of

of pKr-2 TLR4

Paumier et al. Sprague Dawley Three-month-old In vivo a-syn PFF a-syn a-syn PFF injection leads to a-syn

(2015) rats Male Intrastriatal injection accumulation and

injection neurodegeneration

Li et al. (2013) A53T human Sex and age not In vivo AB3T a-syn AB3T a-syn causes mitochondrial
alpha-synuclein specified damage
transgenic mice

Kim et al. (2013) SH-SY5Y human Sex and age not In vitro/In vivo a-syn Microglia TLR2 a-syn is a ligand of TLR2 on Drugs that
neuroblastoma, specified Stereotaxically a-synuclein microglia and causes a release of affect TLR2 or
primary cortical injection of cytokines from the activated extracellular
neurons, rat and AAV-aSyn to microglia a-syn
mouse primary the putamen.
microglia, BV2 Transportation
murine microglial of AAV-asyn
cell lines, and retrogradely
COS-7 cells to the
Sprague-Dawley substantia nigra.
rats and
C57BL/6 mice

Gu et al. (2010) A53T human Sex and age not In vivo AB3T a-syn Astrocytes COX-1 A53T a-syn expressed in
alpha-synuclein specified IL-18 astrocytes causes microglia
transgenic mice activation and release of

proinflammatory cytokines
Fernagut et al. Thy1-aSyn mice 10-12 weeks old In vivo Paraquat a-syn a-syn aggregates in the

(2007)

Sex not specified

substantia nigra and is resistant to
proteinase K

60

(Continued)

‘e 18 Iured

95B8S|(] S,UoSUIEY Ul SSUSE) pue SieMJewolg Alorewuweju)


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

Fathi et al.

Inflammatory Biomarkers and Genes in Parkinson’s Disease

5
(3} 2 >
= © [o}
3 = 4{3
22 2.¢€,
© O AE'-EE-‘—a
2 Lo ES 5
2 0 2 S 8 @
£ 8 2EEQ
Z 5 = < 0 £ ©
[0}
<
=
> c
3 <
=
2Z E4%
£ (ORI T 2 0
8 2ag 0%
) T & c 0
c Lo s22a g
© Q50 5 0« b
S Te= 08 nw O 3
8 2903 5224, 8
£ TRC 52579 ¢
00<mw:8>
[ »—do_gmmf{?
(72} —
© +£8'o§8’5
Q <o =9 2 k&
o 022 <238% 3
o oL 8 OBcad <
2
o
2
£
EQ o
g2 = s,
= O < o
£s o El
= %)
8 3
o — 2
S =
o 5 + [9)
o o)
£ < Y
<3 =
FE | O 2
T
25 S
- © Q
o 3 3
23 a o =
s £ = = 5
93 o o [
=8 S = <
S
f=
£
< 5 Q S Q
g2 2 s s
&3 s S s
w o £ ESS £
°
5 o 2 i<} B
[ = c <
x O
873 2 S S
= g & &
23 B 28 2
NE c o 35 ©
8 | 82 3¢ 3
< ® <=2 N ? n
@ —
T
5§
9 £ <3 =
>
£ - gE ©
- ®» © @ o
sSg | 2 29 =
[T -] m o O bR
e = ™~ @ °
Ss 2 [19) _cg =2
=S E O s B
°
[0}
>
=
=
5 _ .
O ] f @© T
= ] © B i
- g ° > 2
w 0 @ 9) 5
g 8 58 £8 3
< | © <] Ee] ©
= o mn > o O]

neurodegeneration

A53T human specified

(2002)

alpha-synuclein
expressing

transgenic mice

TLR2, Toll-like receptor 2; GMF, glial maturation factor; CCL2, chemokine (C-C motif) ligand 2; UCP4, Uncoupling protein 4; LCN2, Lipocalin-2; mPGES-1, microsomal prostaglandin E synthase-1; PGE2, prostaglandin E2; HMGB1,

High-mobility group box 1; TG2, Transglutaminase 2; PDE7, Phosphodiesterase 7; Drd2, dopamine D2 receptor; ICAM-1, intercellular adhesion molecule-1; COX-1, cyclooxygenase 1, IFN, Interferon.

create PD models which affects nerve terminals as well as
cell bodies and induces death of neurons through inhibition
of the mitochondrial respiratory enzymes. In PD models 6-
OHDA lesions are made in nigrostriatal dopaminergic pathways
(Deumens et al., 2002). One of the studies used paraquat to
induce PD in vitro (Trudler et al., 2021). Paraquat is a pesticide
exposure to which is epidemiologically known to be a risk factor
for PD (Berry et al., 2010). The rotenone-induced PD is another
method, which is the best model to study mitochondrial complex
I deficiency in PD (Greenamyre et al., 2003).

o-Synuclein-Induced Neuroinflammation in
vivo and in vitro

o-Synuclein: A Key Regulator of Glial Immune
Responses

Synucleins are proteins highly expressed in the brain. There are
three members in this protein family: a-, B-, and y-synuclein.
a-Synuclein is a pre-synaptic protein mostly found in nerve
terminals (Goedert, 2001). Under physiological conditions, a-
Syn interacts with many neuronal proteins to play a variety of
functional roles such as inhibiting phospholipase D, regulating
microtubules, elevating the rate of tau phosphorylation, etc. It
also interacts with soluble NSF attachment protein receptors
(SNARES), which play a role in neurotransmitter release through
meditating fusion of vesicles. This indicates that a-Syn is a
likely contributor to the release of neurotransmitters (Burré
et al., 2010, 2014, 2018). Point mutations in the gene encoding
a-Syn (SNCA) are linked to the familial form of PD. A
variety of mutations are known to be linked to PD including
A53T, A30P, E46K, G51D, and H50Q. We will discuss some
of these mutations in transgenic PD models in the following
section in more details. Lewy bodies, the hallmark neuronal
inclusions observed in neurodegenerative diseases including
idiopathic PD, mainly consist of insoluble fibrillar a-syn protein
(Goedert, 2001; Marques and Outeiro, 2012; Bendor et al,
2013). In pathological situations, soluble monomeric o-syn
generates B-sheet-like oligomers (protofibrils), which form into
amyloid fibrils. Amyloid fibrils, then, accumulate in Lewy bodies
(Burré et al.,, 2015). Neurons can also release a-syn, inducing
inflammatory responses of microglia (Kim et al., 2013). The
fibrillar a-syn, but not its monomeric or oligomeric forms,
is the main trigger of neuroinflammation in PD. It interacts
with microglial TLR2 as well as another innate immune sensor,
the nucleotide oligomerization domain-like receptor family,
pyrin domain containing 3 (NLRP3), resulting in activation
of the nuclear factor kB (NF-kB) and assembly of NLRP3
inflammasomes. This sequence of events ultimately leads to
the release of TNF-a and IL-1p by the microglia, two potent
pro-inflammatory cytokines that are known to play a role
in the pathogenesis of PD (Gustot et al., 2015; Zhou et al,
2016; Panicker et al, 2019; Trudler et al, 2021). AMS-
17 is known to inhibit NLRP3 pathways and activation of
microglia. Further investigations using PD model mice indicate
that microglial endocytosis of a-syn, impairment of lysosomal
functions, and the release of lysosomal protease cathepsin B
into the cytoplasm are required for a-syn-induced assembly of
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FIGURE 1 | PRISMA 2020 flow diagram for systematic reviews which included searches of databases.

the NLRP3 inflammasomes in microglia. a-Syn also negatively
regulates the AMP-activated protein kinase (AMPK)-mediated
autophagy, which leads to the intracellular accumulation of
reactive oxygen species (ROS), followed by activation of the
NLRP3 inflammasome (Zhou et al., 2016). Furthermore, a-
syn binds to the microglial CD36 receptor, resulting in the
activation of Fyn kinase and subsequently the activation of the
NEF-kB pathway. Fyn kinase also participates in the activation
of NLRP3 since it is decreased in the fyn™/~ mice injected
with adeno-associated virus overexpressing a-syn (AAV-aSyn)
compared to the wild-type animals (Panicker et al, 2019).
In addition, Fcy receptors (FcyR) located on the surface of
microglia can mediate a-syn intracellular trafficking leading to
pro-inflammatory activation of these cells (Cao et al., 2012). a-
Syn can also promote neuroinflammation by interacting with
astrocytes since it has been shown to upregulate secretion
of interleukin IL-6 and expression of intercellular adhesion
molecule-1 (ICAM-1) by human astrocytes. Notably, the PD-
causing mutations of a-syn upregulate its potency as a pro-
inflammatory stimulant of astrocytes (Klegeris et al., 2006; Jo
etal., 2019). In addition to stimulating glial cells, a-syn facilitates
aggregation of other inflammatory proteins. For example, co-
localization and co-aggregation of a-syn with S1I00A9 protein
have been observed in Lewy bodies and neuronal cells in
the SN and frontal lobe areas of PD patients. SI00A9 is a

member of a family of structurally homologous calcium-binding
S100 proteins, which are involved in many inflammatory and
neurodegenerative diseases (Srikrishna, 2012; Markowitz and
Carson, 2013; Horvath et al., 2018). Aggregated a-syn leads to
downregulation of progranulin (GRN) gene in microglia which
affects immune functions of these cells (Sarkar et al., 2020a).
Another effect of a-syn is related to metabotropic glutamate
receptor 5 (mGluR5). This receptor has a neuroprotective role,
but its lysosome-dependent degradation occurs faster as a result
of synucleinopathy (Zhang et al., 2021). Even though a-syn
has been demonstrated to be an initiator in neuroinflammation
processes, some studies indicated that inflammation can occur
before synucleinopathy (Lai et al., 2021).

a-Syn and Transgenic PD Mouse Models

To further study the pathophysiology of a-syn, various transgenic
mouse models of PD have been created including a-syn knockout
models and models overexpressing wildtype or mutated human
a-syn (Fernagut and Chesselet, 2004). a-Syn KO mice are used
to identify the role of a-syn in PD pathogenesis. A study on a-
syn KO mice demonstrated that these PD models are resistant
to acute administration of MPTP, which highlights the key
role of a-syn in increasing the vulnerability of DA neurons to
neurodegeneration when exposed to environmental neurotoxins
(Dauer et al, 2002). As previously mentioned, two missense
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mutations of a-syn gene are linked to PD: A53T and A30P.
Homozygous transgenic A30P*A53T a-syn mice manifest many
features of PD phenotype and are useful models to study this
disease (Kilpeldinen et al., 2019). Mutant a-syn in transgenic
A53T mice does not form aggregates but is distributed in different
parts of neurons abnormally leading to motor impairment in
transgenic mice followed by further paralysis and death (Giasson
et al, 2002; Gispert et al., 2003). In transgenic mice which
overexpressed A53T a-syn selectively in astrocytes, microglia
became reactive and produced proinflammatory cytokines, such
as IL-1B, and upregulated cyclooxygenase (COX)-1 leading to
neurodegeneration (Gu et al.,, 2010). Accumulation of A53T a-
syn in transgenic mice leads to peripheral inflammation and
motor deficits (La Vitola et al, 2021). A53T a-syn has a
destructive effect on mitochondrial function in the DA neurons
of transgenic mice. It causes damage to mitochondrial transport
and respiratory mechanisms (Li et al, 2013). Some other
transgenic mouse models are also created to investigate PD such
as Thyl-aSyn and a-syn pre-formed fibril (PFF)-injected models.
Intrastriatal injection of PFF a-syn leads to the activation of
microglia, astrocytes, B, CD4+ T, CD8+ T, and natural killer cells
in not only CNS but also peripheral lymphoid organs (Earls et al.,
2019). Thyl-aSyn models overexpress human wildtype a-syn by
the murine Thy-1 promoter. In this model, many manifestations
of sporadic PD are seen including inflammation, biochemical and
molecular changes resembling those observed in PD (Chesselet
et al, 2012). To study pre-clinical stages of PD, Thyl-aSyn
transgenic mice are helpful as in this model high levels of a-
syn cause no DA neuronal death up to 8 months (Fleming et al.,
2008).

Role of NF-kB Pathway in

Neuroinflammation

As described above, the interaction of a-syn with microglia
causes activation of NF-kB, which is central to a broad range
of neuroinflammatory processes (Tobon-Velasco et al., 2014);
therefore, inhibition of this signaling pathway could be a
therapeutic target for PD. Panicker et al. treated Fyn™/~ mice
with LPS to evaluate the role of Fyn in NF-kB activation
(Greenamyre et al., 2003). NF-kB signaling in microglia can be
activated by the DAMPs released from damaged CNS cells, such
as HMGBI, IL-33, ATP, cytochrome C, mitochondrial DNA,
and several different heat shock proteins (HSP) (Klegeris, 2021).
HMGBI is a prototypical DAMP present in most nucleated
cells, which can be actively secreted or passively released
from stimulated and necrotic cells, respectively. a-Syn-induced
upregulation of CXCL12 and its release from microglia through
TLR4/IkB-a/NF-kB pathway results in microglia migration to
the SN (Li Y. et al,, 2019). GMF causes NLRP3 inflammasome
inhibition and decreases levels of IL-1p and IL-18 (Javed
et al, 2020). An in vitro study showed that knockdown
of HMGBI alleviated upregulation of NF-«kB signaling and
inflammatory responses; therefore, anti-HMGB1 monoclonal
antibody therapy should be considered as a potential treatment
strategy for PD (Nishibori et al., 2019; Huang et al., 2020).
The pro-neuroinflammatory effects of DAMPs in the CNS can

be counterbalanced by several different resolution-associated
molecular patterns, including HSP10, aB-crystallin, prothymosin
a, and binding immunoglobulin protein (BiP), also known as
HSP70 (Wenzel et al., 2020). Thus, an in vitro model of PD
was used to demonstrate that HSP70 inhibited the mRNA and
protein expressions of NF-kB along with another key pro-
inflammatory signaling molecule signal transducer and activator
of transcription (STAT)-3 (Li et al, 2019). Notably, select
miRNAs, such as miR-124 and miR-7, can also inhibit the
progression of neuroinflammation in PD models by modulating
NF-kB signaling pathways (Zhou et al., 2016; Yao et al., 2019).
One study showed the Lipoic acid (LA) has an anti-inflammatory
effect by inhibiting the p53/NF-kB pathway in an LPS-induced
model of PD (Mao et al., 2021).

Contribution of Mast Cells to
Neuroinflammation in PD Models

The essential role of mast cells in neuroinflammation is
supported by several studies. Kempuraj et al. showed that
exposure of murine and human mast cells to MPP+ induced
release of chemokine c-c¢ motif ligand 2 (CCL2), which in
turn has been implicated in the pathogenesis of PD (Kempuraj
et al., 2016). MMP+ treatment-induced secretion of IL-33
and a high level of ROS generation by murine mast cells. In
addition, mouse mast cell protease (MMCP)-6 and MMCP-7
triggered the release of IL-33 from glia-neuron mixed cultures
and primary mouse astrocytes. All these events involved the
activation of the NF-kB pathway demonstrating its critical role in
neuroinflammation associated with PD (Kempuraj et al., 2019).
Furthermore, MPP+ activated NF-kB in mast cells leading to
upregulation of transglutaminase 2 (TG2) and subsequent release
of the pro-inflammatory TNF-o and IL-1P. This study also
demonstrated that TG2-expressing mast cells recruited into SN
tissues might contribute to neuroinflammation in PD (Hong
et al., 2018).

Role of Adaptive Immunity in PD Models

Nigrostriatal damage correlates with complex alterations in
both central and peripheral immunity (Ambrosi et al., 2017).
Regarding in vivo studies, some immunological features change
in MPTP-treated mice as a result of the damage to central
dopaminergic cells (Bieganowska et al., 1993). In 6-OHDA-
treated rats, a decrease in the percentage of circulating
CD4+4+ T regulatory (Treg) cells was observed (Ambrosi
et al., 2017). Upregulation of a-syn provokes adaptive immune
system (Theodore et al., 2008). Upregulation of the major
histocompatibility complex IT (MHCII) protein in CNS myeloid
cells and recruitment of CD4+ and CD8+ T cells into the CNS
occur due to a-syn accumulation (Williams et al., 2021). One
study demonstrated that CD3+/CD4+ T cells are recruited into
the perivascular parenchyma of the neocortex, hippocampus,
and striatum in o-syn transgenic mice. This study supports
the role of adaptive immune cells in neuroinflammation in
synucleinopathies (Iba et al., 2020). Degeneration of DA cells
occurs through a CD4+ T cell-dependent Fas/FasL cytotoxic
pathway (Brochard et al., 2009). CD4+ and CD8+ T cells, in
an a-syn rat model of PD, cause an upregulation of MHCII
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in microglia and significant loss of DA neurons (Subbarayan
et al,, 2020). One study on A53T a-syn mice indicated that
T cells contribute to the neurodegeneration caused by a-
syn, while B cells have no neuroprotective effect against this
neurodegeneration (Karikari et al., 2022). Taken together, these
studies indicate that the adaptive immune system is associated
with neuroinflammation and neurodegeneration in PD.

Other Factors Contributing to

Neuroinflammation in PD Models

TLR4 is a cell-surface protein that interacts with bacterial
endotoxin and other pathogen-associated molecular patterns
(PAMPs) as well as several different DAMPs (Leitner et al., 2019).
This receptor is expressed by many different cell types including
glial cells. TLR4 activation causes motor impairment in MPTP-
treated mice. TLR4 signaling has been suggested to initiate
neuroinflammation in PD since microglia express this receptor
and a-syn activates it. A decrease in the inflammatory response
to a-syn oligomers is observed in murine macrophages derived
from bone marrow. In TLR4-deficient mice, the activation of
microglia and astrocytes is inhibited by the suppression of NF-
kB and the NLRP3 inflammasome signaling pathways (Campolo
et al., 2019; Hughes et al., 2019; Shao et al., 2019). An elevated
level of microglial TLR4 damages the nigrostriatal DA system.
The increase in this receptor occurs after the administration of
prothrombin kringle-2 (pKr-2) in rat and mouse brains, which
indicates pKr-2 as a new potential TLR4-linked therapeutic target
for PD (Shin et al., 2015). Lee et al. report that apoptosis signal-
regulating kinase 1 (ASK1) is responsible for the MPTP-induced
glial activation and neurotoxicity (Lee et al., 2012). PD model
mice were also used to identify glial lipocalin-2 (Lcn-2) as a
protein contributing to the disease pathogenesis since its levels
were increased in the SN and striatum of the MPTP-treated
animals (Kim B. W. et al., 2016).

A microsomal isoform of prostaglandin E synthase-1
(mPGES-1) plays a vital role in the inflammatory processes of
peripheral tissues and the CNS by producing the inflammatory
PGE2. It contributes to clinical manifestations of inflammation,
such as pyrexia and pain, and has been shown to contribute
to accelerated neuronal death in PD (Uematsu et al., 2002;
Engblom et al, 2003; Kamei et al, 2004). Furthermore,
mPGES-1 is upregulated in nigrostriatal DA neurons from
postmortem PD brain specimens and the 6-hydroxydopamine
(6-OHDA) model of PD. Elevated PGE2 produced by this
enzyme is believed to contribute to the DA neuronal death
in this model (Ikeda-Matsuo et al., 2019). The type 7
cyclic nucleotide phosphodiesterase 7 (PDE7) is another pro-
inflammatory enzyme revealed by several pre-clinical models to
contribute to PD pathogenesis. PDE7 inhibitors display anti-
inflammatory and neuroprotective activities and can stimulate
adult neurogenesis both in vivo and in vitro (Morales-Garcia
etal, 2011, 2015, 2017). Recently, small non-coding RNAs, such
as microRNAs (miRNAs), have been identified as biomarkers of
neurodegenerative processes and shown to be involved in PD
pathogenesis (Kim et al., 2016). Specific miRNAs bind to the
three prime untranslated regions (3-UTRs) of target mRNAs

regulating gene expression in the post-transcriptional phase
(Bartel, 2004). In the MPTP model of PD, type-I IFNs mediate
neuroinflammation in its early stages and worsen PD pathology
(Main et al., 2016).

Comparison Between Different Cell Lines
Used to Model PD in vitro

As seen in Table 1, BV2 murine microglial cells (four articles)
and and SH-SY5Y human neuroblastoma cell line (four articles)
are the two most commonly-used cell lines to induce PD in vitro
in the articles included in this review. Six in vitro studies used
rat/mice primary neuron/glia to model PD rather the previously
mentioned cell lines. Primary neuronal cultures are useful
PD models obtained from the embryonic rodent brain which
resemble the morphology and physiology of human neurons
(Lopes et al., 2017a). Experimental variations and difficulty in
maintenance are some disadvantages of this model (Slanzi et al.,
2020). To study the role of microglial cells in PD pathology, the
immortalized murine microglial cell line BV-2 has been widely
used instead of primary microglial cells. LPS administration in
this model leads to pathological pattern of PD similar to that
observed in microglial cells in vitro and in vivo (Henn et al.,
2009). SH-SY5Y human neuroblastoma cells is a widely-used PD
model which mimics some aspects of DA neuron phenotype,
such as the expression of tyrosine hydroxylase, dopamine-f-
hydroxylase, and dopamine transporter (Hong-rong et al., 2010).
SH-SY5Y neuroblastoma can be differentiated to cells that are
similar to cholinergic, dopaminergic, or noradrenergic neurons
(Slanzi et al., 2020). However, one disadvantage of this model is
that there is no standard differentiation protocol and variation in
the source of the cells and their culture maintenance techniques
lead to different results. In order to provide a PD model, SH-
SY5Y neuroblastoma lineage is manipulated both chemically
and genetically. MPP+, 6-OHDA, and rotenone treatment as
well as overexpression of mutated a-syn are some examples.
SH-SY5Y cells cannot transform MPTP to its metabolite and
must be treated by MPP+ itself (Xicoy et al., 2017). Some
other cell lines are also mentioned in Table 1. For example,
PC12 cells are derived from rat pheochromocytoma of the
adrenal medulla. These cells produce and secrete catecholamines.
However, due to their tumoral origin, they may manifest altered
signaling pathways (Slanzi et al., 2020). HEK 293 cell line (or
immortalized human embryonic kidney cells) has been used for
large-scale experiments but their non-neuronal origin is the main
disadvantage of this model (Falkenburger and Schulz, 2006).
Animal models of PD are appropriate for studies on motor
deficits in PD as the disease progresses. However, since PD is a
human-specific neurodegenerative diseases, its pathology, such
as damage to DA neurons, needs to be induced. No animal
model has been able to recreate all the PD aspects so far. In
vitro models provide a controlled environment to investigate
the disease mechanisms. However, these models do not have
the complexity of CNS. In addition, the source of cells used,
their morphology, physiology, and maintenance under different
culture conditions result in different outcomes (Lopes et al.,
2017a).
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DISCUSSION

The complex pathological features of PD include the death
of dopaminergic neurons in SN as well as a-syn aggregation
accompanied by neuroinflammation (Hirsch and Hunot, 2009;
Tansey and Goldberg, 2010; Hirsch et al., 2012; Guo et al., 2017;
Mohamadkhani, 2018). In the current systematic review, we
considered 40 original in vitro and in vivo studies describing
the molecular mechanism, signaling pathways, and other factors
that potentially contribute to the PD pathophysiology in animal
models. Our review highlights the following main findings:
(1) the methods applied to create PD animal models include
treatment of the animals with MPTP, LPS, 6-OHDA, paraquat,
and rotenone, in addition to transgenic animal models (Giasson
et al., 2002; Miklossy et al., 2006; Fernagut et al., 2007; Gu et al.,
20105 Li et al., 2013; Paumier et al., 2015; Zhu et al., 2015, 2018;
Kempuraj et al., 2016, 2019; Kim B. W. et al., 2016; Main et al.,
2016; Hong et al., 2018; Neal et al., 2018; Earls et al., 2019; Ikeda-
Matsuo et al., 2019; Jo et al,, 2019; Li Y. et al., 2019; Panicker
etal., 2019; Yao et al., 2019; Huang et al., 2020; Javed et al., 2020;
Morales-Garcia et al., 2020; Sarkar et al., 2020a; Lai et al., 2021;
La Vitola et al., 2021; Trudler et al., 2021; Williams et al., 2021;
Zhang et al., 2021). (2) a-syn is an important regulator of glial
immune responses, which can induce neuroinflammation and,
thus, lead to PD development (Cao et al., 2012; Kim et al., 2013;
Tkeda-Matsuo et al., 2019; Jo et al., 2019; Panicker et al., 2019);
(3) the NF-kB pathway, induced by a-syn, contributes to the
neuroinflammatory process during PD progression (Zhou et al.,
2016; Li et al., 2019; Nishibori et al., 2019; Yao et al., 2019; Huang
et al., 2020; Wenzel et al,, 2020; Klegeris, 2021); (4) mast cells
are important contributors to the disease pathogenesis in PD
mouse models (Kempuraj et al., 2016, 2019; Hong et al., 2018);
(5) adaptive immune system plays role in neuroinflammation and
neurodegeneration in PD pathogenesis (Bieganowska et al., 1993;
Brochard et al., 2009; Ambrosi et al., 2017; Iba et al., 2020). (6)
additional factors contributing to PD neuroinflammation involve
the pKr-2 protein, which can facilitate neuroinflammation and
PD progression in rodent models by upregulating microglial
TLR4 (Shin et al.,, 2015); mPGES-1, which is upregulated in
the SN of 6-OHDA-induced PD models and could lead to
neurotoxicity (Uematsu et al., 2002; Engblom et al., 2003;
Kamei et al., 2004; Morales-Garcia et al., 2011, 2015, 2017; Kim
et al., 2016; Tkeda-Matsuo et al., 2019); and type-I IFN, which
aggravates PD by inducing neuroinflammation in the early stages
of this disease (Main et al., 2016).

MPTP is one of the agents used to create animal Parkinson
models (Miklossy et al., 2006; Kim B. W. et al., 2016;
Main et al., 2016; Hong et al., 2018; Neal et al., 2018; Zhu
et al, 2018; Kempuraj et al, 2019; Yao et al, 2019). For
performing its toxicity, MPTP is initially transformed to MPP™.
In DA neurons, ASK1 conveys the MPP*-induced signals
leading to the generation of glial-activating molecules like
COX-2. During the MPTP-induced toxicity in mice, ASKI
signaling plays a significant role as a connection between
neuroinflammation and oxidative stress (Lee et al., 2012).
A review by Guo et al. illustrates that ASK1 signaling is
linked to the pathogenesis of several neurodegenerative diseases

including PD (Guo et al., 2017). Therefore, ASK1 is important
in the neurotoxicity caused by MPTP treatment. Furthermore,
it is suggested that ASK1 may be a target for treating or
preventing PD and other neurodegenerative diseases (Guo et al,,
2017). Treatment of mice with MPTP also increases glial
Len-2 levels, according to Kim B. W. et al. (2016). This is
consistent with previously reported inflammatory functions of
this protein potentially playing a role in various age-related
CNS diseases. Lcn-2 has been shown to promote cell death
and iron dysregulation, in addition to neuroinflammation,
leading to cognitive impairments. Therefore, elevated Lcn-2
levels can be considered a risk factor for age-related CNS
disorders (Dekens et al., 2021). Additionally, it is indicated that
MPP+ causes superoxide radicals to form, which combine with
nitric oxide to form peroxynitrite. Many proteins, including
tyrosine hydroxylase, are inhibited by this chemical. As a result,
dopamine synthesis is disrupted, leading to injury of DA neurons
(Liberatore et al., 1999; Przedborski et al., 2000, 2004). McGeer
et al. demonstrated that in the SN of rhesus monkeys, the loss
of DA cells after MPTP treatment caused microglia activation,
which contributes to neuroinflammation (McGeer and McGeer,
2007) (Figure 2).

An LPS-induced mouse model of neuroinflammation has
been shown to be a useful tool for studying the pathogenic
mechanisms behind neurodegeneration and testing possible
therapeutic agents (Noh et al., 2014; Zhu et al., 2015; Panicker
et al, 2019; Yao et al., 2019; Morales-Garcia et al., 2020; La
Vitola et al., 2021; Zhang et al., 2021). The TLR4 and NF-«B
signaling pathway is activated by LPS injections, which stimulates
microglia. This causes release of IL-6, TNF-a, and insulin-like
growth factor 1 (IGF-1), which can be beneficial or harmful
to surrounding tissues depending on conditions (Wyss-Coray
and Mucke, 2002; Block et al., 2007; Noh et al., 2014). In both
the mouse and the rat, LPS injection causes the expression of
pro-inflammatory markers such as TNF-a and IL-1b in the
entire brain and plasma (Qin et al., 2007; Henry et al., 2009;
Nikodemova and Watters, 2011; Oskvig et al., 2012; Molteni
et al., 2013). LPS injections produce systemic inflammation and
neuroinflammation, which lead to an increase in AP levels and
neuronal cell death, resulting in cognitive impairment. Thus,
systemic inflammation can play a role in the progression of
cognitive impairments observed in Alzheimer’s disease (AD) and
PD (Zhao et al., 2019). According to the study by Morales-Garcia
et al. (2020), PDE7 is involved in the progression of neuronal
damage in neurodegenerative illnesses, in part due to its role
in the regulation of neuroinflammation, suggesting that it could
be a key factor in the advancement of PD. In fact, this study
detected a strong rise of PDE7 expression, both in vitro and in
vivo, primarily in microglial cells, implying that PDE7 expression
is critical for the neuroinflammatory response triggered by these
cells, which leads to an increase in DA neuron degeneration
(Morales-Garecia et al., 2020).

Another agent used for creating PD animal models is
6-OHDA (Ikeda-Matsuo et al., 2019; Morales-Garcia et al.,
2020). 6-OHDA was the first chemical agent shown to have
selective neurotoxic effects on catecholaminergic pathways
(Ungerstedt, 1968; Sachs and Jonsson, 1975). 6-OHDA
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FIGURE 2 | Servier (2022) mechanisms involved in PD pathogenesis. In this figure, the mechanisms following MPTP exposure through which dopaminergic cell death
occurs are illustrated. The active metabolite of MPTP, MPP™, is produced in glial cells and transfers into dopaminergic neurons via DA transporter. In the neuron, this
activated metabolite causes synaptic dysfunction as well as mitochondrial dysfunction which triggers aggregation of a-Syn. It also can lead to neuroinflammation and
microglial activation. Acting together, the mentioned mechanisms can lead to dysfunction of BBB, which is one of the main pathological findings in PD, in addition to
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causes catecholaminergic neuron degeneration by using
the same catecholamine transport mechanism as dopamine
and norepinephrine (Figure3) in the substantia nigra, the
nigrostriatal tract, or the striatum to specifically target the
nigrostriatal DA system (Perese et al., 1989; Przedbroski et al.,
1995). DA neurons start degenerating 24h after 6-OHDA
(Przedbroski et al., 1995; Schwarting and Huston, 1996)
injections into the SN or the nigrostriatal tract, and striatal
dopamine is reduced 2-3 days later (Faull and Laverty, 1969).
There is substantial evidence that oxidative stress plays a
role in the neurotoxic effects of 6-OHDA. In the presence of
iron, 6-OHDA-induced degeneration has been linked to the
production of hydrogen peroxide and hydroxyl radicals (Sachs
and Jonsson, 1975). The fact that intranigral iron injection has
similar neurotoxic effects to 6-OHDA suggests that iron may
play a role in 6-OHDA-induced degeneration. Furthermore,
investigations have shown that 6-OHDA causes a decrease in
glutathione peroxidase (GSH) and superoxide dismutase (SOD)

activity as well as an increase in malondialdehyde levels in the
striatum (Perumal et al., 1992; Kumar et al., 1995). 6-OHDA is
similarly harmful to mitochondrial complex I, resulting in the
generation of superoxide free radicals (Hasegawa et al., 1990;
Cleeter et al., 1992).

Paraquat, a well-studied neurotoxic agent, is commonly
regarded as one of the environmental elements contributing to
PD (Fernagut et al., 2007; Huang et al., 2020). Because of its
structural similarities to MPP+, Paraquat has presented as a
possible risk factor for PD. Paraquat can pass the blood-brain-
barrier, but only to a limited degree. It induces a dose-dependent
decrease in DA nigral neurons and striatal DA innervation, and
subsequent reduced mobility, when administered systemically
to mice (Boireau et al, 1995). Paraquat method of action is
thought to entail oxidative stress, and its harmful effects could
be mediated through the mitochondria because of its structural
resemblance to MPP+ (Betarbet et al, 2002). Paraquat has
been shown in several studies to cause neuroinflammation and
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FIGURE 3 | Servier (2022) the neuroinflammatory cascade mediated by NF-kB. TNF-a, IL-1B, IL-6, and CD-40L are proinflammatory substances activating the
canonical pathway. In the canonical pathway, an inhibitor of kB kinase (IKK) g (or IKKy) is required for NF-kB activation. IKKB phosphorylates Ikf. The regulatory
subunit of the IKK complex is the NF-«kB essential modulator (NEMO). In the cytosol, IkB is degraded by proteasomes, and the phosphorylated heterodimer of NF-xB
(p50-pBY) is transferred to the nucleus and binds to the NF-«kB response element. Thus, pro-inflammatory mediators such as TNF-a, IL-18, IL-6, INOS, and ICAM
become activated, which play role in the degradation of dopaminergic neurons (DA). In the non-canonical pathway, NEMO phosphorylates IKK-a and induces
proteasomal destruction as well as proteasomal processing of p100, a subunit of the NF-B heterodimer, creating the p52-RELB active heterodimer. IKk induces INF-a
production, triggered by TLR7,9. The p52-RELB active heterodimer enters the nucleus and binds to the NF-kB response element, regulating the expression of
pro-inflammatory factors. Eventually NF-kB mediated neuroinflammation plays role in Parkinson’s disease through DA degradation.

microglial activation. Underlying inflammatory processes greatly =~ TNF-a and IL-6 were both reduced when HMGB1 was knocked
increase the sensitivity of DA neurons to toxic damage (Purisai  out. These findings suggest that HMGB1 plays role in Paraquat-
et al., 2007; Mitra et al., 2011). According to a study by Ishola  induced cell death by increasing neuroinflammatory responses
et al. TNF-a levels in the midbrain were considerably elevated  and activating RAGE signaling pathways (Huang et al., 2020).
by Paraquat, indicating neuroinflammation (Ishola et al., 2018). Another agent used for inducing PD in animal models is
TNF-a is a cytokine that makes up the acute phase reaction  rotenone. This agent is an inhibitor of mitochondrial complex
and is a cell signaling protein implicated in inflammatory I, which is neurotoxic to non-DA and DA neurons (Chen et al.,
cascades (Tweedie et al.,, 2007; Ishola et al., 2013). Xiao et al. ~ 2006; Choi et al., 2015). This is to some extent because of its
reported that Paraquat could activate BV-2 microglia and cause  inhibitory impact on mitochondria and also causing elevation
neuroinflammation. This involves inhibition of Aktl activation,  of oxidative stress. It is indicated in studies using primary
mediated by the increased ROS. Also, Paraquat treatment was  cultured glia or microglia that rotenone triggers oxidative stress
followed by a significant increase in the expression of M1  and neuroinflammation, leading to elevated secretion of pro-
microglia markers including TNF-a, IL-1f, and IL-6. Therefore,  inflammatory cytokines (Ye et al., 2016). According to Main et al.
Paraquat elevated the M1 phenotype of BV-2 microglia (Xiao  type-I1IFNs play critical role in mediating the neuroinflammation
et al.,, 2022). According to Mitra et al. Paraquat induced ROS  caused by rotenone in both primary cultured glia and neurons in
production and differential a-syn expression, which promoted  vitro. They also observed a neuroprotective effect by attenuating
neuroinflammation. This was characterized by area-specific  type-I IFNs signaling. This confirms the important role of these
changes in microglial cell localization and appearance, as well as  cytokines in neuroinflammation, which leads to death of neurons
an increase in TNF-a expression patterns in the substantia nigra,  in chronic neuropathologies (Main et al., 2017) as was shown in
frontal cortex, and hippocampus (Mitra et al., 2011). Paraquat  another study by Main et al. on MPTP-induced mice (Main et al.,
may also act through HGMBI1 (Huang et al,, 2020). In SH-SY5Y  2016).

cells, a well-established in vitro model for PD research, Paraquat According to this systematic review, a-syn has a potentially
exposure resulted in a significant increase in HMGB1, which was  significant role in the pathogenesis of PD. a-Syn performs
translocated to cytosol and then released into the extracellular — many functions through its interactions with different proteins
milieu of SH-SY5Y cells in a concentration and time-dependent ~ (Burré et al., 2018). It can inhibit phospholipase D (PLD).
manner. The activation of the RAGE-P38-NF-kB signaling  Many experimental studies, clearly show that a-syn and PLD
pathway and the generation of inflammatory cytokines such as  have a functional interaction. PLD2 overexpression in the
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rat substantia nigra pars compacta, for example, induced
dopaminergic neuron death due to increased lipase activity,
while a-syn co-expression decreased PLD2 toxicity (Mendez-
Gomez et al., 2018). Furthermore, PLD1 controls autophagic flux
and clearance of a-syn aggregates (Bae et al,, 2014), whereas
overexpression of wild-type o-syn in human neuroblastoma
cells reduces PLD1 expression (Conde et al, 2018). An
important interaction of a-syn is with SNARE, which facilitates
the formation of synaptic vesicles (Burré et al., 2010, 2014,
2018; Huang et al., 2019). SNARE complex assembly requires
monomeric a-syn, and deficiencies in this protein can impair
vesicle formation. Aggregated o-syn, on the other hand,
prevents SNARE-mediated membrane fusion (Hawk et al,
2019). The findings explain a potential mechanism for SNARE-
mediated neuronal dopamine release deficiencies leading to
neurodegeneration due to a lack of monomeric a-syn and/or
increased insoluble a-syn aggregation. However, since SNARE
proteins are required for a variety of membrane fusion processes,
changes in a-syn could affect vesicle production in a variety
of cell types, particularly during fetal development when a-syn
is most widely expressed (Baltic et al., 2004). Because vesicle
formation is essential for microglia to phagocytose and transfer
extracellular cargo to the lysosome for destruction, the deficiency
of endogenous a-syn may have an impact on vesicle formation.
During the beginning phase of autophagy, SNARE proteins are
necessary for the synthesis of precursor vesicles that convert
to the phagophore (Wang et al., 2020). This microglial process
aids in the elimination of harmful proteins and protects against
neuron-derived a-syn aggregation (Choi et al., 2016). Microglia’s
ability to remove misfolded a-syn could be harmed if vesicle
production during autophagy is impaired and consequently
contribute to aggregation of a-syn. The SNARE complex is also
involved in vesicle exocytosis during microglia cytokine release
(Murray et al., 2005). One probable reason for decreased cytokine
release is o-syn interaction with SNAP23, a subunit of SNARE
complex. Many microglial activities rely on vesicle production
to protect against harmful protein buildup and to enhance
inflammatory responses in the brain (Gardai et al., 2013).

a-sSyn induces neuroinflammation directly. This process
is initiated by a-syn activating microglial TLR2 and NLRP3,
which ultimately increases their secretion of IL-18, TNF-a, and
other pro-inflammatory cytokines (Panicker et al., 2019). For
example, Bauernfeind et al. (2009) and Qiao et al. (2012) have
demonstrated that a-syn is recognized by microglial TLR2,
leading to activation of the NF-kB pathway and subsequent
production of IL-18 (Bauernfeind et al., 2009; Qiao et al,
2012). Wang et al. (2019) highlight that NLRP3 inflammasome
activation not only induces IL-1f secretion by microglia, but also
causes a type of inflammatory cell death known as pyroptosis
leading to rupture of microglial plasma membrane and further
release of IL-1p (Wang et al., 2019). A meta-analysis by Qin
et al. showed that peripheral levels of several inflammatory
cytokines including TNF-a and IL-1f are higher in PD patients
compared to healthy controls (Qin et al., 2016). IL-1p released
from microglia has been suggested to participate in inflammatory
responses that cause impairment of DA neurons (Block et al.,
2007). Injection of IL-1f into the SN of rats induces the death

of DA neurons, which is the pathological feature of PD (Ferrari
et al., 2006; Block et al., 2007). This, in turn, increases the
release of a-syn and creates a vicious circle that amplifies
neuroinflammation and accelerates the pathogenesis of PD. Due
to its critical role in neuroinflammation, inhibition of NLRP3
pathways is a recently suggested therapeutic strategy for PD
(Wang et al., 2019). FcyR on the surface of microglia can mediate
a-syn intracellular trafficking, causing microglia to become pro-
inflammatory (Cao et al., 2012). According to a study by Javed
et al. GMF inhibits the NLRP3 inflammasome and leads to a
decrease in the levels of IL-1f and IL-18 (Javed et al., 2020).
Miklossy et al. showed that ICAM-1 is upregulated in astrocytes
of PD and MPTP-treated monkeys. Also, lymphocyte function-
associated antigen 1 (LFA-1) was increased in the reactive
microglia. Therefore, inflammation is a potential factor in PD
pathogenesis (Miklossy et al., 2006).

The NF-kB pathway is found to be a significant mechanism
driving neuroinflammatory reactions (Kempuraj et al.,, 2019).
The two major routes involved in the activation of NF-kB are the
canonical or classical pathway and the non-canonical or alternate
pathway. The canonical pathway involves dimers of Rel proteins
p50 and p65 forming complexes with inhibitory complex IkBa in
the cytosol, where they are activated and regulate the production
of pro-inflammatory cytokines (Lawrence, 2009). TNE LPS, IL-
18, and T cell receptor or B cell receptor, as well as other cell,
surfaces receptors such as TLRs, TNF receptor, and IL-1 receptor,
activate NF-kB throughout the canonical pathway (Baeuerle and
Baltimore, 1996). Members of the TNF receptor superfamily,
such as B cell-activating factor (BAF), receptor activator of NF-
kB (RANK), lymphotoxin B (LT) receptor, and CD40, activate
the non-canonical NF-kB pathway in response to diverse stimuli.
These receptors also activate the canonical pathway at the same
time. Only IKKa homodimers, not IKKf or IKKy implicated in
the canonical pathway for IkB phosphorylation, are responsible
for non-canonical NF-kB pathway activation (Singh et al., 2020)
(Figure 3). Inhibition or capture of HMBGI1 can suppress this
pathway and has been considered as a therapeutic approach. A
review by Nishibori et al. illustrates that administration of anti-
HMGBI1 monoclonal antibodies inhibits Dneuronal loss in a 6-
OHDA rat model of PD by suppressing ROS production and
neuroinflammation (Nishibori et al., 2019). The protective effects
of miR-124 and miR-7 against inflammation may make them
protective in PD as already suggested by Titze-de-Almeida and
Titze-de-Almeida, who describe the potential benefits of miR-
7 replacement therapy in this disease (Titze-de-Almeida and
Titze-de-Almeida, 2018). Microglia migration to the substantia
nigra is triggered by a-syn-induced increase of CXCL12 and its
release from microglia via the TLR4/IB/NF-kB pathway (Ahmed
et al., 2012).a-Syn is also a CD36 agonist (Panicker et al,
2019). It has been shown that CD36 and Fyn kinase facilitate
the uptake of a-syn by microglia and initiate the assembly of
inflammasomes through a protein kinase C3-dependent nuclear
translocation of NF-kB-p65. Furthermore, uptake of a-syn is
reduced in Fyn-deficient microglia and bone marrow-derived
macrophages (BMDM) that lack CD36. Therefore, Fyn plays an
important role in promoting neuroinflammation in PD (Panicker
et al., 2019). In addition, based on a genome-wide association
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study (GWAS), the Fyn locus is linked to the increased risk of
PD (Nalls et al., 2019). Sarkar et al. showed that in PD models,
Kv1.3 is elevated. The downstream mediator of the NF-kB and
p38 MAPK pathways, the Fyn/PKC signaling cascade, proximally
controlled the Kv1.3 upregulation. They showed that Kv1.3
overexpression contributes significantly to neuroinflammation-
mediated neurodegeneration in PD models. These findings also
point to a possible Kvl.3-mediated signaling pathway which
can modulate microglial inflammation in PD (Sarkar et al,
2020b). Sarkar et al. in another study discovered new molecular
pathways for a-syn aggregation-induced neuroinflammation. a-
Syn upregulated the expression of RNA binding proteins in
mouse microglia, implying higher RNA processing and splicing
as well as mitochondrial oxidative stress. They also found
evidence for decreased microglial progranulin as a new disease
mechanism in PD, suggesting that lysosomal dysfunction and
autophagy are involved in the disease pathogenesis (Sarkar et al.,
2020a). Zhang et al. proposed another novel mechanism. They
discovered that mGluRS5 was critical in preventing a-syn-induced
neuroinflammation. This effect was dependent on the interaction
between mGluR5 and a-syn, as well as mGluR5 degradation via
the lysosomal pathway induced by a-syn. According to this study,
the separation of the mGluR5—a-syn complex in microglia is
induced by increased mGluR5 expression (Zhang et al., 2021).

A large number of asyn transgenic mice models have been
developed to replicate a spectrum of clinical and behavioral
characteristics of PD and other synucleinopathies. The form
of a-syn expressed (wild type vs. mutant) and its promoter-
specific expression pattern are the key differences between the
existing mouse lines (Kahle, 2008; Chesselet and Richter, 2011;
Magen and Chesselet, 2011). A number of mouse lines with
a-syn deficiency have also been employed to help researchers
understand the roles of this protein in the brain cellular processes
(Abeliovich et al., 2000; Specht and Schoepfer, 2004; Kokhan
et al,, 2012). Transgenic a-syn KO mice (Abeliovich et al., 2000)
were initially reported to be unimpaired in spatial memory
learning, as demonstrated by the Morris Water Maze (MWM)
challenge (Chen et al., 2002). A further study indicated that
there are actually cognitive abnormalities in this transgenic
mouse model but at more advanced ages compared to the
initial report (Kokhan et al., 2012). A likely confounding
element in understanding the potential role of a-syn in cognitive
dysfunction seems to be the compensatory function of gamma
synuclein (y-syn) in synaptic regulation during the absence of
a-syn, resulting in the alleviation of cognitive abnormalities
in a-syn-KO mice (Senior et al, 2008). Therefore, y-syn
could perform a compensatory function by restoring cognitive
functions in a-syn-KO mice (Hatami and Chesselet, 2015).

A53T a-syn causes neurodegeneration (Giasson et al., 2002;
Gu et al,, 2010). Mice with A53T a-syn have significant motor
impairments, which can lead to paralysis and death (Giasson
et al,, 2002). In a study by Gu et al. (2010), inflammation and
microglial activation were promoted by the A53T a-syn, which
caused astrogliosis, particularly in the midbrain, brainstem,
and spinal cord. This study also discovered a significant DA
neurons loss in the midbrain and motor neurons of the spinal
cord in symptomatic mice, which could explain the paralysis

characteristics of mutant mice. Furthermore, COX-1-mediated
inflammatory pathways can play a role in neurodegeneration,
as indicated by the COX-1 inhibitor’s ability to lengthen the
lifespan of A53T mice. The A53T a-syn mice also developed
age-dependent a-syn inclusions, which mimic the pathology seen
in people with PD. Overexpression of A53T a-syn inhibited
complex I function in DA neurons of transgenic mice (Chinta
et al., 2010), depolarized mitochondrial membrane potential,
increased ROS in human neuroblastoma cells (Parihar et al,
2009), and induced mitochondrial autophagy in neurons bearing
the A53T mutation (Chinta et al, 2010; Choubey et al,
2011). Furthermore, a-syn has been demonstrated to alter
mitochondrial motility (Xie and Chung, 2012). One theory
for the mechanism underlying the effect of A53T a-syn on
mitochondria is that it raises Ca2+ signal in neurons, which
has been demonstrated to limit mitochondrial mobility (Yi
et al., 2004; Wang and Schwarz, 2009). Previous investigations
have suggested that A53T a-syn can create Ca2+ permeable
holes in the plasma membrane (Furukawa et al., 2006) and
can control Ca2+ entry pathway (Hettiarachchi et al., 2009).
Li et al. discovered that A53T a-syn decreased both overall
mitochondrial mobility and the fraction of mobile mitochondria.
In other words, in A53T o-syn neurons, the percentage of
stationary mitochondria rose (Li et al, 2013); therefore, it
is probable that A53T a-syn controls syntaphilin or myosin
(Kang et al., 2008; Pathak et al,, 2010) to improve anchoring
of stationary mitochondria. Mice expressing A30P a-syn have
failed to exhibit alterations in locomotor activity, and dopamine
levels in spite of the buildup of a-syn in various brain regions
(Kahle et al., 2001; Yavich et al., 2004; Freichel et al., 2007).
Kilpeldinen et al. characterized homozygous double mutant
A30P*A53T a-syn transgenic mice and reported that these
animals did show early onset and age-dependent alterations in
striatal dopaminergic function and locomotor activity, as well
as formation of a-syn oligomers, suggesting that it could be a
useful tool for modeling early onset PD associated with familial
SNCA mutations (Kilpeldinen et al., 2019). Thy-1 promoter
has been used for producing transgenic a-syn overexpressing
mice. The a-syn transgene is widely expressed in these mice,
and cytoplasmic and nuclear inclusions containing human a-syn
appear in various brain areas, including the cortex, hippocampus,
olfactory bulb, and to a lesser extent, the substantia nigra (Cenci
and Bjorklund, 2020).

Our review also highlighted the roles of adaptive immune
response in PD models. T lymphocyte infiltration and enhanced
MHC II immunoreactivity were seen in MPTP-treated mice,
but no B lymphocyte infiltration was reported (Kurkowska-
Jastrzebska et al.,, 1999; Karikari et al., 2022). Furthermore,
the injection of regulatory T cells reduced the neurotoxicity of
MPTP (Reynolds et al., 2007). In contrast to T lymphocytes’
obvious participation in human PD, there is no indication of
B lymphocytes’ presence in the brains of animal models of
PD. It is worth mentioning that mice lacking both B and T
lymphocytes were resistant to MPTP toxicity in a recent study
employing the MPTP mouse model of PD (Benner et al., 2008).
In the past, research on neuroinflammation in AD and PD has
primarily focused on aberrant innate immune system activation
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(Benner et al., 2008; Rodrigues et al., 2014; Caplan and Maguire-
Zeiss, 2018; Labzin et al, 2018). Recent data suggests that
changes in the adaptive immune response may also play a role
in inflammation and neurodegeneration in Alzheimer’s disease
and age-related synucleinopathies (Kannarkat et al., 2013; Allen
Reish and Standaert, 2015; Baird et al., 2019). a-Syn oligomers
and fibrils increased the ratio of CD8+ to CD4+ T cells in
the CNS and decreased the expression of STAT3, CD25, and
CD127 in CD3+CD4+ T cells. CD4+ T cell infiltration into
the CNS has also been linked to changes in the phenotype
of brain microglia (Olesen et al., 2018). Thus, CD34+-CD4+ T
cells homing and tolerance capabilities are affected by a-syn
aggregates (Olesen et al., 2018). In acute neurotoxic models of
PD, such as MPTP-injected mice, substantial T cell infiltration
was detected in the substantia nigra at the first day following
MPTP challenge, and gradually decreased and normalized by
day 30 (Chandra et al, 2017). In addition to the potentially
neurotoxic impacts of cytokines secreted by Thl or Th17 cells
(Park et al., 2017; Storelli et al., 2019), Th2 and Treg cells
are considered to suppress innate immune activation in the
CNS, indicating that an imbalance in T cell types may cause
overactivation of glia and chronic inflammation (Gendelman and
Appel, 2011; Olson and Gendelman, 2016; von Euler Chelpin
and Vorup-Jensen, 2017). Previous research has revealed that
a-syn aggregates are released into the extracellular space under
pathological situations (Desplats et al., 2009; Lee et al., 2014;
Emmanouilidou and Vekrellis, 2016; Steiner et al., 2018), in
which they can potentially stimulate T cells. In the context of
MHC class II, two types of antigen-presenting cells are reported
to display epitopes originating from the a-syn Y39 region. IL-5
from CD4+ T cells and IFN from CD8+ T cells are the main
triggers of this response (Sulzer et al, 2017). As a result, a-
syn peptides can behave as antigenic epitopes, activating T cell
responses, which could explain the link between PD and specific
MHC alleles (Sulzer et al., 2017). Recent research has found that
extracellular a-syn has a variety of impacts on CD4+ and CD8-+
T cell populations in the peripheral and central nervous systems,
implying that a-syn variations affect CD4+ T cell homing and
tolerance capacity (Olesen et al, 2018). Another study used
a combination of human a-syn PFF and AAV-human-a-syn
injections into the rat substantia nigra and found both microglia
activation and CD4+ and CD8+ T cell infiltration (Thakur et al.,
2017). Furthermore, extracellular a-syn aggregates have been
reported to inhibit CD25 expression, which could explain why
recently activated T cells in PD have a lower survival potential
(Olesen et al., 2018).

It is reported that Fas-deficient animals have less MPTP-
induced DA neuron loss (Hayley et al., 2004). While the Fas/FasL
pathway has been linked to the removal of activated macrophages
and therefore to the resolution of inflammation in the setting of
antigen presentation (Ashany et al., 1995), new evidence reveals
that this pathway may alternatively generate proinflammatory
cytokines in tissue macrophages (Park et al., 2003). As a result,
CD4+ Th FasL-mediated activation of microglial cells may play
a role in the inflammatory response and degeneration of DA
neurons. FasL produced by T cells may potentially play a role
in inflammatory responses in astrocytes, which are known to

be highly resistant to Fas-mediated cell death and to produce
proinflammatory cytokines and chemokines in response to Fas
ligation (Choi and Benveniste, 2004). Fas expression has been
found to be elevated on these glial cells in the MPTP model
(Ferrer et al., 2000; Hayley et al., 2004). Alternatively, cell-to-cell
interaction between infiltrating CD4" T cells and DA neurons
may cause neuronal death (Giuliani et al., 2003).

Our review unveils the critical role of mast cells in the
pathogenesis of PD. As stated above, MPP" treatment induces
mast cell activation and a subsequent increase in levels of CCL2,
IL-33, and ROS generation (Kempuraj et al., 2016, 2019). This is
in line with a review by Sandhu and Kulka (2021) that reported
MPP * is an active metabolite of MPTP that causes activation of
mouse bone marrow-derived mast cells (BMMC) and increased
release of CCL-2 and MMP-3. Thus, IL-33 secretion by mast cells
is increased after MPP™ treatment and plays its role through
a heterodimeric receptor complex consisting of suppression
of tumorigenicity 2 (ST2) and the accessory IL-1 receptor
protein (IL-1RAP). The IL-33/ST2 pathway is involved in CNS
homeostasis and its pathologies, including neurodegenerative
diseases (Sun et al., 2021). Mast cells are a population of IL-33
targeting cells, recognizing it by IL-33 receptor, ST2 (Lunderius-
Andersson et al., 2012). Mast cells activation is observed in PD
brains and may play role in neuroinflammation in this disease
(Kempuraj et al., 2015, 2019).

TG2 is expressed by mast cells in MPTP-treated mice, which
can stimulate inflammatory cytokines and neuroinflammation
(Hong et al., 2018). A review by Kim et al. (2013) confirms the
roles of TG2 in PD and other neurodegenerative diseases. This
gene has been reported to encode an enzyme with four different
activities, including protein disulfide isomerase, transamidase,
protein kinase, and GTPase. Its transamination function can
cause a toxic and insoluble aggregation of amyloid and other
proteins. In the Lewy bodies, large numbers of isopeptide bonds
produced by TG2 were found. The SH-SY5Y neuroblastoma cell
line was treated with MPP+, which greatly elevated TG2 activity
(Beck et al., 2006; Verhaar et al., 2011). It is established that a-
syn is one of TG2’s substrates (Junn et al., 2003). TG2 catalyzes
the cross-linking of a-synuclein, resulting in the formation of
insoluble, high-molecular-weight aggregates. TG2 was recently
discovered to be a substrate of PINKI, a PD-associated Ser/Thr
protein kinase. PINK1 phosphorylates TG2 directly, increasing
protein stability by preventing proteasomal breakdown (Min
etal, 2015). As aresult, PINK1 regulates TG2 activity, which may
be linked to the production of aggresomes in neural cells (Min
etal, 2015). According to recent studies, endoplasmic reticulum
(ER) dysfunction is a key component of PD development. As a
result, proper TG2 function is intimately linked to ER function.
In MPP-treated SH-SY5Y cells, for example, biochemical contact
and colocalization between TG2 and ER were detected (Verhaar
et al,, 2012). In a separate investigation, it was discovered that
the localization of TG2 to the granular ER compartment in the
PD brain is highly selective for stressed and melanized neurons
(Wilhelmus et al., 2011). In this regard, TG2 inhibitors may be a
promising therapy for alleviating the brain diseases which TG2
plays role in (Min and Chung, 2018). Additionally, inhibition
of pKr-2 is identified as a potential therapeutic strategy in PD
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since pKr-2 treatment of rats causes an increase in microglial
TLR4, which is essential for their immune activation (Shin et al.,
2015). Furthermore, TLR4 agonists can cause necroptosis, which
leads to cell death and release of their intracellular contents
triggering innate immune responses and neuroinflammation (Yu
et al., 2021); therefore, TLR4 antagonists could have therapeutic
potential in PD and other neuroinflammatory disorders as
already summarized by Leitner etal. (2019). Suppression of PGE2
is another potential treatment strategy in PD, which is supported
by observations that the DA toxin 6-OHDA upregulates mPGES-
1 and triggers PGE2-dependent death of DA neurons (Ikeda-
Matsuo et al., 2019). This therapeutic approach has been reviewed
by Singh et al. (2021).

Aging is a physiological challenge that all organisms face
throughout time, and it is also the leading risk factor for
neurodegenerative illnesses. Therefore. effects of aging on
the neuroinflammation within PD mice models should be
considered. Zhao et al. showed that in aged mice, compared to
young mice, behavioral performance decreased and DA neurons
were depleted, which was followed by increased expression of
pro-inflammatory factors (TLR2, p-NF-kB-p65, IL-1p, and TNF-
a), as well as the pro-oxidative stress factor gp9lphox. The
inflammatory M1 microglia were increased by aging, and the
equilibrium between oxidation and anti-oxidantswas disrupted.
In LPS-treated, aged mice, poor behavioral performance and loss
of DA neurons were observed, as well as upregulated TLR2, p-
NF-kB-p65, IL-18, TNF-a, iNOS, and gp91phox (Zhao et al,
2018). Also, Yao and Zhao demonstrated that in a MPTP-PD
mouse model, aging enhanced M1 microglia activation while
inhibiting M2 microglia activation in the substantia nigra, which
was associated with an increase in proinflammatory cytokines
TNF-a and IL-1f (Yao and Zhao, 2018).

We also reviewed cell models of PD used in the included
studies. Rat/mice primary neuron/glia, BV2 murine microglial
cells, and SH-SY5Y human neuroblastoma cell line were among
the most common cell lines used for creating in vitro PD models.
PD cell models have some advantages in comparison with animal
models. First, PD-related genes can be efficiently overexpressed
or knocked out in cultured cells. Second, in dopamine-
producing cell lines, both MPP+ and 6-OHDA can be utilized
to trigger cell death. Other benefits of these models include
their unlimited proliferation which allows high-throughput
experimentation with a wide range of experimental techniques
and endpoints; homogeneity of cell populations which leads to
high reproducibility; and the fact that some cell lines such as
SH-SY5Y express important enzymes for dopamine metabolism
and synapse formation (Han et al, 2003; Schildknecht et al,
2009; Lopes et al,, 2010; Scholz et al., 2011; Thomas et al.,
2013). Their main disadvantage is high proliferative capacity,
which differs from neurons that do not divide. In comparison
to primary neurons and organotypic cultures, immortalized
cells are not only unable to replicate the appearance and
physiology of a neuronal cell, but they also do not express many
of the synaptic proteins. In addition, continuous proliferation
induces a selection pressure that favors mutations that improve
proliferation and survival, causing succeeding generations of cell
lines to lose their DA phenotype in comparison to their parental

lines. As a result, after repeated passaging, many cell lines become
inappropriate for usage (Lopes et al., 2017a). Despite having
important DA traits, SH-SY5Y cells lack neuronal characteristics.
This cell line is in the early phases of neuronal development, with
low numbers of neuronal markers. Furthermore, their oncogenic
characteristics and persistent multiplication are incompatible
with neurons (Gilany et al., 2008; Filograna et al., 2015; Lopes
et al,, 2017a). Both genetic and toxin-based techniques have
been used to recreate PD pathology in this cell model, with 6-
OHDA being the most widely used toxin. The majority of these
investigations are concerned with achieving neuroprotection
in cells exposed to 6-OHDA (Wei et al, 2015; Lin and Tsai,
2017). Undifferentiated SH-SY5Y cells have also been used to
investigate the mechanisms of 6-OHDA toxicity (Soto-Otero
et al., 2000; Izumi et al, 2005; Xicoy et al, 2017). 6-OHDA
is taken up by DA neurons via DAT transporter and induces
considerable oxidative stress. Undifferentiated cells do not mimic
the 6-OHDA-induced cell death mechanisms that occur in vivo
because they only express modest amounts of DAT (Lopes et al.,
2017b).

CONCLUSION

In the current systematic review, we have collected data
identifying the importance of several neuroinflammatory
pathways and molecular mechanisms in the pathogenesis
of PD. We conclude that neuroinflammation plays a role in
both the initiation and progression of PD. We illustrate that
neuroinflammatory reactions in PD models can be induced by
various factors including MPTP, a-syn, 6-OHDA, and pKr-2,
while other mechanisms, such as TLR2, NLRP3, IL-1p, TNF-a,
NF-kB pathway, HMBGI1, ROS production, CD36, Fyn, mast
cells, ASK1, Len-2, TG2, CCL2, IL-33, TLR4, mPGES-1, and
PGE2, contribute to the establishment and progression of the
pathogenetic mechanisms in these models.

In addition, we identify several potential therapeutic
approaches that may be effective in PD by alleviating
neuroinflammation. They include miR-124 and miR-7 as
well as inhibitors of NLRP3 inflammasomes, HMBG1, and TG2.
We also acknowledge limitations to our work, which include
very limited research on some of the mechanisms we review
and a shortage of other comprehensive systematic reviews
and meta-analyses that could be used to further validate our
conclusions. Further research is needed to understand other
neuroinflammatory mechanisms involved in the pathogenesis
of PD and to develop new therapeutic approaches targeting
them. By evaluating the relative impact of each factor and
determining their collective contribution to neuroinflammation
in PD, multitargeted therapeutic approaches could be developed
that will hopefully solve the puzzle of PD, which currently lacks
effective treatments.
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Introduction: Diffusion tensor imaging (DTIl) can be used to map disease
progression in amyotrophic lateral sclerosis (ALS) and therefore is a promising
candidate for a biomarker in ALS. To this end, longitudinal study protocols
need to be optimized and validated regarding group sizes and time intervals
between visits. The objective of this study was to assess the influences of
sample size, the schedule of follow-up measurements, and measurement
uncertainties on the statistical power to optimize longitudinal DTI study
protocols in ALS.

Patients and methods: To estimate the measurement uncertainty of a tract-
of—interest-based DTl approach, longitudinal test-retest measurements were
applied first to a normal data set. Then, DTl data sets of 80 patients with ALS
and 50 healthy participants were analyzed in the simulation of longitudinal
trajectories, that is, longitudinal fractional anisotropy (FA) values for follow-up
sessions were simulated for synthetic patient and control groups with different
rates of FA decrease in the corticospinal tract. Monte Carlo simulations of
synthetic longitudinal study groups were used to estimate the statistical
power and thus the potentially needed sample sizes for a various number
of scans at one visit, different time intervals between baseline and follow-up
measurements, and measurement uncertainties.

Results: From the simulation for different longitudinal FA decrease rates, it
was found that two scans per session increased the statistical power in the
investigated settings unless sample sizes were sufficiently large and time
intervals were appropriately long. The positive effect of a second scan per
session on the statistical power was particularly pronounced for FA values with
high measurement uncertainty, for which the third scan per session increased
the statistical power even further.

Conclusion: With more than one scan per session, the statistical power of
longitudinal DTI studies can be increased in patients with ALS. Consequently,
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sufficient statistical power can be achieved even with limited sample sizes.
An improved longitudinal DTI study protocol contributes to the detection of
small changes in diffusion metrics and thereby supports DTl as an applicable
and reliable non-invasive biomarker in ALS.

Amyotrophic Lateral Sclerosis, Diffusion Tensor Imaging, longitudinal design,
statistical power, study optimization

Introduction

During the last decade, magnetic resonance imaging
(MRI)-based parameters have gained increasing interest as a
progression marker in neurodegenerative diseases (Agosta et al.,
2015). Amyotrophic Lateral Sclerosis (ALS) is characterized by
progressive motor neuron degeneration of both the upper motor
neurons of the cerebral cortex and the lower motor neurons in
the brainstem and spinal cord, leading to progressive immobility
and breathing difficulties, and eventually died after an average
of 3 years (van Es et al, 2017). In clinical trials, objective
biomarkers, for example, based upon neuroimaging are needed
to monitor the progression of the disease and thus improve
the chances of identifying effective treatments for ALS (van
den Berg et al., 2019). A promising and robust approach is the
measurement of white matter (WM) degeneration by the use of
diffusion tensor imaging (DTI) (Kassubek and Miiller, 2020). In
addition to the voxel-wise analysis of the whole brain (Miiller
et al., 2016), a tract-of-interest (TOI)-based approach can be
used to analyze specific cerebral WM pathways that are involved
in the progression of ALS (Kassubek et al., 2014). Longitudinally,
the spread of pathology is reflected by tract-specific alterations
in DTI metrics (Kassubek et al., 2018), which correlates with the
clinical severity of the disease (Baldaranov et al., 2017).

Longitudinal MRI examinations of the brain are time-
consuming, costly, and can be a burden for patients with
ALS (especially in advanced disease stages). Thus, a careful
design of such studies is mandatory. One of the most crucial
variables in the conceptualization of a longitudinal study is
the sample size as samples that are too small might lead
to non-significant results of true effects (Blain et al., 2007,
Alruwaili et al., 2019). Another essential aspect is the schedule
of follow-up measurements, that is, the number of follow-
ups and the time intervals between them. On one hand, it
must be taken into consideration when the effect, that is, a
change in diffusion metrics, can be measured at the earliest
(Kalra et al, 2020), and on the other hand, the timing of
follow-up measurements can be substantial for the validity of
the results (Miiller et al., 2021a). Confounding factors such as
general and subject-specific noise cause diffusion metrics to be
subject to measurement errors (Miiller et al., 2013). A higher
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measurement error results in higher measurement uncertainty,
that is, the measured value probably does not directly reflect
the true value. Then, the measurement uncertainties affect
the test-retest reliability of DTI metrics, that is, the ability to
obtain similar values from different acquisitions of the same
subject (Vollmar et al., 2010; Koller et al., 2021). The presence
of high measurement errors can potentially bias the temporal
association of variables in longitudinal studies (Saccenti et al.,
2020). Especially in patients with burdening neurodegenerative
diseases, more subject-specific measurement artifacts are to be
expected compared to healthy subjects. All these aspects might
be a reason why previously reported post-hoc effect sizes of
longitudinal FA changes in patients with ALS were only limited
(Kassubek et al., 2018). This indicates that DTI study protocols
may be improved to increase the reliability of DTT metrics that
might potentially serve as technical biomarkers in studies.

The objective of this study was to evaluate the effects
of measurement uncertainty and scheduling of follow-up
measurements on statistical power and sample size in a
longitudinal study of patients with ALS. The approach is based
on fractional anisotropy (FA) along the corticospinal tract (CST)
which represents neuropathological ALS stage one (Kassubek
et al., 2018) and is a robust and sensitive DTI-based parameter
for disease progression (Kocar et al., 2021). This study aimed
to establish a basis for the optimization of study protocols for
longitudinal ALS imaging studies that are robust to different
longitudinal FA decrease rates.

Methods
Participants

A total of 80 patients (58.5 £ 13.9 years, 48 male/32 female)
with clinically definite or probable sporadic ALS according to
the revised version of the El Escorial World Federation of
Neurology criteria (Brooks et al., 2000) were included in the
study. All patients underwent standardized clinical-neurological
and routine laboratory examinations. None of the patients had
any history of neurological or psychiatric disorders apart from
ALS. The severity of disability as measured with the revised ALS
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functional rating scale (ALS-FRS-R) (Cedarbaum et al., 1999)
was 40 =+ 5 (range 23-48). For analysis at the group level, 50 age-
and sex-matched healthy controls (54.3 + 9.8 years, 32 male/18
female) were analyzed. For test-retest measurements, 14 healthy
subjects (age 36.3 & 11.2 years, 6 male/8 female) participated.
All healthy controls had no history of any medical condition and
were medication-free.

All patients and healthy controls gave written consent for
the MRI protocol according to the institutional guidelines. The
study was approved by the Ethical Committee of the University
of Ulm, Germany (reference # 19/12), and written consent was
obtained from each participant.

Magnetic resonance imaging data
acquisition and processing

Test-retest measurements of 14 healthy subjects were
acquired on the same 1.5 T MRI scanner (Magnetom Symphony,
Siemens Medical, Erlangen, Germany) with 151 £ 112 days
in-between both scanning sessions. Since the reliability of
diffusion metrics is affected by the number of GD (Teipel et al.,
2011), each scanning session consisted of two DTI sequences
with different protocols: Protocol A consisted of 52 gradient
directions (GD) including four b0 directions (b = 1,000 s/mm?,
voxel size 2.0 mm x 2.0 mm x 2.8 mm, 128 x 128 x 64
matrix, TE = 95 ms, TR = 8,000 ms) and protocol B consisted
of 62 GD including two b0 directions (b = 1,000 s/mm?, voxel
size 2.5 mm X 2.5 mm X 2.5 mm, 128 x 128 x 64 matrix,
TE = 102 ms, TR = 8,700 ms). Between both sequences, the
participants remained in the scanner. The ratio of the number
of GD and b0 direction additionally influences the reliability
of the diffusion metrics (Zhu et al., 2009). Optimization of the
test-retest protocols was not performed in this respect, since the
objective was not to minimize the error but to estimate the error
from protocols commonly used in ALS studies (Kassubek et al.,
2014; Miiller et al., 2016; Behler et al., 2022; Miinch et al., 2022).

The signal-to-noise ratio (SNR) may be lowered in patients
with neurodegenerative diseases due to subject-related factors
(Miiller et al,, 2013). Therefore, all 80 patients with ALS
and a healthy control group (50 subjects) underwent protocol
C at a 3.0 T MRI scanner (Allegra, Siemens Medical,
Erlangen, Germany), as this has a higher SNR compared
to a 1.5-T MRI scanner. Protocol C consisted of 49 GD
including one b0 direction (b = 1,000 s/mm?2, voxel size
2.2mm X 2.2mm X 2.2 mm, 96 X 128 x 52 matrix, TE = 85 ms,
TR = 7,600 ms).

Diffusion tensor imaging analysis

For DTI data post-processing, the software Tensor Imaging
and Fiber Tracking (TIFT) (Miiller et al., 2007) was used. First,
all DTT data sets were checked for eddy current distortions,
underwent quality control (Miiller et al, 2011), and were
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resampled to an isotropic 1 mm grid. This was followed by a
non-linear spatial normalization to the Montreal Neurological
Institute (MNI) stereotaxic standard space (Brett et al., 2002)
by using study-specific DTT templates as described previously
in detail (Mdller et al., 2012). Baseline and follow-up DTI data
sets of the test-retest group were aligned using a halfway linear
registration (Menke et al., 2014) before MNI normalization.
FA maps were calculated from each data set and, finally,
smoothed with a Gaussian filter with an 8 mm full width-at-half-
maximum.

Fiber tracking

An averaged data set of MNI transformed controls’ data was
used for the identification of the CST by a seed-to-target TOI-
based approach (Kassubek and Miiller, 2020). A deterministic
streamline fiber tracking approach (Miiller et al., 2009) was used
at which the FA threshold was set at 0.2 (Kunimatsu et al., 2004)
and the Eigenvector scalar product threshold was set at 0.9.
The seed regions had a radius of 5 mm and the target regions
had a radius of 10 mm. In a final step, the technique of tract-
wise fractional anisotropy statistics (TFAS) was applied to select
FA values underlying the fiber tracks for arithmetic averaging.
Bihemispheric mean FA values of fiber tracts were averaged and
corrected for age (Behler et al., 2021). An age correction of the
FA maps of the test-retest group was not performed since this
group was only used to determine the measurement uncertainty
which could be assumed to be independent of age and gender.

Simulation of longitudinal trajectories

For the single subject i, the FA value FA;; of a follow-up
measurement at time ¢ after the baseline measurement (t = 0)
can be calculated based on a linear relationship with a subject-
specific rate of FA change f;:

FA;; = FAo; + Bi-t (1)

However, FA values, like any other measured value, are not
without measurement error. The measured FA value FA,; is
composed of the real value and a measurement error &, which
differs for each measurement:

FA,; = FAi; + & )

For the simulation of longitudinal FA values (Figure 1A),
this results in:

FA;; = FAgi—g0 + Bi-t + & (3)

that the measurement

uncertainties, gy and g;, of the baseline and the follow-

The measurement errors, is,

up measurement at time f originate from a normal
distribution (Table 1).
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DATA SETS:
AUVl TEST-RETEST NORMAL
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group means + standard )
deviations standard error
MODEL INPUT: DISTRIBUTION OF

MEASUREMENT
UNCERTAINTY

SIMULATED
BASELINE FA VALUES

A SIMULATION OF SUBJECT-SPECIFIC
LONGITUDINAL DATA
TIME INTERVAL:

baseline > follow-up !
&
@]
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YEAR "real" value
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Time
v
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SIMULATION OF GROUP DATA

|

|
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Time

v

STATISTICAL POWER CALCULATIONS

FIGURE 1

Schematic workflow of statistical power calculations. In a first step, (A) subject-specific longitudinal fractional anisotropy (FA) values in the
corticospinal tract (CST) were simulated. Therefore, synthetic baseline values for patients and healthy controls were generated from real subject
data distributions. The calculation of synthetic “measured” follow-up FA values incorporated a predefined FA decrease and measurement
uncertainty. In a second step, (B) longitudinal trajectories were generated for n subjects per group and the statistical power was calculated from
2,000 Monte Carlo resampled data sets. This procedure was performed for different time intervals between baseline and follow-up sessions,
measurement uncertainties, longitudinal FA decrease rates, and sample sizes.
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TABLE 1 Description of the distributions used for longitudinal group data simulations.

Variables generated in simulation

Distribution

Basis for distribution parameters

“Measured” baseline FA values (group- and
subject-specific)

ﬁZO,i ~ N (Icontrolss Ocontrols)
& ~ N(0,SEM)

Measurement uncertainty
(measurement-specific)

Longitudinal FA decrease (subject-specific)

FAgi ~ N(p«patients’ O'patients)

Bi ~ N (ig,, op,)

Wpatients aNd Opatients from 80 patients with ALS

Wcontrols a0d Tconrols from 50 healthy controls

SEM from 14 test-retest normal data sets

Specification of jug; and o, based on previous studies
(Cardenas-Blanco et al., 2016; Baldaranov et al., 2017;
Kassubek et al., 2018; Kalra et al., 2020)

All random variables are normally distributed with mean . and standard deviation .

To extend this approach to n subjects, a between-subject
variability of the intercept ﬁo’ i and slope B; is considered, that
is, these are subject-specific Gaussian random effects (Table 1).

Reliability analysis

To assess the measurement reliability of the FA values in the
CST, the intraclass correlation coefficient (ICC) was calculated
from the test-retest data sets of the healthy subjects with the
following specifications: two-way mixed effect, single rater, that
is, MRI scanner, and absolute agreement (Koo and Li, 2016).
ICC values < 0.50 indicate poor reliability, values between 0.50-
0.75 indicate moderate reliability, values between 0.75-0.90
indicate good reliability, and values > 0.90 indicate excellent
reliability. The 95% confidence intervals (CI) were considered
for this assessment.

The standard errors € of a FA value (Table 1) were estimated
using the standard error of the mean (SEM) from the ICC (Weir,

2005):
-JICC- (1 —ICC)

1SS
(k=1)

with TSS as the total “within-samples” sum of squares and k as

SEM =

4

the number of measurements.

Statistical power calculations

The statistical power was evaluated for the comparison
of longitudinal FA decreases between a group of patients
and a group of healthy controls using a Monte Carlo
simulation approach (Figure 1B) for different study designs.
The simulations of FA values at the follow-up session were
based on subject-specific longitudinal FA decrease rates only in
patients with ALS since the annual longitudinal FA decrease for
healthy controls was set to null. The FA decrease group mean
in patients with ALS was specified based on measurements in
previous studies:

- t0 0.05% representing a group with a slow longitudinal FA
decrease (Baldaranov et al., 2017).
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- to 2.00%
intermediate longitudinal FA decrease rates (Kassubek
et al., 2018; Kalra et al., 2020).

- to 3.50% representing a group with a fast longitudinal FA

representing a group of patients with

decrease (Cardenas-Blanco et al., 2016).

It has to be noted, in general, however, that the speed of
deterioration of a technical measurement like MRI/DTI not
necessarily has to be associated with the speed of progression at
the clinical level, because, in complex diseases like ALS, many
(individual) factors may influence the clinical disease course.
Since the simulation was based on subject-specific trajectories,
the coefficient of variation of those mean FA decrease rates was
set to 67% in patients with ALS.

The algorithm to calculate the statistical power for a given
sample size per group n and a given effect size, that is, mean
longitudinal FA decrease rate in the patients with ALS, at a
significance level of 0.05 is as follows:

Step 1: The time interval between the baseline and the
follow-up session, the number of scans per session m, and the
magnitude of the measurement uncertainty were specified. The
time intervals chosen between baseline and follow-up sessions
varied from 30 to 180 days, which are typical intervals in
longitudinal studies (Baldaranov et al., 2017; Kassubek et al.,
2018; Kalra et al., 2020).

Step 2: Based on cross-sectional data estimated from studies
with real subjects (Figure 1A), synthetic “measured” baseline
FA values FA; were generated for each subject from a normal
distribution (Table 1) and m measurement repetitions were
simulated by resampling using the normal distribution of the
measurement uncertainty [equation (2)].

Step 3: A longitudinal FA decrease rate p; was assigned to
each subject (Table 1) and longitudinal FA values (m scans at
one follow-up session t days after the baseline session) were
calculated for each subject according to [equation (3)].

Step 4: The group comparison of longitudinal FA change
was analyzed with a two-sided independent t-test and the
p-value was calculated.

Step 5: Steps 2-4 were iterated 2,000 times and the number
of significant iterations was obtained. Statistical power was
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estimated as the proportion of iterations with statistically
significant results out of all iterations (Figure 1B).

Results
Simulation input

The test-retest reliability of the FA of the CST was
determined for two different DTT protocols (1.5 T scanner)
and ranged from good to excellent with an ICC of 0.91
[CI: (0.74, 0.97)] for protocol A and an ICC of 0.97 [CL
(0.91, 0.99)] for protocol B. According to equation (4), the
standard error € of a FA value was calculated to be 0.00134
for protocol A and 0.00054 for protocol B, respectively. The
analysis showed that DT protocols on the same scanner could
lead to different magnitudes of measurement uncertainty of FA
values in the CST. In the following, the standard error & of
protocol A is referred to as “high measurement uncertainty”
and that of protocol B as “low measurement uncertainty,” since
the latter provided more reliable values. As the magnitude of
the measurement uncertainty directly affects the correlation
structure of longitudinal data, the simulations and calculation
of statistical power were performed for both measurement error
magnitudes, that is, a low and high measurement uncertainty.

The tract-based group analysis of cross-sectional data
showed a mean FA value of 0.326 (SEM, 0.002) with a standard
deviation of 0.018 for the CST for patients with ALS and a mean
FA value of 0.339 (SEM, 0.003) with a standard deviation of
0.023 for healthy controls.

Monte Carlo statistical power estimate

Overall, for both measurement uncertainties, it was shown
that multiple repeated scans per session led to an increase of
the statistical power in detecting longitudinal changes in the FA
in the CST under otherwise identical conditions, that is, time
interval and group size.

From the simulation of a 0.5% longitudinal FA decrease
in the CST per year (slow longitudinal FA decrease), it was
shown at the analyzed time intervals of 60, 120, and 180 days
(Figure 2A) that a second scan per session resulted in increased
statistical power across both measurement uncertainties and all
time intervals. Due to the lower change per year, the third scan
per session led to a further increase in the statistical power
which was similar to the increase due to a second scan for high
measurement uncertainty.

In the simulations with 2.0-3.5% longitudinal FA decrease,
shorter time intervals were also analyzed, since effects should be
observable after shorter time intervals with a more pronounced
longitudinal decrease. In the simulation with an average annual
FA decrease of 2.0% (Figure 2B), the statistical power of 0.8
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could not be achieved with either low or high measurement
uncertainty for a time interval of 30 days and one scan per
session for less than 35 subjects per group. The second scan
increased the statistical power so that a statistical power of
0.8 could be reached with 20 subjects per group (with a given
low measurement uncertainty). A subsequent, third scan per
session led to further improvement of the statistical power
for both measurement uncertainties. For measurements with
low measurement uncertainty, the third scan did not further
increase the statistical power. This positive effect of the third
scan per session was lower the higher the time intervals between
the baseline and the follow-up session were. Thus, with a 90-day
interval between baseline and follow-up, the third measurement
did not provide any additional advantage over a two-time
repeated scan. The analysis of the sample sizes per group which
was needed to reach an effect size of 0.8 showed that, for FA
values with high measurement uncertainty, the second scan per
session resulted in a reduction of the required sample size per
group by about 30-45% (Figure 3).

In the simulation with a longitudinal FA decrease of 3.5%
per year in the CST (“fast FA progressors”) (Figure 2C), it
was shown that, with 90-days between baseline and follow-
up measurement, a statistical power of more than 0.8 could
already be achieved with 12 subjects per group, as well as for FA
values with high measurement uncertainty. Repeated scans per
session resulted in an increase of the statistical power in case of
high measurement uncertainties and/or shorter time intervals
(30 days). For a low measurement uncertainty, however, this
improvement could not be demonstrated already at follow-
up measurements 90-days after baseline. For measurements
subject to high measurement uncertainty, the third scan brought
no further advantage after 90-days, as compared to two
scans per session.

Discussion

This study investigated how the potential of the DTI-
based metric FA as a non-invasive progression marker may
be further optimized to monitor longitudinal changes in the
FA during the disease progression of ALS. The influences of
sample size, scheduling of baseline and follow-up sessions, and
measurement uncertainty on the statistical power were assessed
for longitudinal FA studies in the CST. Follow-up FA values
were simulated for patients with ALS and healthy controls based
on real baseline data distributions. Based on these synthetic
longitudinal FA values, it could be demonstrated that a second
scan at each session substantially increased the statistical power
of such studies, especially for uncertain measurements with a
limited SNR, for example, due to subject-related factors (Miiller
et al., 2013). The application of these results will strengthen
the reliability of the FA values, in line with SNR improvement
by signal-averaging during individual scans (Farrell et al., 2007;

frontiersin.org


https://doi.org/10.3389/fnins.2022.929151
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Behler et al.

10.3389/fnins.2022.929151

A 0.5 % change per year
15 t = 60 days t = 120 days t = 180 days
"~ Uncertainty: Scan repetitions:
Low HBa
L 08 High HBR
9]
2
o
0.6
©
O
Z’ 0.4
o
©
S
V0.2
0.0
0 5 10 15 20 25 30 35 10 15 20 25 30 35 O 5 10 15 20 25 30 35
sample size sample size sample size
B 2.0 % change per year
10 t = 30 days t = 60 days t = 90 days
« 0.8 - o
o
3
o
Q0.6
©
=2
_12, 0.4
S
©
S
V0.2
0.0
5 10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
sample size sample size sample size
C 3.5 % change per year
10 t = 30 days t = 60 days t = 90 days
P B 4 e e T I’ 4 s et L S -
9]
2
o
Q0.6
©
O
504
o
©
S
0.2
0.0
5 10 15 20 25 30 35 O 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
sample size sample size sample size
FIGURE 2
Statistical power for longitudinal diffusion tensor imaging studies in amyotrophic lateral sclerosis. Calculations were performed for (A) 0.5%, (B)
2.0%, and (C) 3.5% change per year of the fractional anisotropy in the corticospinal tract. Longitudinal simulations for a patient and a healthy
control group were performed for different sample sizes per group, two magnitudes of measurement uncertainty, one to three scans per
session, and time intervals t between baseline and the follow-up session.

Seo et al., 2019). Vice versa, the increased statistical power of a
DTT protocol means that lower sample sizes suffice to measure
small effects and/or effects after a short time, respectively. With
repeated scans per session, longitudinal FA changes in the CST
could be detected already after short time intervals. This can
be useful to identify even small alterations in cerebral WM
pathways (Bede and Hardiman, 2018; Miiller et al., 2021b) or
potentially even small treatment effects if studied in a given
therapeutic intervention. From longitudinal simulations of MRI
correlates of fast disease progression, it was shown that DTI can
detect alterations in the CST with satisfactory statistical power
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even after a short time. This provides the opportunity to use DTT
to differentiate between ALS variants with different progression
rates (Baek et al., 2020; Kalra et al., 2020).

As additional scans are a burden for patients with
neurodegenerative diseases, reliability analyses are often
performed on healthy participants. Patients with ALS might
present with reduced or restricted mobility, leading to
suboptimal positioning within the scanner and/or discomfort.
Breathing difficulties further interfere with lying supine in
the MRI scanner. This may result in a decreased SNR and,
therefore, decreased reliability of diffusion metrics. Therefore,
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FIGURE 3

Sample size per group to reach a statistical power of 0.8 with
different decrease rates in fractional anisotropy (FA). FA values
were either subject to (A) low or (B) high measurement
uncertainty. Statistical power calculations were performed for
60, 90, and 120 days between baseline and follow-up sessions
and one to three scans per session.

measurement uncertainty of FA values determined for healthy
subjects in this study might underestimate those in patients
with ALS. Thus, it may be concluded that repeated scans at
one visit are beneficial especially at an advanced disease stage
to achieve sufficient statistical power even with small sample
sizes. Of course, repeated scans per session can also be an
additional burden, especially for patients in later disease stages,
and it may be assumed that repeated scans per session are
possible at baseline but might be declined by the patient at
later follow-ups. However, even then the repeated scans at
baseline have a high value for the longitudinal analysis, since the
data may be automatically weighted. Therefore, time intervals
between multiple follow-ups no longer bias the results (Miiller
et al., 2021a). Since several uncertainties of measurements
might occur in a clinical study, depending on patient condition
including disease progression, one possible improvement could
be to scan subjects two times during one visit.
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A separate analysis of data from 1.5 to 3.0 T MRI acquisition
protocols showed that similar FA values could be obtained in
patients with ALS at different field strengths (Kassubek et al.,
2014). Therefore, measurement uncertainties acquired from 1.5
T scanner data could be used together with group data obtained
at a 3.0 T scanner: 3.0 T data show a higher SNR compared
to 1.5 T data, thus 1.5 T data were only used for uncertainty
estimation in this study and simulations at the group level
were performed on data recorded on a 3.0 T scanner. The
reliability analysis of two different 1.5 T scanner protocols
showed that the ICC of the FA in the CST, obtained by a tract-
based approach, was in the same order of magnitude as reported
for a 3.0 T scanner (Lewis et al, 2020). This finding is not
surprising, since the reliability of diffusion metrics is not affected
by the field strength alone (Vollmar et al., 2010) but also by
the number of GD (Teipel et al., 2011), DTI data processing
pipelines (Thieleking et al., 2021), and the MRI scanner itself
(Palacios et al., 2017). Although field strength is only one of
the several factors affecting test-retest reliability, scanners with
different field strengths in multicenter studies lead to increased
inter-site variability in diffusion metrics. This has an additional
negative impact on the statistical power of longitudinal studies
due to larger variability between subjects from different sites.
Since multicenter studies are often required in rare diseases
such as ALS, this limitation can be addressed with robust
harmonization methods that reduce inter-site variability while
preserving biological variability (Pinto et al., 2020). An approach
using linear correction for scanner effects in multicenter
longitudinal studies showed better estimates accounting for the
within-subject variability (Venkatraman et al., 2015); an analysis
approach for harmonizing multicenter DTI data have been
reported previously (Miiller et al., 2016; Kalra et al., 2020). Since
the measurement uncertainty may differ between sites, it could
be assumed that the acquisition of multiple scans per visit also
might have a positive effect on the harmonization of multicenter
studies and their evaluations.

This study is not without limitations. The sample size
of the test-retest cohort was limited, and these DTI data
sets were acquired on a different MRI scanner than those
of the groups providing basic information for longitudinal
simulation. To strengthen the power of such simulations, test-
retest measurements on the scanner of the planned study would
be ideal. This study focused on longitudinal alterations in FA
in the CST because the CST alterations are to be robustly
found early in the disease process of ALS (Menke et al., 2017;
Bede and Hardiman, 2018; Kassubek et al., 2018; Baek et al.,
2020). The reliability of other tract systems might be different
from those of the CST (Marenco et al.,, 2006; Luque Laguna
et al., 2020), leading to a limited transferability of results for
optimal time intervals and sample sizes to other WM pathways.
For the simulation, the same magnitude of time-independent
measurement uncertainty was used for patients and healthy
subjects, but this might not completely represent reality, since
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it can be assumed that the quality of the patient data sets
might be worse than that of the healthy subjects and thus, the
measurement uncertainty would be higher for patients. Also,
increasing disease severity during the course could further affect
the quality and in that way the measurement uncertainty.

In summary, this study demonstrated that the statistical
power of longitudinal DTT studies in ALS can be substantially
increased by multiple scans of the same subject per session,
especially in limited sample sizes. Such optimized study
protocols can help to establish FA as an imaging biomarker
in ALS, especially to monitor disease progression not only in
the natural history but also under future disease-modifying
therapeutic approaches.
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Real-world applicability of glial
fibrillary acidic protein and
neurofilament light chain in
Alzheimer’s disease

Tandis Parvizi', Theresa Kénig*, Raphael Wurm?, Sara Silvaieh?,
Patrick Altmann?, Sigrid Klotz?, Paulus Stefan Rommer?, Julia
Furtner?, Glunther Regelsberger?, Johann Lehrner?, Tatjana
Traub-Weidinger®, Ellen Gelpi? and Elisabeth Stdgmann'*

!Department of Neurology, Medical University of Vienna, Vienna, Austria, ?Division of
Neuropathology and Neurochemistry, Department of Neurology, Medical University of Vienna,
Vienna, Austria, *Division of Neuroradiology and Musculoskeletal Radiology, Department of
Biomedical Imaging and Image-Guided Therapy, Medical University of Vienna, Vienna, Austria,
“Division of Nuclear Medicine, Department of Biomedical Imaging and Image-Guided Therapy,
University of Vienna, Vienna, Austria

Background: Blood-based biomarkers may add a great benefit in detecting
the earliest neuropathological changes in patients with Alzheimer's disease
(AD). We examined the utility of neurofilament light chain (NfL) and glial
fibrillary acidic protein (GFAP) regarding clinical diagnosis and differentiation
between amyloid positive and negative patients. To evaluate the practical
application of these biomarkers in a routine clinical setting, we conducted
this study in a heterogeneous memory-clinic population.

Methods: We included 167 patients in this retrospective cross-sectional study,
123 patients with an objective cognitive decline [mild cognitive impairment
(MCI) due to AD, n = 63, and AD-dementia, n = 60] and 44 age-matched

Abbreviations: A, Amyloid-Beta; AD, Alzheimer's disease; ALS, Amyotrophic lateral sclerosis; APOE,
Apolipoprotein E; AUC, Area under the curve; BDI-II, Beck Depression Inventory; CSF, Cerebrospinal
fluid; CT, Computed tomography; CV, Coefficient of variation; DNA, Deoxyribonucleic acid; ELISA,
Enzyme-linked immunosorbent; FLAIR, Fluid-attenuated inversion recovery; FTD, Frontotemporal
dementia; GDS, Global Deterioration Scale; GFAP, Glial Fibrillary Acidic Protein; HC, Healthy controls;
HIV, Human immunodeficiency virus; IATI, Innotest Amyloid Tau Index; IQR, Interquartile range;
LBD, Lewy body dementia; MCI, Mild cognitive impairment; MMSE, Mini-Mental State Examination;
MRI, Magnetic resonance imaging; MUV, Medical University of Vienna; NfL, Neurofilament light
chain; NTBV, Neuropsychological Test Battery Vienna; NFT, Neurofibrillary tangles; NIA-AA, National
Institute on Aging and Alzheimer's Association; PET, Positron emission tomography; PiB, Pittsburgh
Compound B; pTau, Phosphorylated Tau; gPCR, Quantitative polymerase chain reaction; RDA,
Research Documentation and Analysis; ROC, Receiver operating characteristic; SCD, Subjective
cognitive decline; SIMOA, Single-molecule array; SNP, Single nucleotide polymorphisms; tTau, Total

Tau; VVT-3.0, Vienna-Visuo-Constructional Test 3.0; WST, Wortschatztest.
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healthy controls (HC). Cerebrospinal fluid (CSF) and plasma concentrations
of NfL and GFAP were measured with single molecule array (SIMOA®)
technology using the Neurology 2-Plex B kit from Quanterix. To assess
the discriminatory potential of different biomarkers, age- and sex-adjusted
receiver operating characteristic (ROC) curves were calculated and the area
under the curve (AUC) of each model was compared.

Results: We constructed a panel combining plasma NfL and GFAP with
known AD risk factors (Combination panel: age+sex+APOE4+GFAP+NfL).
With an AUC of 91.6% (95%Cl = 0.85-0.98) for HC vs. AD and 81.7%
(95%ClI = 0.73-0.90) for HC vs. MCl as well as an AUC of 875%
(95%CI = 0.73-0.96) in terms of predicting amyloid positivity, this panel
showed a promising discriminatory power to differentiate these populations.

Conclusion: The combination of plasma GFAP and NfL with well-established
risk factors discerns amyloid positive from negative patients and could
potentially be applied to identify patients who would benefit from a more
invasive assessment of amyloid pathology. In the future, improved prediction
of amyloid positivity with a noninvasive test may decrease the number and

costs of a more invasive or expensive diagnostic approach.

Alzheimer’s disease, dementia, biomarker, GFAP, NfL

Introduction

(AD)
neurodegenerative disorder, which leads to a progressive

Alzheimer’s  disease represents a frequent
decline in cognitive functions (McKhann et al, 1984, 2011).
Since the earliest neuropathological changes with the cerebral
accumulation of amyloid-beta (AB) and neurofibrillary tangles
(NFT) are expected to begin 10-20 years before clinical
manifestation, the definition of AD shifted towards a rather
biological construct with a better understanding of AD as a
disease continuum (Sperling et al., 2011; Bateman et al., 2012;
Jack et al., 2018). The diagnosis of early phases of AD is of
particular interest concerning the inclusion in clinical trials
and the development of disease-modifying therapies. Recent
studies have been looking for a possibility to identify reliable
blood-based biomarkers for an early AD diagnosis, as nowadays
biomarker diagnosis is either performed with cost-intensive
positron emission tomography (PET) imaging or invasive
lumbar puncture.

The establishment of new and sensitive analytical methods
may facilitate this approach. In comparison to the already
established enzyme-linked immunosorbent assay (ELISA), the
development of ultrasensitive single molecule arrays (SIMOA®)
has improved the sensitivity of detecting proteins in the
femtomolar range (Barro et al., 2020; Abdelhak et al., 2022).

Neurofilament light chain (NfL), a subunit of specific
cytoskeletal proteins of neurons, represents a highly proposed
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biomarker for the detection of neuronal loss. Cerebrospinal fluid
(CSF) and blood NfL levels are increased in the vast majority
of neurological conditions with the highest concentrations
in individuals with human immunodeficiency virus (HIV)-
associated dementia, frontotemporal dementia (FTD), and
amyotrophic lateral sclerosis (ALS; Bridel et al., 2019; Ashton
etal., 2021). Furthermore, NfL is also elevated in AD and studies
on autosomal dominant AD showed an elevation of NfL over a
decade before the expected onset of clinical symptoms (Preische
et al,, 2019). Higher NfL levels are associated with cognitive
decline, brain atrophy, and future disease progression in multiple
neurological disorders (Mattsson et al., 2017; Lewczuk et al.,
2018; Bridel et al, 2019). Additionally, several studies have
indicated the use of NfL as a marker for treatment response
(Olsson et al., 2019; Delcoigne et al., 2020).

Another
neurodegenerative changes could be glial fibrillary acidic

promising biomarker for tracking
protein (GFAP), an intermediate filament protein of astrocytes.
Neuropathological data have shown a close spatial relationship
between reactive astrocytes and amyloid plaques in brain tissue
of patients with AD (Verkhratsky et al., 2010; Kamphuis et al.,
2014). Increased GFAP concentrations have been detected in
CSF and blood of AD patients, with rising levels already at
the preclinical phase of the disease, as well as an association
between GFAP levels and cerebral amyloid pathology, brain
atrophy, cognitive decline, and future conversion to dementia

(Elahi et al., 2019; Oeckl et al., 2019; Asken et al., 2020;
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Verberk et al., 2020; Benedet et al., 2021; Chatterjee et al., 2021;
Cicognola et al., 2021). Furthermore, an elevation of GFAP
has been observed in patients with traumatic brain injury,
neuroinflammatory, and other neurodegenerative disorders
including Lewy body dementia (LBD) and progranulin-
associated FTD (Heller et al., 2020; Katisko et al, 2021;
Zhu et al, 2021; Abdelhak et al.,
2022).

2022;

Chouliaras et al.,

The aim of this study was to examine GFAP and NfL levels in
CSF and plasma in various stages of the clinical AD continuum
and to investigate the predictive value of these blood biomarkers
in combination with well-established risk factors in relation to
clinical diagnosis and amyloid positivity. Due to the fact, that
most biomarker studies include a preselected population with
stringent eligibility criteria, we aimed to evaluate the real-world
application of these biomarkers in a relatively heterogenous
population of memory-clinic outpatients.

Methods

Study population

One-hundred sixty-seven patients were enrolled in this
retrospective study at the Memory Clinic of the Department
of Neurology, Medical University of Vienna (MUV). As various
patients with the main concern of subjective/objective cognitive
decline are referred to our specialized memory clinic both
by specialists and generalists, without a preselection, our
patient cohort rather reflects a more heterogeneous study
population and thus resembles more closely a real-world
setting. Using two existing registries, the Dementia Registry
RDA MUV (EK 1323/2018) and the BIOBANK MUV (EK
2195/2016), we identified 123 patients with a diagnosis along
the clinical spectrum of cognitive decline, i.e., mild cognitive
impairment (MCIL, n = 63) due to AD and AD-dementia
(n = 60). Additionally, 44 age-matched healthy controls (HC)
were included. These participants were recruited from an
unselected population of patients, that were administered to
the Department of Neurology and received further neurological
examination, including brain imaging and lumbar puncture,
to rule out an underlying neurological disorder. The main
diagnoses of these patient cohorts consisted of idiopathic cranial
nerve palsies, headache syndromes, and somatic symptom
disorders and showed no signs of a neurodegenerative disease
or subjective/objective cognitive decline.

All 123 patients with an objective cognitive decline
(MCI, AD) underwent a thorough standardized diagnostic
examination including physical and neurological evaluation,
neuropsychological testing, magnetic resonance imaging (MRI)
of the brain, and basic laboratory testing. For a subset of
patients, we extended our diagnosis with a biomarker-based
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approach. CSF analysis of established AD biomarkers [amyloid-
beta 42 (AP42), total tau (tTau), and phosphorylated tau
(pTau)] was available in 75 patients, amyloid-PET imaging was
performed in 80 patients, and 60 patients underwent both
diagnostic methods.

Diagnoses of MCI and dementia due to AD were based
on the recommendation of the National Institute of Ageing
and Alzheimer’s Association (NIA-AA; Albert et al., 2011;
McKhann et al,, 2011). All 167 study participants were required
to have a plasma EDTA sample stored in the Biobank
MUYV, for 103 study participants CSF samples were available
as well.

The project was approved by the Ethics Committee of the
Medical University of Vienna (EK 1965/2019) on November
28th, 2019.

Neuropsychological assessment

The Neuropsychological Test Battery Vienna (NTBV)
was administered to assess cognitive function, including
domains of attention, language, executive functioning, and
episodic memory (Pusswald et al, 2013; Lehrner et al,
2015a). Adequate normative data from cognitively unimpaired
individuals were available and z-scores for each variable were
calculated and corrected for age, education, and sex. Screening
of cognitive impairment consisted of Mini-Mental State
Examination (MMSE), Global Deterioration Scale (GDS), and
Wortschatztest (WST), a standardized vocabulary test providing
an estimate of premorbid intelligence level (Schmidt and
Metzler, 1992). Furthermore, the Vienna-Visuo-Constructional
Test 3.0 (VVT-3.0) was applied to assess the visuo-constructive
performance (Lehrner et al, 2015b). Depressive symptoms
were measured via Beck Depression Inventory (BDI-II;
Kiithner et al., 2007).

APOE genotyping

Apolipoprotein E (APOE) genotyping was performed in
143 patients using quantitative polymerase chain reaction
(qPCR) with TagMan probes (Thermofisher) evaluating two
single nucleotide polymorphisms (SNPs) in the APOE gene
(rs429358 and rs7412). Each sample was tested for both SNPs
in triplicates using 20 ng deoxyribonucleic acid (DNA). Allelic
discrimination analysis was used to determine the APOE
genotype of the study participants.

MR imaging

All patients underwent at least a TIl-weighted MR
sequence, a T2-weighted or a Fluid-attenuated inversion
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recovery (FLAIR) MR sequence, and a diffusion-weighted
MR sequence within the routine diagnostic setting for
the evaluation of the extent and pattern of atrophy, the
presence and degree of vascular lesions and to exclude other
underlying pathologies causing cognitive decline and diffusion
restricted areas.

Amyloid-PET imaging

Eighty patients underwent an amyloid-PET scan with
['®F] flutemetamol (n = 28) or ['!C] Pittsburgh compound-B
(PiB, n =
one of two possible PET scanner systems (Siemens Biograph
64 True Point, Erlangen, Germany or GE Advances PET, GE
Healthcare Institute, Waukesha, Wisconsin, USA). All studies
were performed under strictly controlled conditions. In short,
either ~400 MBq of [11C] PiB (in-house production according
to previously published recommendations; Philippe et al., 2011)
or 185 MBq of [18F] flutemetamol (Vizamyl®, GE Healthcare)
were injected intravenously into a peripheral vein with starting

52). Amyloid-PET imaging was performed on

image acquisition 40 min p.i. for [11C] PiB and 90 min p.i.
for Vlzamyl®, where the tracer accumulation in the brain is
reaching the maximum. Subsequently, the image acquisition was
performed for about 20 min following a computed tomography
(CT) acquisition for attenuation correction using Siemens
Biograph 64 True Point.

Scans were rated visually as positive or negative for the
presence of amyloid pathology in the cortex by an experienced
nuclear medicine physician according to the guidelines of the
tracer manufacturers.

Fluid biomarkers

CSF was obtained by lumbar puncture between the L3/L4,
L4/5, or L5/S1 intervertebral space, collected in polypropylene
tubes and further stored at —20°C until biomarker analysis
(as for AB42, pTau 181, and tTau), or immediately at —80°C
for future research purposes (Teunissen et al, 2014; Duits
et al, 2015). Levels of AP42, pTau 181, and tTau were
measured with commercially available ELISA (Innotest hTAU-
Ag, Innotest phosphoTAU 181p, Innotest beta-amyloid 1-42;
Vanmechelen et al., 2000; Vanderstichele et al.,, 2009). The
cut-off for these biomarkers were based on the manufacturer’s
recommendation (AB42 < 500 pg/ml, pTau 181 > 61 pg/ml,
tTau > 300 pg/ml). From these measurements, Innotest Amyloid
Tau Index (IATI) was calculated for each patient (measured
as AB42/(240+1.18xtTau), reference values <1 pg/ml indicative
of AD pathology, >1 pg/ml—normal; Hulstaert et al., 1999;
Tabaraud et al., 2012).

EDTA plasma was collected through venepuncture and
stored at —80°C in our local biobank. Concentrations of
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NfL and GFAP were quantified with an ultrasensitive single
molecule array (SIMOA®) using the Neurology 2-Plex B
kit from Quanterix in CSF and plasma. Detailed analyses
are described elsewhere (Altmann et al, 2020). In short,
equilibrated calibrators, samples, and controls were diluted
(1:4 for plasma and 1:100 for CSF) and incubated with detector
and paramagnetic reagents provided by the manufacturer.
Streptavidin SS-galactosidase was added to each well before
samples were transferred to the Quanterix SR-X analyzer for
measurement of protein levels. All samples were analyzed as
duplicates and all assay materials were obtained from the same
kit lot. Intra-assay coefficient of variation (CV) was <12% for
GFAP Plasma, <13% for GFAP CSE, <9% for NfL Plasma and
<8% for NfL CSE Inter-assay CV for two samples measured
repeatedly on 10 plates was well acceptable (<12% for GFAP
Plasma, <14% GFAP CSE, <8% NfL Plasma and <10% NfL
CSF). Five patient samples were excluded from further analysis
due to a high CV (>20%) and therefore not included in this
study.

Amyloid positivity

Amyloid positivity was defined by CSF (IATI < 1) and/or
amyloid-PET imaging. In cases where both examinations were
available or discordant results were obtained, amyloid status was
determined by PET.

Statistical analysis

Data are presented as n (percent) or median (interquartile
range) as appropriate. Testing for differences between groups
was performed using the chi-square test, the Mann-Whitney-
U-test, or the Kruskal-Wallis-test. The correlation was assessed
using Spearman’s rank correlation coefficient. To evaluate the
discriminatory performance of the biomarkers assessed herein,
the cohort was split into pairs of two diagnoses (e.g., AD and
HC) and the response variable was coded as existing for the
more severe diagnosis (i.e., MCI when assessing MCI vs. HC).
Next, a baseline model consisting of sex, age, and APOE4 status
was constructed using logistic regression. A receiver operating
characteristic (ROC) curve was plotted and the area under the
curve (AUC) was measured. Optimal cutoffs were calculated
using Youden’s J-Statistic (Youden, 1950). The baseline model
was then supplemented by either level of plasma GFAP, plasma
NfL, or both, and the AUC of each model was compared using
DeLongs test for correlated AUC curves (Delong et al., 1988).
A p-value of <0.05 was interpreted as statistically significant.
All calculations were performed in R (Version 4.0.4) and the
pROC package was used for ROC calculations (Robin et al.,
2011).
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Results

Participant characteristics

Demographic and clinical characteristics are listed in
Table 1.

We observed no significant difference in sex distribution
between the groups, while HC were significantly younger than
the two patient groups (p < 0.01 for HC vs. MCI and AD).
MMSE decreased significantly with progressing disease with the
lowest score in the AD group (p < 0.001). Data of APOE4
carriership (carriers of at least one APOE4 allele) was available
for 143 patients, with the highest occurrence of APOE4 alleles
in AD patients (33 of 53 patients, 62.3%), compared to 22 out
of 54 patients in the MCI group (40.7%). A chi-square test
of independence was performed to examine the relationship
between the APOE4 status and the diagnosis. As can be seen
by the frequencies cross-tabulated in Table 1, there was a
significant relationship between APOE4 status and diagnosis
(XN = 167) = 8:5078, p < 0.05.

For a subset of patients (n = 75) CSF analysis of established
AD biomarkers was available (AB42, tTau, pTau). While CSF
tTau and pTau levels increased significantly with progression
from MCI to AD (p < 0.001 and p < 0.05, respectively),
the difference in AB42 concentration between MCI and AD
reached no statistical significance. Accordingly, the IATI value
was significantly lower in the AD group than in the MCI group
(p < 0.001).

Amyloid-PET imaging was performed in 39 of 63 patients
with MCI (61.9%) and 41 of 60 patients with AD (68.3%).
Positive amyloid-PET imaging was significantly higher in AD
patients with a total of 39 (95.1%) positive subjects in AD,
compared to 23 patients with MCI (59%, p < 0.001). Taken
together, biomarker data (CSF analysis or PET imaging) was
available for 95 patients (56.9%), which demonstrated signs of
amyloid pathology in a total of 76 patients (80%), determined by
CSF IATI and/or amyloid-PET imaging as outlined previously.

Concentration of GFAP and NfL in plasma
and CSF

Plasma GFAP displayed a gradual increase along the three
cohorts, with the highest concentration in patients with AD
(median 181.9 pg/ml, IQR 129.6, 269.6, Table 1 and Figure 1A).
While plasma levels were significantly higher in patients with
MCI vs. HC and AD vs. HC (p < 0.001), we observed
no significant difference of plasma GFAP levels between
MCI vs. AD.

Plasma NfL performed similarly to GFAP regarding the
difference in concentrations between MCI vs. HC and AD vs.
HC (p < 0.001, Table 1 and Figure 1B). In contrast to plasma
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GFAP, NfL levels showed a significant discrimination between
MClI vs. AD (p < 0.05).

For 103 patients, CSF samples in our local biobank were
available. Levels of CSF NfL increased gradually, with the lowest
concentration in the HC group (median 584.1 pg/ml, IQR 449.6,
832.8) and the highest concentration in the AD group (median
1,559 pg/ml, IQR 1,026.6, 2,513.9).

On the contrary, CSF GFAP presented the lowest
concentration in the MCI group (median 8,946.2 pg/ml,
IQR 7,028.8, 13,842.7), followed by HC (median 11,145.3 pg/ml,
IQR 6,980.5, 14,373.8) and AD (median 13,663.5 pg/ml, IQR
9,945.4, 21,059.1).

Both CSF biomarker levels allowed a good distinction
between AD vs. HC and MCI vs. AD (NfL p < 0.001 for both
measurements, GFAP p < 0.05 and p < 0.01, respectively), while
a significant differentiation between HC vs. MCI could not be
demonstrated.

In a logistic regression model including GFAP or NfL as
the dependent variable and age and diagnosis (with HC as the
comparator) as predictors, age was significantly associated with
GFAP (B = 4.2, p < 0.001) and NfL (B = 0.4, p < 0.001), while
diagnosis remained significant in both models.

Using Spearman correlation coefficient, the correlation of
NfL and GFAP in CSF and plasma were analyzed (Figures 2A,B).
Correlation between NfL in CSF and plasma performed better
(R=0.64, p < 0.001, Figure 2A) than the correlation of GFAP in
CSF and plasma (R = 0.4, p < 0.001, Figure 2B).

Diagnostic value of plasma GFAP and NfL
in combination with known AD risk
factors

To assess the clinical utility of GFAP and NfL in plasma,
particularly in distinguishing healthy controls from patients
with cognitive complaints (MCI and AD) and potentially
predicting cerebral amyloid status, ROC analyses were
performed and adjusted for sex and age. We constructed a
diagnostic panel, consisting of well-established risk factors
such as age, sex (defined as female > male), and APOE4
carriership (defined as carrying at least one copy of the
APOE4 allele; i.e., agetsex+APOE4 panel) and compared
it with a panel of age, sex, APOE4 carriership added by
plasma NfL and plasma GFAP, called combination panel
(i.e., age+sex+APOE4+GFAP+NfL panel, Figures 3A-D).
Additionally, analyzed separately
to evaluate the potential benefit of GFAP or NfL alone
(i.e., age+sex+APOE4+GFAP panel and age+sex+APOE4+NfL
panel).

we each biomarker

When using the age+sex+APOE4 panel alone, we calculated
an AUC of 73.4% (95%CI = 0.63-0.84) for HC vs. AD
(Figure 3A), AUC of 64.6% (95% CI = 0.53-0.76) for HC vs.
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TABLE 1 Demographics and clinical characteristics.

HC (n=44) MCI (n=63) AD (n =60) p value
Sex (f) 24 (54.5%) 29 (46%) 36 (60%) p=0.294
Age 61.2 (55.8, 69.5) 69.9 (59.3,77.8) 69 (61.3,75) p <0.01
MMSE n.a. 27 (25,28) 20 (14, 23) p <0.001
APOEA4 carrier n/ total n (%) 12/36 (33.3%) 22/54 (40.7%) 33/53 (62.3%) p <0.05
CSF AB42 (pg/ml)* n.a. 354 (248, 479.5) 332.5(231.8,454.8) p=0.322
CSF tTau (pg/ml)* na. 310 (188, 504.5) 600.5 (404.3, 1106.8) p < 0.001
CSF pTau (pg/ml)* n.a. 53 (33.5,79.5) 77.5(51.3,96.3) p <0.05
CSF IATI (pg/ml)* n.a. 0.6 (0.3, 0.8) 0.3(0.2,0.5) p <0.001
Amyloid-PET positivity n/total n (%) n.a. 23/39 (59%) 39/41 (95.1%) p <0.001
Amyloid positivity n/total n (%)** n.a. 29/46 (63%) 47/49 (95.9%) p < 0.001
Plasma NfL (pg/ml) 8.1(5.9,12.2) 12.9(8.5,20.4) 15.5(11.8,23.2) p <0.001
Plasma GFAP (pg/ml) 79 (53.7, 120.6) 167.5 (93.8, 256.3) 181.9 (129.6, 269.6) p < 0.001
CSF NfL (pg/ml)** 584.1 (449.6, 832.8) 807.7 (507.7, 1103.2) 1,559 (1026.6, 2513.9) p <0.001
CSF GFAP (pg/ml)*** 11,145.3 (6980.5, 14373.8) 8,946.2 (7028.8, 13842.7) 13,663.5 (9945.4, 21059.1) p <0.01

Data are presented as the median and interquartile range (IQR, 25th-75th percentile) or n (%). Demographic and clinical differences were measured using the Kruskal-Wallis
test or the chi-square tests as appropriate. *CSF AD biomarkers (AB42, tTau, pTau, IATI) were available for 75 patients (37 MCI, 38 AD). ** Amyloid positivity was defined by
CSF IATI <1 pg/ml and/or positive amyloid-PET imaging. ***CSF NfL and GFAP levels were analyzed in 103 patients (36 HC, 30 MCI, 37 AD). HC, healthy controls; MCI,
mild cognitive impairment; AD, Alzheimer’s disease; f, female; MMSE, mini-mental state examination; CSF, cerebrospinal fluid; AB42, amyloid-beta 42; tTau, total tau; pTau,
phosphorylated tau; IATI, Innotest Amyloid Tau Index; NfL, neurofilament light chain; GFAP, glial fibrillary acidic protein; #.a., not available; NfL, neurofilament light chain;

GFAP, glial fibrillary acidic protein.

GFAP in Plasma

log Concentration (pg/ml)
o

1

NFL in Plasma

1

HC AD

FIGURE 1

Diagnosis

Concentration of GFAP (A) and NfL (B) in plasma among the three cohorts (HC, MCI, AD). Differences of biomarker concentration were calculated
using Kruskal-Wallis Test, p value is displayed as *p < 0.05, ***p < 0.001, ns, not significant. HC, healthy controls; MCI, mild cognitive impairment;
AD, Alzheimer's disease; CSF, cerebrospinal fluid; NfL, neurofilament light chain; GFAP, glial fibrillary acidic protein.

AD

MCI (Figure 3B) and an AUC of 66.4% (95%CI = 0.56-0.77)
for MCI vs. AD (Figure 3C). Regarding the diagnostic
accuracy in predicting amyloid status and the distinction
of amyloid-negative (AB-) from amyloid-positive (AB+)
the AUC was 75% (95% CI 0.62-0.88,

individuals,
Figure 3D).
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By adding NfL to the panel (age+sex+APOE4+NfL panel),
the discrimination between HC vs. AD reached a significantly
higher AUC of 84.5% (95%CI = 0.76-0.93, Figure 3A) compared
to the age+sex+APOE4 panel alone (p = 0.003), while the
other calculations failed to achieve significantly better results
(HC vs. MCI AUC 68.8%, 95%CI = 0.58-0.80, MCI vs. AD

frontiersin.org


https://doi.org/10.3389/fnagi.2022.887498
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#articles
https://www.frontiersin.org

A Correlation of NFL in CSF and Plasma B Correlation of GFAP in CSF and Plasma
R=0.64, p <0.001 R=0.4,p <0001
80000
4000 60000
w
& 8
c £
] o
E g 40000
2000
20000
0 0
0 20 40 60 0 200 400 600
NFL in Plasma GFAP in Plasma
FIGURE 2
Correlation of NfL in CSF and plasma (A) and GFAP in CSF and plasma (B). Correlation was assessed using Spearman’s rank correlation coefficient.
CSF, cerebrospinal fluid; NfL, neurofilament light chain; GFAP, glial fibrillary acidic protein.

AUC 72%, 95%CI = 0.63-0.82), amyloid positivity (AUC 76.5%,
95%CI = 0.61-0.87, Figures 3B-D).

The combination of GFAP with the age+sex+APOE4 panel
(age+sex+APOE4+GFAP panel) obtained an AUC of
91.3% (95%CI = 0.85-0.97) for HC vs. AD (p < 0.001,
Figure 3A) and AUC of 81.3% (95% CI = 0.72-0.90)
for HC vs. MCI (p < 0.01, Figure 3B) compared to the
age+sex+APOE4 panel. The prediction of amyloid positivity
demonstrated an AUC of 86% (95%CI = 0.70-0.97, Figure 3D),
but missed statistical significance as well as the differentiation
between MCI vs. AD (AUC 66.7%, 95%CI = 0.57-0.77,

Figure 3C).
When  combining the two  biomarkers  with
the age+sex+APOE4 panel (combination  panel:

age+sex+APOE4+GFAP+NfL), the AUC of HC vs. AD
reached 91.6% (95%CI = 0.85-0.98, p < 0.001, Figure 3A),
AUC of HC vs. MCI 81.7% (95%CI = 0.73-0.90, p < 0.01,
Figure 3B) and for amyloid positivity 87.5% (95%CI = 0.73-0.96,
p < 0.05, Figure 3D), therefore, significantly outperforming the
age+sex+APOE4 panel alone. Similar to the other two panels
(age+sex+APOE4+GFAP  panel age+sex+APOE4+NfL
panel), the combination panel could not improve the distinction
between MCI vs. AD (AUC 72.3%, 95%CI = 0.63-0.82,
Figure 3C).

and
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Discussion

this
examined the performance of two promising biomarkers

In outpatient memory clinic-based study, we
of neurodegeneration and neuroinflammation, NfL, and GFAP,
for the diagnostic work-up of patients along the continuum of
AD-related cognitive decline. We aimed to develop a practical
and reproducible model for a quick and accurate patient at-risk
identification in a routine clinical practice.

A combination of demographic factors with APOE4 status
and blood biomarkers, such as GFAP and NfL, might offer a
reliable differentiation between healthy controls and patients
with an objective cognitive decline, particularly between healthy
controls and patients with AD. In terms of predicting amyloid
positivity in a cognitively impaired cohort, an integrated
approach of history and blood analysis could also serve as
a feasible and accessible tool, especially in screening those
patients, who might need a more detailed and effortful
diagnostic approach. By additional assessment of these two
plasma biomarkers, the diagnostic accuracy as well as the
prediction of cerebral amyloid accumulation could be majorly
improved. Interestingly, this effect was more pronounced for
plasma GFAP than plasma NfL. This could be explained by

the fact, that GFAP seems to be a marker of the earliest AD
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FIGURE 3
AUC, area under the curve.

Receiver operating characteristic (ROC) curves for the diagnostic performance in distinguishing HC from AD (A), HC from MCI (B), MCI
from AD (C), the differentiation between amyloid positive and negative patients in our cohort (D). The area under the curve (AUC) of each
model was compared using Delong's test for correlated AUC curves. The four panels analyzed were called age+sex+APOE4 (blue), GFAP+
(age+sex+APOE4+GFAP, orange), NfL+ (age+sex+APOE4+NfL, green), and Combination panel (age+sex+APOE4+GFAF+NfL, red) in this figure.
HC, healthy controls; MCI, mild cognitive impairment; AD, Alzheimer's disease; NfL, neurofilament light chain; GFAP, glial fibrillary acidic protein;
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pathology with an association between GFAP levels and amyloid
load, while NfL could be more useful in terms of disease
monitoring and progression (Verberk et al., 2021; Ebenau et al.,
2022). Unfortunately, for discriminating the disease states of
MCI and AD, none of the three biomarker-based panels could
add a significant benefit to the age+sex+APOE4 panel. However,
due to the better understanding of AD as a continuum, this
clear distinction is getting more and more ambiguous (Jack et al.,
2018).

Focusing on plasma GFAP alone, its levels showed a
gradual increase along the three cohorts, with the highest
concentration in patients with AD, thereby allowing a good
biological interpretation of a gradual rise of this biomarker along
the progressing neuropathological process. The most prominent
discrimination was achieved between HC and patients with an
objective cognitive decline (MCI and AD). However, in contrast
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to NfL alone, plasma GFAP could not differentiate between MCI
vs. AD.

Regarding CSF biomarkers in our cohort, we found the
highest concentration of CSF GFAP in patients with AD
followed by the HC group and the lowest concentration in MCI,
therefore, these results must be interpreted cautiously. CSF NfL
demonstrated a gradual increase over the three cohorts with
the lowest levels in HC and the highest in AD. Nevertheless,
both measurements—CSF GFAP and CSF NfL—allowed a good
discrimination between HC and AD as well as MCI and AD,
with better results for CSF NfL. The concentration of NfL
in CSF and plasma correlated well with each other, which is
in line with already published data (Kuhle et al., 2016; Rojas
et al,, 2016; Mattsson et al., 2017), suggesting that plasma levels
might be considered as an acceptable proxy for CSF levels. In
contrast to NfL, levels of GFAP in CSF and plasma showed
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a lower correlation, which was already described by another
study (Oeckl et al., 2019). Recently published data indicated
higher effect sizes of the increase of plasma GFAP compared
to CSF GFAP and a more accurate distinction between AP+
and AB- individuals for plasma GFAP. Potential explanations
could be preanalytical factors or different clearance mechanisms
regarding the disrupted blood-brain barrier in patients with AD
(Benedet et al., 2021). Thus, further investigations are needed to
better determine the role of CSF GFAP and its correlation with
GFAP levels in blood in these patient cohorts.

Diagnosis of the early phases of AD is crucial in regard
to detecting patients at risk as early as possible in the
development of the neuropathological cascade. Furthermore,
due to the limited resources of in vivo biomarker testing
in the general population, the establishment of a screening
tool to select those patients, who would benefit from a more
thorough testing, is of great importance. Besides the abnormal
aggregation of AP peptide and tau protein, neuroinflammation
and neurodegeneration represent major components in the
pathophysiology of AD (Jack et al, 2018). In recent years,
the role of neuroinflammation in the pathogenesis of AD has
been increasingly focused on in the literature. Neuropathological
data have shown a close spatial relationship between Af
plaques and reactive astrocytes, which along with microglia,
may trigger a pro-inflammatory cascade and eventually lead
to neurodegeneration, which in turn activates astrocytes and
microglia (Frost and Li, 2017; Garwood et al, 2017). As
a cytoskeletal component of astrocytes, GFAP could serve
as a promising biomarker reflecting astrocytic activation and
proliferation during the neurodegenerative processes, including
AD, particularly in its earliest stages (Chatterjee et al.,, 2021;
Verberk et al., 2021). On the other hand, NfL represents a
rather unspecific biomarker for neurodegeneration, as it is
released by axonal damage in multiple neurological disorders
(Forgrave et al, 2019; Thebault et al, 2020). While the
importance of NfL as a blood-based biomarker has been
already reported in several studies (Mattsson et al., 2017, 2019;
Benedet et al, 2019), the significance of GFAP is currently
still evolving. To our knowledge, only a few studies have
evaluated the combination of GFAP with other biomarkers
so far and presented the utility of plasma GFAP not just
in discriminating healthy controls from patients with AD
but also in distinguishing AB+ from AP- individuals (Oeckl
et al, 2019; Asken et al, 2020; Verberk et al, 2020).
Furthermore, higher GFAP levels have been associated with
an increased risk for future progression to dementia and a
steeper cognitive decline (Cicognola et al., 2021; Verberk et al.,
2021).

Regarding the heterogeneity of AD pathology, a panel
of well-combined blood-based biomarkers could aid in early
detection as well as disease monitoring in the future. Emerging
data have proposed plasma-derived pTau 181 and pTau 217 as
highly specific biomarkers for AD pathology, which are currently
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investigated in ongoing studies (Moscoso et al., 2020; Rodriguez
etal., 2020; Thijssen et al., 2021). Additional biomarkers, such as
GFAP and NfL, could on one side potentially aid in detecting
these patients at risk early in the neuropathological cascade
and on the other side give further information about disease
progression.

While our study population is rather heterogeneous,
i.e., more closely resembles a real-world setting, where some
patients will not undergo biomarker testing for various reasons,
we believe that this adds to the existing literature and confirms
the practical usefulness of these biomarkers. As patients
undergo a detailed history taking, neurological examination,
and blood sampling at the first patient visit, the collection of
plasma samples for further biomarker analysis may be easily
implemented. Since APOE genotyping can be derived from
these blood samples and performed in-house in a quick and
inexpensive manner, we have added this marker to our proposed
panel. In a routine memory clinical setting, the analysis of a
panel of blood-derived markers in combination with known risk
factors could be of great value concerning the identification of
those patients at risk who would need further biomarker testing.
This approach could further substantially reduce the number of
patients who would otherwise undergo expensive PET imaging
or invasive lumbar puncture.

Limitations

Due to the retrospective nature of this study, established
AD biomarkers were not available for the whole study cohort.
Positive amyloid status and APOE4 carriership were significantly
less common in the MCI group, which might lead to the notion,
that at least some of the MCI patients were not along the AD
continuum. Since the patients in the HC group were enrolled
based on their clinical performance, we cannot exclude that
some of these patients had an underlying AD pathology. Healthy
controls were significantly younger than the patient groups,
which might influence the results of these biomarkers and their
corresponding analysis. To counteract this potential bias in our
data, ROC analyses were adjusted for sex and age.

Conclusion

Blood-based biomarkers for AD may represent a valuable

complementary tool for «clinical diagnosis and patient
management in the near future. We suggest that plasma
GFAP could aid in a better distinction of patients along different
predementia stages and that the combination of GFAP and NfL
plasma levels with conventional risk factors could serve as a
good “at-risk” model for selecting those patients, who might

need a more invasive or expensive diagnostic approach.
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Huntington's disease (HD) is a dominantly inherited neurodegenerative
disease with variable clinical manifestations. Recent studies highlighted the
contribution of epigenetic alterations to HD progress and onset. The potential
crosstalk between different epigenetic layers and players such as aberrant
expression of non-coding RNAs and methylation alterations has been found
to affect the pathogenesis of HD or mediate the effects of trinucleotide
expansion in its pathophysiology. Also, microRNAs have been assessed for
their roles in the modulation of HD manifestations, among them are miR-124,
miR-128a, hsa-miR-323b-3p, MiR-432, miR-146a, miR-19a, miR-27a, miR-
101, miR-9*, miR-22, miR-132, and miR-214. Moreover, long non-coding RNAs
such as DNM30OS, NEAT1, Meg3, and Abhdllos are suggested to be involved
in the pathogenesis of HD. An accelerated DNA methylation age is another
epigenetic signature reported recently for HD. The current literature search
collected recent findings of dysregulation of miRNAs or IncRNAs as well as
methylation changes and epigenetic age in HD.

Huntington's disease, miRNA, IncRNA, DNA methylation, epigenetic age

Introduction

Huntington’s disease (HD) is a neurodegenerative condition that is inherited in a
Mendelian dominant fashion. This disorder has a wide variation in the age of onset.
The disease is usually manifested in the 40 s with uncontrolled choreiform movements,
cognitive defects, mood disorder, and behavioral alterations. HD is classified as a
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trinucleotide repeat disorder, resulting from increased numbers
of CAG repeats in the Huntingtin gene (Myers, 2004). This
disorder has variable clinical manifestations in terms of age
of onset and severity of movement and cognitive functions.
More than 50% of the variability in age of onset of HD is
attributed to the size of the CAG repeat (Tabrizi et al., 2009).
Persons with longer repeats usually have an earlier onset (Tabrizi
et al.,, 2009). Nevertheless, subclinical alterations occur before
the initiation of evident clinical manifestations. These changes
include alterations in cognitive functions (Paulsen et al., 2006) as
well as motor and oculomotor assessments (Gordon et al., 2000;
Kirkwood et al., 2000).

Non-coding RNAs have been found to affect the
pathobiology of HD or mediate the effects of trinucleotide
expansion in its pathophysiology (Dubois et al, 2021; Tan
et al,, 2021). Particularly, two classes of non-coding RNAs,
namely microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs) have been verified to be abnormally expressed in
HD (Johnson, 2012; Dong and Cong, 2021b; Tan et al., 2021).
These two classes of non-coding RNAs have been classified
based on their size using the cutoff value of 200 nt. There are
approximately 50,000 IncRNAs in the human genome (Cabili
et al, 2011; Iyer et al, 2015). These transcripts partake in
epigenetic mechanisms that influence chromatin configuration.
Moreover, they are involved in the regulation of mRNA
stability and imprinting processes (Managadze et al., 2013).
LncRNAs are classified into five distinct groups, namely long
intergenic non-coding RNAs, bidirectional, intronic, sense, and
antisense IncRNAs (Ma et al, 2013). miRNAs are a distinct
group of non-coding RNAs with sizes of about 22 nucleotides,
regulatory roles in the expression of genes, and a high level
of conservation among species (Bushati and Cohen, 2007).
Both classes of non-coding RNAs are expressed in the brain
and have important functions in the pathophysiology of
neurodegenerative disorders (Sattari et al., 2020; Zhou et al,
2021).

Also, of
methylation alterations related to HD status (Vashishtha
et al., 2013; Villar-Menéndez et al., 2013; Valor and Guiretti,
2014; Glajch and Sadri-Vakili, 2015; De Souza et al., 2016).
Investigating the methylation signature of HD revealed the

several studies explored different aspects

impact of specific methylation changes on disease progression
and onset which can be caused by mutation or act through
altering gene expressions (Vashishtha et al, 2013; Villar-
Menéndez et al., 2013; Valor and Guiretti, 2014; Glajch and
Sadri-Vakili, 2015; De Souza et al,, 2016). DNA methylation
estimated biological age (DNAm Age) of HD brain is reported
to be accelerated in affected or non-affected regions. But the
mechanisms underlying these methylation alterations are
unclear which might be through a IncRNA-dependent manner
(Vashishtha et al., 2013; Villar-Menéndez et al., 2013; Valor and
Guiretti, 2014; Glajch and Sadri-Vakili, 2015; De Souza et al,,
2016).
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We designed the current study to collect information about
the dysregulation of miRNAs and IncRNAs as well as DNA
methylation changes in HD.

MicroRNAs in Huntington'’s disease

RNA-sequencing has enabled researchers to quantify
miRNA expression in different brain regions (Langfelder et al.,
2018). A similar experiment in the mice model of HD
has revealed CAG length-dependent alterations in miRNA
expression profile in the brain. Notably, selective alterations in
expression profiles have been identified in 159, 102, 51, and 45
miRNAs in the striatum, cerebellum, hippocampus, and cortex,
respectively (Langfelder et al,, 2018).

miR-124 is among dysregulated miRNAs in HD. This
miRNA has an important role in neurogenesis by regulating a
few target genes (Cheng et al,, 2009). Expression of miR-124 is
decreased in the brain tissue of the HDR6/2 mice, expressing
mHTT as well as in affected human subjects (Das et al.,, 2013).
Expression of this miRNA has also been shown to be reduced
in the cell and animal models of HD which express mutant
HTT. Consistently, both models have exhibited up-regulation
of levels of CCNA2, a predicted target of miR-124 (Das et al,
2013). Cumulatively, down-regulation of miR-124 can result in
enhancement of expression of CCNA2 in these models of HD
and subsequent deregulation of the cell cycle in affected cells
(Das et al., 2013).

Experiments in HD transgenic mice (R6/2 HD mice) have
shown that miR-124 injection improves behavioral phenotype
as evident by an increase in the latency to fall in the rotarod
test (Liu et al, 2015). Furthermore, injection of this miRNA
into bilateral striata has resulted in up-regulation of the
neuroprotective factors PGC-1a and BDNF (Liu et al., 2015).
Moreover, it has led to down-regulation of the repressor of cell
differentiation SOX9 (Liu et al,, 2015). Taken together, miR-124
can slow down HD course most probably via its vital functions
in the differentiation and survival of neurons (Liu et al., 2015).
Based on the important role of this miRNA in neurogenesis, Lee
et al. have established an exosome-based delivery system to up-
regulate miR-124 levels. Injection of Exo-124 into the striatum
of R6/2 HD animal models has resulted in the reduction of
expression of its target gene, REST. Yet, this strategy has not
improved HD-related behavioral changes (Lee et al, 2017).
Figure 1 illustrates the role of several miRNAs in regulating HD.

Accumulating evidence has illustrated that various miRNAs
are an important regulatory factor in the pathoetiology of
HD. It has been reported that miR-302 could play a crucial
role in attenuating mHtt-induced cytotoxicity by promoting
insulin sensitivity, resulting in a diminution of mHtt aggregates
via the improvement of autophagy (Chang et al, 2021).
Furthermore, miR-302 could also enhance the expression
levels of silent information regulator 1 (Sirtl), AMP-activated
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protein kinase (AMPK), and PPARy coactivator-la. (PGC-
la), therefore preserving mitochondrial function (Chang et al,,
2021). The effect of the AMPK-SIRT1-PGCla signaling pathway
on antagonizing oxidative stress and maintaining mitochondrial
function revealed an enhanced cognitive function in Sevo-
2020). SIRT1 as an
NAD+ -dependent deacetylase has been investigated for its

anesthetized aged rats (Yang et al,

regulatory role in the regulation of cellular senescence and
aging (Chen et al, 2020) and its association with lifespan
elongation suggested it as a longevity gene (Bonkowski and
Sinclair, 2016; Elibol and Kilic, 2018; Kim D. H. et al., 2019).
Moreover, another research has figured out that dysregulation
of p53/miR-34a/SIRT1 cascade could have an important role
in HD-associated pathogenic mechanisms. Downregulation of
miR-34a-5p could lead to the upregulation of SIRT1 and p53
2018). Green
lines indicate the positive regulatory effect among miRNAs

protein levels in brain tissue (Reynolds et al,

and their targets, and red lines depict the negative one among
them. All the information regarding the role of these miRNAs
participating in the pathobiology of Huntington’s disease can be
seen in Table 1.

Another experiment in a monkey model of HD has
shown dysregulation of 11 miRNAs in the frontal cortex
of these animals among them being the down-regulated
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miRNA miR-128a. This miRNA has also been found to be
down-regulated in the brain tissues obtained from both pre-
symptomatic and post-symptomatic affected persons (Kocerha
etal., 2014).

A study on the human subject has shown down-regulation
of hsa-miR-98 and over-expression of hsa-miR-323b-3p in
HD cases compared with healthy subjects and psychiatric
2021). Additional expression
assays in an independent cohort of HD cases have validated

patients (Ferraldeschi et al,

up-regulation of hsa-miR-323b-3p in HD cases even before
2021). However,
authors have reported no significant difference in expression
of hsa-miR-98 in the second cohort. Further bioinformatics

disease manifestations (Ferraldeschi et al,

evaluations have shown overconnectivity between the hsa-miR-
323b-3p targetome and the HTT interactome. Besides, these
investigations have shown transcriptional regulation of the HTT
interactome by the targetome of this miRNA (Ferraldeschi et al,,
2021).

Experiments in a cell model of HD have confirmed the
delay in the S and G2-M phases of cell cycles in these
cells compared to control cells (Das et al, 2015). Consistent
with this finding, expressions of PCNA, CHEK1, and CCNA2
are elevated in primary cortical neurons expressing mutant
Huntingtin (mHTT) as well as animal and cell models of
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TABLE1 MicroRNAs and Huntington'’s disease (HD, Huntington’s disease; UHDRS, Unified Huntington'’s Disease Rating Scales).

miRNA Pattern of Samples/ Cell lines Targets/ Function References
expression Animals Regulators/
Signaling
pathways
miR-124 decreased R6/2 HD mice - - miR-124 reduces the Liu et al,, 2015
and their progression of HD via
wild-type promoting neurogenesis in
littermates the striatum.
- R6/2 HD mice HEK 293 cells REST Overexpression of miR-124 Lee et al., 2017
reduced REST levels. But
Exo-124 treatment did not
lead to significant behavioral
improvement.
Decreased R6/2 HD mice STHdh(Q111)/Hdh(Q111) CCNA2 Low levels of miR-124 could Das et al., 2013
and STHdh(Q7)/Hdh(Q7) lead to high levels of CCNA2
cells in the cell and animal model
of HD, thus it participates in
the deregulation of the cell
cycle.
miR-128a decreased control, pre- - HTT, HIP1 miR-128a has a role in Kocerha et al.,
symptomatic regulation of HTT and HIP1. 2014
HD, and post-
symptomatic
HD human
striatum
samples/HD
monkeys
hsa-miR-323b- Increased 33 HD patients - HTT A significant Ferraldeschi
3p and 49 matched overconnectivity has been etal, 2021
controls found between
hsa-miR-323b-3p and HTT.
miR-432 Decreased - STHdh(Q111)/Hdh(Q111) PCNA High expressions of these Das et al,, 2015
miR-146a and control CHEK1 miRNAs in
miR-146a and STHdhQ7/HdhQ7cells CCNA2 STHdh(Q111)/Hdh(Q111)
miR-19a cells relieved the irregularities
in the cell cycle and
apoptosis.
miR-27a Decreased R6/2 HD mice Primary neurosphere cells mHtt, MDR-1 miR-27a could decrease mHtt Ban et al.,, 2017
from C57BL/6 mice levels of the HD cell by
increasing MDR-1 function,
thus playing a role in the
reduction of mHtt
aggregation in HD cells.
miR-34a Decreased R6/2 HD mice - SIRT1, p53 miR-34a was down-regulated Reynolds et al.,
and SIRT1 and p53 were 2018
up-regulated in HD, but,
there were no known
interactions between these
factors.
miR-101 - - HEK293 cells Rhes miR-101 was found to target Mizuno and
Rhes which plays an Taketomi, 2018
important role in HD
development caused by
striatal anomalies.
miR-9* Decreased 36 HD patients - - miR-9* levels in peripheral Changet al,,
and 28 healthy leukocyte may be an 2017
controls indicator neurodegeneration
in HD patients.
miR-22 Decreased - Primary cortical and striatal HDACH4, Reorl,

neuron cultures from striata
or cerebral cortices of E16 rat
embryos

and Rgs2

miR-22 has multipartite
anti-neurodegenerative
activities such as the
inhibition of apoptosis via
targeting HDAC4, Reorl, and
Rgs2.

Jovicic et al.,
2013
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miRNA Pattern of Samples/ Cell lines Targets/ Function References
expression Animals Regulators/
Signaling
pathways
miR-132 Decreased R6/2 HD mice - - miR-132 has a role in Fukuoka et al.,
neuronal maturation and 2018
function in HD.
miR-214 Increased - HD cell models MFN2 miR-214 could increase the Bucha et al.,
distribution of fragmented 2015
mitochondria and change the
distribution of cells in
different phases of the cell
cycle by targeting MFN2.
Increased - Q7 and Q111 cells Beta-catenin Gain-of-function of mutant Ghatak and
Htt could reduce Raha, 2018
beta-catenin levels via
upregulating miR-214.
Increased _ STHdhQ7/Q7 and Beta-catenin miR-214 could reduce Ghatak and
STHdhQI111/Q111 cells Beta-catenin Raha, 2015
post-transcriptionally, thus
transcriptional activity of
wnt/B-catenin signaling was
decreased.
miR-196a Decreased R6/2 HD mice N2a mouse neuroblastoma RANBP10 miR-196a could increase Her et al,, 2017
cells and primary neurons neuronal morphology to
provide neuroprotection in
HD via targeting RANBP10.
Decreased Analysis of - - miR-196a could have Fuetal, 2015
different beneficial functions via the
bioinformatics alteration of cytoskeleton
tools, including structures.
DAVID,
MSigDB,
TargetScan, and
MetaCore
Increased Eight HD WT-NPCs, HD-NPCs, and - miR-196a could reduce Kunkanjanawan
patients and HD-NCs cytotoxicity and apoptosis in etal, 2016
four controls HD-NHP neural progenitor
cells and differentiated neural
cells.
Decreased D-Tg mice, 293 FT cells, N2a cells, and HTT miR-196a could reduce Cheng et al,,
GHD mice, 196a HD-iPSCs mHTT in the brain and also 2013
transgenic mice, improve neuropathological
and WT mice progression.
hsa-miR-4324 - HD patients HEK293T cells and derived - hsa-miR-4324 and Kim K. H. et al,,
and hsa-miR- fibroblast from HD patients hsa-miR-4756-5p could 2019
4756-5p reduce HTT 3’-UTR reporter
activity and endogenous
HTT protein levels.
miR-302 Decreased - SK-N-MC neuroblastoma Sirt1/ AMPK- miR-302 could reduce Chang et al,,
cells PGCla mHtt-induced cytotoxicity by 2021
pathway increasing insulin sensitivity,
leading to a reduction of
mHtt aggregates via the
increasing autophagy, besides
it could upregulate
Sirt1/AMPK-PGCla
pathway.
miR-10b-5p Increased 12 HD patients - BDNF miR-10b-5p could reduce Miiller, 2014
and nine control BDNF expression which is
samples associated with neuronal
dysfunction and death.
miR-10b-5p Increased prefrontal cortex - -

samples of 26
HD patients and
36 controls

miR-10b-5p expression in
brain tissues is correlated
with to age of onset and the

severity of striatal pathology.

Hoss et al., 2015
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HD. Over-expression of these genes has resulted from down-
regulation of miR-432, miR-146a, and miR-19a, and miR-146a,
respectively (Das et al., 2015).

miR-27a is another down-regulated miRNA in the brain
tissues of the HD mice model. This miRNA can regulate the
expression of MDR-1 (Ban et al., 2017). Transfection of miR-27a
into the differentiated neuronal stem cells originating from the
R6/2 HD mouse model has led to decreased mHtt aggregation.
Furthermore, the level of MDR-1, as a transporter of mHtt, has
been enhanced by this miRNA. Thus, miR-27a can decrease
mHtt levels in the HD cells through increasing MDR-1 efflux
function (Ban et al., 2017).

Figure 2 summarizes the impact of down-regulated miRNAs
in the pathogenesis of HD.

On the other hand, a quantity of miRNAs has been reported
to be up-regulated in HD. For instance, miR-214 has been found
to be increased in HD cell model (Bucha et al,, 2015). This
miRNA can target HTT mRNA. Moreover, expression levels
of numerous HTT co-expressed genes have been demonstrated
to be affected by exogenous expression of mutant or wildtype
miR-214. MFN2 is an example of HTT co-expressed genes
which is directly targeted by miR-214 (Bucha et al, 2015).
Over-expression of miR-214 could result in repression of
MFN2 expression, increase in the dispersal of fragmented
mitochondria and changes in the distribution of cells in diverse
stages of the cell cycle. Taken together, up-regulation of miR-214
can affect the morphology of mitochondria and disturb cell cycle
regulation in HD models (Bucha et al,, 2015). Another study
has shown up-regulation of miR-214 following gain-of-function
mutation in Htt in Q7 and Q111 HD cells. This miRNA could
also decrease B-catenin levels and its transcriptional activity
(Ghatak and Raha, 2018).

Re-analysis of the high throughput expression data has
shown dysregulation of several miRNAs in HD. Further studies
have shown that up-regulated miRNAs, miR-10b-5p, and miR-
30a-5p can regulate the expression of BDNF (Miiller, 2014).
Down-regulation of BDNF is correlated with dysfunction and
death of neurons in HD (Miiller, 2014). Besides, these two
miRNAs have been predicted to target CREB1, a down-regulated
gene in HD whose up-regulation can decrease susceptibility to
3-NP-induced toxicity (Chaturvedi et al., 2012). Contradictory
to these results, it is supposed that up-regulation of miR-10b-
5p plays a neuroprotective role against HTT mutation (Miiller,
2014). Thus, the functional role of miR-10b-5p and its impact
on the expression of BDNF in HD need additional investigations
(Miiller, 2014). Figure 3 shows up-regulated miRNAs in HD.

Soldati et al. (2013) have assessed the impact of up-
regulation of nuclear REST on the expression of miRNAs in
the presence of mHTT. Comparison of expression levels of 41
miRNAs in Hdh'%/1% cells and Hdh’/7 cells has led to the
identification of 15 down-regulation miRNAs in the former
group, including miR-9, miR-9%, and miR-23b. The expression
of 12 miRNAs among these down-regulated miRNAs (including
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the three mentioned miRNAs) have been enhanced after REST
knock-down. Notably, miR-137, miR-153, and miR-455 are
mouse homologs of human miRNAs with predicted REST
binding sites. Authors have concluded that several miRNAs
with abnormal expression in HD are presumably suppressed by
over-expressed REST (Soldati et al., 2013).

Analysis of expression of miRNAs in the postmortem brain
samples of HD patients has resulted in the identification of
differential expression of 54 miRNAs, including 30 upregulated
and 24 downregulated miRNAs. Expressions of 26 miRNAs have
been found by several number of transcription factors, namely
TP53, E2F1, REST, and GATA4 (Sinha et al., 2012).

In fact, repression of expression of important neuronal
miRNAs such as mir-9/9*, mir-124, and mir-132-is in the brain
regions of HD patients and animal models occurs downstream
of REST, possibly due to interruption of mRNA regulation and
neuron functions. In this study, we will discuss these findings
and their implications for our understanding of HD. An in silico
assessment has led to the prediction of 21 novel candidate
miRNAs in HD. This study has indicated that HD is associated
with a large-scale suppression of neural genes in the caudate and
motor cortex. Moreover, it has been concluded that cooperation
between REST, miRNAs and probably other non-coding RNAs
can significantly affect the transcriptome of neurons in HD
(Johnson and Buckley, 2009). Mechanistically, polyglutamine
expansion in huntingtin has been shown to abrogate REST-
huntingtin binding. This leads to nuclear translocation of REST
(Zuccato et al,, 2003) where it lodges RE1 repressor sequences
and reduces gene expression in neurons (Zuccato et al., 2003).
Packer et al. (2008) have reported the reduction of expression of
numerous miRNAs with upstream RE1 sites in cortex samples of
HD patients compared with healthy controls. Notably, among
these miRNAs has been the bifunctional brain enriched miR-
9/miR-9* which targets two constituents of the REST complex
(Packer et al., 2008).

Another experiment in post-mortem tissues of HD patients
has demonstrated accumulation of Argonaute-2 (AGO2) in
the presence of neuronal protein aggregates as a result
of impairment of autophagy. Since AGO2 is an important
constituent of the RISC complex that implements miRNA
functions, its accumulation leads to global changes in the
miRNA levels and activity (Pircs et al., 2018).

Finally, experiments in the 3NP-induced animal model of
HD have shown distinct miRNA profiles compared with the
transgenic mice. This observation is possibly due to the effects
of mHtt on the activity of HTT in extra-mitochondrial energy
metabolism (Lee et al., 2007).

Table 1 lists miRNAs that are possibly involved in the
pathogenesis of HD.

Most notably, investigations in animal models of HD have
demonstrated that artificial miRNAs are able to reduce levels
of mHTT. Pfister et al. (2018) have performed an experiment
in HD transgenic sheep model that expresses the full-length
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Different experiments have shown the down-regulation of miRNAs in Huntington's disease. Subsequent up-regulation of mRNA targets of these

miRNAs can lead to the progression of Huntington's disease.

human HTT with 73 CAG repeats. Treatment of these animals
with AAV9-expressing an artificial miRNA targeting exon 48 of
the human HTT transcript has led to a reduction of human
mHTT transcript and protein in the striatum without any
significant neuron loss. This study has revealed the safety and
efficiency of silencing human mHTT protein using an AAV-
mediated transfer of an artificial miRNA (Pfister et al., 2018).

Long non-coding RNAs in
Huntington'’s disease

Few IncRNAs are dysregulated in HD (Table 2).
Expression of IncRNA-DNM3OS has been assessed in a
rat pheochromocytoma cell line induced by Huntingtin gene
exon 1 fragment containing either 23 or 74 CAG repeats. This
intervention has led to up-regulation of GAPDH and DNM3OS.
Down-regulation of these genes has resulted in suppression of
aggregate formation, reduction of apoptosis and enhancement
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of cell survival. Furthermore, up-regulation of DNM3OS in
HD PCI2 cells can decrease miR-196b-5p levels by sponging.
GAPDH is a direct target of this miRNA which contributes in
the development of aggregates (Dong and Cong, 2021a).
Sunwoo et al. (2017) have performed a microarray-based
study to evaluate the expression profile of IncRNAs in HD.
They have reported up-regulation of NEAT1 (Sunwoo et al,
2017). Further studies in brain tissues of R6/2 HD models as
well as postmortem brain tissues of human HD subjects have
validated the up-regulation of this IncRNA (Sunwoo et al,
2017). Functional studies have shown increased viability of cells
in oxidative stress conditions following transfection of cells
with NEAT1. Taken together, up-regulation of NEAT1 in HD
can be regarded as a neuroprotective strategy against neuronal
damage instead of being a pathological event (Sunwoo et al,
2017). Another study has revealed up-regulation of the long
isoform of NEATI in the brain tissues of mice model of HD.
This transcript has also been up-regulated in differentiated
striatal neurons originating from HD knock-in mice as well
as brain tissues of affected individuals. Up-regulation of this
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isoform has been found to be dependent on mHTT. MeCP2
could repress expression of this isoform of Neatl through a
molecular interaction outside its promoter. Up-regulation of
this isoform exerts a protective effect against mHTT-induced
cytotoxicity. On the other hand, its down-regulation results
in impairment of several cellular processes such as those
related with cell proliferation and development. Interestingly,
dysregulated genes in HD human brain tissues overlap with
pathways influenced by down-regulation of NEAT1 (Figure 4;
Cheng et al., 2018).

Mounting evidence has demonstrated that aberrant
expression of various IncRNAs could be correlated with
dysfunction and death of neurons in HD (Cheng et al., 2018).
As an illustration, a recent study has detected that the expression
of NEATIL could be inhibited by mHTT as well as MeCP2
via RNA-protein interaction, thereby NEATIL may play a
protective role in CAG-repeat expansion diseases, such as HD
(Cheng et al., 2018).

Chanda et al. (2018) have used small RNA sequencing and
PCR array techniques to find dysregulated RNAs in R6/2 HD
mice brains. They have detected alteration in 12 non-coding
RNAs in these samples eight of them having human homologs.
Three IncRNAs, namely Meg3, Neatl, and Xist have exhibited
a constant and substantial over-expression in cell and animal
models of HD. Silencing of Meg3 and Neatl in cell models of
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HD has resulted in the reduction of aggregate formation by
mHTT and a significant decrease in the endogenous levels of
Tp53 (Chanda et al., 2018).

Abhdllos is another IncRNA that is down-regulated in
various animal models of HD. Up-regulation of Abhdllos
has a neuroprotective effect against an N-terminal fragment
of mHTT, while its silencing has a toxic effect. Thus, loss of
Abhd11os contributes to striatal susceptibility in HD (Francelle
etal, 2015). Figure 5 depicts up-regulated IncRNAs in HD.

DNA methylation age acceleration
in Huntington's disease

The crosstalk among different epigenetic players such
as histone modification, non-coding RNA action, and DNA
methylation, ensures stable regulation of gene expression
required for the maintenance of cell-type-specific identity.
However, environmentally induced alterations in the epigenome
may lead to chromatin remodeling, and as a result, the abnormal
gene expression can affect the state of differentiated cells (Boland
et al,, 2014). In the case of neuronal cells, the interplay between
epigenetic mechanisms and transcriptional changes controls
neuronal cell identity as well, but it also regulates neuronal
activation and consequent brain functions such as cognitive and

frontiersin.org


https://doi.org/10.3389/fnagi.2022.987174
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Ghafouri-Fard et al. 10.3389/fnagi.2022.987174

TABLE 2 Long non-coding RNAs and Huntington'’s disease (HD, Huntington’s disease; mHTT, mutant Huntingtin).

IncRNA Pattern of Samples/ Cell lines Targets/ Description References
expression Animals Regulators/
Signaling
pathways
DNM30S increased - HD PC12 cells (httex1p—Q23 miR-196b- Downregulation of DNM30S Dong and Cong,
and httex1p—Q74) 5p/GAPDH leads to suppression of 2021a

aggregate formation
accompanied by a reduced
apoptosis and augmented
relative ROS levels and cell
viability.
NEAT1 Increased R6/2 HD mice neuro2A cells - Upregulation of NEAT1 Sunwoo et al.,
could increase viability under 2017
oxidative stress.
Increased HD mice STHAhQ7/Q7 cells and mHTT, MeCP2 The elevation of NEAT1 was Cheng et al,,
STHdhQ111/Q111 mHTT dependent, as 2018
knockdown of mHTT
restored Neat1L to normal
levels. It was found that
NeatlL is suppressed by
MeCP2 via RNA-protein
interaction.
Meg3 and Increased R6/2 HD mice STHdhQ7/HdhQ7 cells and - Downregulation of Meg3 and Chanda et al,,
NEAT1 STHdhQ111/HdhQ111 cells NEAT1 could decrease 2018
aggregate formation by
mHTT and downregulation
of Tp53 expression.
Abhdllos Decreased male C57BL/6] HEK293T cells - Upregulation of Abhdllos Francelle et al.,
mice protects neurons against an 2015
N-terminal fragment of
mHTT, while Abhd11os
downregulation is protoxic.

Enhanced
HD expression

HD neurons

Repressed
HD expression

Silent

FIGURE 4
A schematic illustration of the role of NEAT1L in HD.
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FIGURE 5

Up-regulation of DNM30OS, NEAT1, and Meg3 in Huntington's disease.

motor functions in response to environmental signals (Francelle
et al., 2017).

One of the main epigenetic mechanisms that have
profound effects on the DNA packaging, gene expression, and
maintenance of the cellular identity, is DNA methylation, the
addition of a methyl group (CH3), particularly to the fifth
position of carbon in the cytosine ring, which results in the
formation of 5-methylcytosine (5mC), and creates a mutational
hotspot in the genome which may finally affect the susceptibility
to different diseases (Denissenko et al., 1997).

Recently, the DNA methylation levels of CpG markers,
correlated with age or age-related physiological dysregulation,
have been used to develop different DNA methylation-based
age estimators, also known as DNA methylation biological
age clocks (Horvath, 2013). Tissue-specific DNA methylation
variability has been correlated with the differences in biological
ages of individuals and the estimated biological age is reported
to be accelerated in different diseases including cognitive
and neurodegenerative disorders (Noroozi et al, 2021). The
aging-related systematic decline and biological aging have
been shown to play an active role in HD pathogenesis, its
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onset, and progression (Machiela and Southwell, 2020). And
recent research studies aim to reveal the role of methylation
modifications in HD pathogenesis (Lee et al., 2013; Valor and
Guiretti, 2014). The unstable CAG trinucleotide expansion
in HD is suggested to be affected by the biological age and
the methylation pattern of the tissue. The transcriptional
dysregulation observed in the HD brain tissue is reported to
be influenced by aberrant DNA methylation (De Souza et al,,
2016) which modulates the expression levels of HTT and other
neuronal identity genes (IHyeon et al., 2021). DNA methylation
alterations in response to polyglutamine-expanded HTT were
observed in HD cell models at both promoter-proximal and
distal regulatory regions (Ng et al, 2013). A tissue-specific
methylation pattern of the HTT gene was reported by analyzing
post-mortem cortex and liver tissues of HD patients (De Souza
etal., 2016).

Investigation of the DNA methylation changes in the post-
mortem brain tissues of HD patients demonstrates accelerated
epigenetic aging (Horvath et al,, 2016). The recent epigenome-
wide association study (EWAS) of HD gene-expansion carriers
(HDGECs) in multiple tissues from three species, reported
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33 genome-wide significant CpGs for HD status and the
most significant locus was HTT and the EWAS results of
motor progression in manifest HD cases indicate significant
associations with methylation levels at three loci. Also, a
higher blood epigenetic age acceleration (calculated discrepancy
between chronological age and DNA methylation age) was
reported in manifest HD in comparison to controls (Lu
et al,, 2020). Most recently, exploration of the HD-associated
epigenetic signatures using the slowly progressing knockin (KI)
mouse model of HD, revealed that even before the onset of
HD motor problems, age-related epigenetic remodeling and
transcriptional alteration of neuronal and glial-specific genes are
accelerated. This might suggest that the progressive HD striatal
epigenetic signatures develop from the earliest stages of HD
(Alcala-Vida et al., 2021).

Discussion

Neurodegenerative processes in the brains of HD patients
are associated with extensive alterations in gene regulatory
networks. These alterations have been detected in both protein-
coding genes and non-coding RNAs (ncRNAs) (Johnson,
2012). Among non-coding RNAs, the impacts of miRNAs in
HD pathogenesis have been investigated more than IncRNAs.
LncRNAs can inhibit or stimulate the neurodegenerative
processes through epigenetically modulating expression of
genes critically implicated in the pathoetiology of these disorders
(Zhou et al,, 2021). Thus, further high throughput studies are
needed to find other HD-related IncRNAs.

The functional effects of dysregulation of non-coding RNAs
in the development of HD have been assessed in cell and animal
models of HD. These transcripts mostly affect the survival
of neurons through influencing apoptotic pathways or cell
cycle transition.

The expression profile of non-coding RNAs in the
circulation of suspected persons might be used to predict HD
course. Thus, these transcripts can be used as biomarkers
for HD. They can also be targeted by siRNAs or antisense
oligonucleotides. Therefore, they represent potential targets
for gene therapy of HD. It is worth mentioning that altered
expression of non-coding RNAs in HD might be either a part
of pathogenic processes in this disorder or a compensatory
mechanism for increasing the viability of neurons. This note
should be considered in the design of therapeutic modalities.

In addition, the pathophysiology of HD is affected by
epigenetic modulations and the methylation levels of selected
genes are related to HD progress and onset. Accelerated
epigenetic age of HD brain suggested association of the
older biological age of the affected tissue with the disease
which is not affected by sex, age, or the abundance of
neuronal cells. Enrichment analysis on the methylation modules
of HD highlights the association of genes involved in
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olfactory receptor activity and sensory perception of chemical
stimulus with HD status.

The crosstalk between DNAm and non-coding RNAs, and
most interestingly regulation of DNA methylation by IncRNAs is
an important factor that can declare the underlying mechanisms
of neurodegenerative disorders. The association analysis of the
methylation levels of different age-related loci in blood and
buccal swab samples showed a significant association between
the hypomethylation of a IncRNA MIR29B2CHG with age,
suggesting it is a marker for the development of DNAm based
age prediction models in these tissues (Tharakan et al., 2020;
Wozniak et al., 2021).

Several miRNAs have been shown to affect the expression
of mHTT, thus they can be used as modulators of HD
pathogenic events. Moreover, several panels of miRNAs are
dysregulated in the course of HD, thus having the potential
to be used as predictive markers in this disorder. Several
number of dysregulated miRNAs in HD are regarded as specific
markers for this disorder, thus being promising biomarkers for
diagnostic purposes as well as monitoring HD progression and
therapeutic response.

Besides, IncRNAs have been suggested to play an active role
in specifying the pattern of histone modifications of target genes
by serving as scaffolds for histone modification enzymes. For
example, the binding of LSD1 enzyme to target genes, mediated
by HOTAIR, has been shown to affect the repression of target
genes by changing the methylation level of the histone H3 lysine
27 (H3K27) (Tsai et al, 2010). While, decreased acetylation
of H3K27 showed an association with the downregulation of
neuronal identity genes in the striatum of HD patients and
mice (Achour et al, 2015; Alcald-Vida et al, 2021). Also,
an association is shown between aberrant DNA methylation
levels correlated with aberrant expression of different IncRNAs
with susceptibility to different diseases. For instance, altered
expression of FMR4 IncRNA is reported to change genome-
wide histone methylations and play an active role in the
development of repeat expansion-associated disorders such as
fragile X (Peschansky et al., 2016).

Although investigating the epigenetic signatures of the HD
suggested these alterations to be the consequent rather than
cause of the underlying genetic structure of the HD (Zimmer-
Bensch, 2020), potential interactions between different layers
of epigenome for instance the IncRNA-dependent methylation
alterations related to HD progress and onset should be
investigated with much rigor.
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Background: Motoric cognitive risk (MCR) syndrome is a conceptual
construct that combines slow gait speed with subjective cognitive complaints
and has been shown to be associated with an increased risk of developing
dementia. However, the relationships between the pathology of Alzheimer's
disease (AD) and MCR syndrome remain uncertain. Therefore, the purpose of
this study was to determine the levels of plasma AD biomarkers (AB42 and
total tau) and their relationships with cognition in individuals with MCR.

Materials and methods: This was a cross-sectional pilot study that enrolled 25
individuals with normal cognition (NC), 27 with MCR, and 16 with AD. Plasma
AB42 and total tau (t-tau) levels were measured using immunomagnetic
reduction (IMR) assays. A comprehensive neuropsychological assessment
was also performed.

Results: The levels of plasma t-tau proteins did not differ significantly
between the MCR and AD groups, but that of plasma t-tau was significantly
increased in the MCR and AD groups, compared to the NC group. Visuospatial
performance was significantly lower in the MCR group than in the NC group.
The levels of plasma t-tau correlated significantly with the Montreal Cognitive
Assessment (MoCA) and Boston naming test scores in the MCR group.

Conclusion: In this pilot study, we found significantly increased plasma t-tau
proteins in the MCR and AD groups, compared with the NC group. The plasma
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t-tau levels were also significantly correlated with the cognitive function
of older adults with MCR. These results implied that MCR and AD may
share similar pathology. However, these findings need further confirmation
in longitudinal studies.

plasma biomarker, cognition, gait speed, Alzheimer’s disease, motoric cognitive risk

syndrome

Introduction

Motoric cognitive risk (MCR) syndrome is a conceptual
construct that combines slow gait speed with subjective
cognitive complaints (Verghese et al., 2013). Motoric cognitive
risk syndrome is easy to screen in the community and is
associated with an increased risk of developing dementia, such
as Alzheimer’s disease (AD) or vascular dementia (Verghese
etal,2013,2014a). This syndrome is presented in approximately
10% of the older population and has been shown to be
associated with an increased risk of falls and disability (Verghese
et al,, 2014b). The pathophysiological mechanisms underlying
MCR have not yet been fully established. Previous studies
revealed that MCR could be related to cortical atrophy
(Blumen et al, 2021), lacunar infarction (Wang et al., 2016),
or increased levels of systematic inflammatory biomarkers
(Bortone et al., 2021). A cross-sectional study using MRI found
that gray matter volumes, hippocampal volumes, and white
matter hyperintensities were worse in individuals with MCR
(Yaqub et al,, 2022). Meiner et al. (2021) also reported that
Apolipoprotein E €4 allele (APOE e4) was associated with the
conversion to dementia in older adults with MCR. On the
contrary, although MCR has good predictive validity for the
incidence of AD, the relationships between AD pathology and
MCR remain uncertain. Alzheimer’s disease is characterized by
two major pathological lesions in the brain, amyloid § plaques
and tau neurofibrillary tangles (Avila, 2006; Capetillo-Zarate
et al,, 2012). Alzheimer’s disease pathology has been found to
have a strong association with gait disorder in older adults
without dementia and can predict cognitive decline and incident
dementia (Del Campo et al,, 2016; Tian et al., 2017). Recently,
in a study investigating the relationships between MCR and AD
pathology using imaging biomarkers, no significant differences
in the biomarkers of AD, such as amyloid, tau deposition, or
white matter hyperintensities, were found between individuals
with MCR and without MCR (Bommarito et al, 2022).
Although the findings of this study were informative, the
sample size was relatively small, and no comparisons were made
with the normal cognition (NC) group, making it difficult to
determine whether the physiological changes in MCR were
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caused by normal aging or the pathological changes related to
AD.

Amyloid B and tau protein are presented in the
cerebrospinal fluid (CSF) and the brain and can be measured
by lumbar puncture (Olsson et al., 2016) or positron emission
tomography (PET), respectively (Johnson et al., 2013). However,
their clinical applications are often limited because CSF
sampling is invasive and PET scans are costly. Recently, blood-
based biomarkers have been used cost-effectively to assist in
the diagnosis of neurodegenerative diseases and the estimation
of prognosis clinically (Hansson, 2021). Immunomagnetic
reduction (IMR) is a highly sensitive assay technology for the
analysis of biomarkers in blood samples, and can accurately
quantify plasma AP and tau (Baird et al,, 2015; Yang et al,
2017). A review article including 15 studies using the IMR assay
indicated that significant increases in the plasma levels of AB42
and tau in persons with amnestic mild cognitive impairment
(aMCI) and AD, and the levels of AB42 and tau are related to
the severity of AD (Lee et al,, 2022). These findings suggested
that assays of plasma AB42 or tau using IMR may be promising
tools for facilitating an early diagnosis of AD. Therefore,
measuring plasma APB42 or tau protein concentrations via IMR
assay in individuals with MCR may also reveal its associated
physiological changes.

In this pilot study, we compared the levels of plasma
APB42 and total tau (t-tau), and their associations with global
and specific cognitive functions among older adults with
NG, individuals with MCR, and those with AD. We aimed
to determine the levels of plasma AD biomarkers (Ap42
and total tau) and their relationships with cognition in
individuals with MCR.

Materials and methods

Participants and study design

This work was a cross-sectional study conducted in Taiwan
between June 2021 and April 2022. Participants were recruited
from a medical center in Taipei. All participants met the
following criteria: (a) aged 60 years or older, (b) could walk 10 m
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independently, and (c) living in the community. The exclusion
criteria were as follows: (a) unstable medical conditions, for
example, the presence of major visual or hearing loss, and (b)
a recent or planned surgery leading to limitations in walking or
participation in this study. A total of 68 participants provided
informed consent, and the study procedures were approved by
the Institutional Review Board of Mackay Memorial Hospital
(number: 21MMHIS078e). We confirmed that the experimental
procedures were performed in accordance with the relevant
guidelines and regulations. Of these participants, 16 suffered
from mild to moderate AD, with the disease courses longer
than 2 years. There were 27 participants with MCR, with
the symptoms courses longer than 3 months. There were 25
NC controls. Clinical diagnosis was based on physical and
neurological examinations, laboratory tests, and comprehensive
neuropsychological tests.

Demographic and clinical measures

Information about age, sex, history of metabolic disease, and
level of education was obtained from interviews and medical
charts. All the participants completed the comprehensive
neuropsychological testing, including the Mini-Mental State
Examination (MMSE), Cognitive
(MoCA), clinical dementia rating (CDR), the Chinese version of
Parts A and B of the trail making test (TMT) (Wu et al., 2015),
category fluency test (Rosen, 1980), digital symbol modality

Montreal Assessment

test, the Chinese version of the California Verbal Learning Test
(CVLT-SF) (Chang et al,, 2010), Judgment of Line Orientation
test (Mitrushina et al, 2005), Boston naming test (del Toro
etal, 2011), and the Chinese version of the Geriatric Depression
Scale-15 (GDS-15) (Liu et al., 1997) to evaluate global cognitive
function, executive function, attention and working memory,
episodic memory, visuospatial performance, language, and
depression. All the neuropsychological tests were assessed
by experienced neurologists who have received professional
neuropsychological scale training.

Motoric cognitive risk syndrome group

This study mainly adopted the diagnostic criteria of
Verghese et al. (2014b). The inclusion criteria for the MCR
group were as follows: (1) subjective cognitive complaints, (2)
slow gait speed, (3) absence of dementia, and (4) a consistent
level of independence in the activities of daily living. The
presence of subjective cognitive complaints was determined by a
“yes” response to the memory item on the Geriatric Depression
Scale (Yesavage et al., 1982; Ayers and Verghese, 2019). Slow gait
speed was defined as a walking speed of one or more standard
deviations (SDs) below the mean age- and sex-specific gait speed
(Verghese et al,, 2013, 2014b). The exclusion criteria were (1)
consumption of any medications causing cognitive complaints
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during the past 3 months, (2) inability to cooperate with the
procedures and tests in this study, and (3) other significant
neurological or psychiatric conditions, such as Parkinson’s
disease, stroke, Parkinsonism, other movement disorder, or
major depression.

Alzheimer’s disease group

The presence of AD was based on the diagnostic criteria
defined by the National Institute on Aging (NIA) and the
Alzheimer’s Association (AA) in McKhann et al. (2011). The
inclusion criteria were as follows: (1) fulfilled the core clinical
criteria proposed by the NIA-AA workgroup, and (2) clinical
dementia rating (CDR) = 1 (Morris, 1997). The exclusion
criteria were as follows: (1) other significant neurological or
psychiatric conditions that might cause cognitive impairments,
such as frontotemporal dementia, dementia with Lewy bodies,
vascular dementia, Parkinson’s disease, stroke, vitamin B12
deficiency, alcoholism, or major depression.

Normal cognition group

Older adults with NC were screened and recruited from the
neurology outpatient department. The inclusion criteria were
as follows: (1) no subjective or objective memory deficits or
declines in cognitive performance, (2) no mental or neurological
disease, and (3) CDR = 0 (Morris, 1997). The exclusion criteria
were the same as those for the MCR group.

Blood sample processing and
immunomagnetic reduction assays

Ten milliliters of venous blood were collected from each
participant, and then the blood sample was centrifuged at
room temperature for 15 min at 1,500-2,500 xg. Pure serum
was drained and immediately frozen in test tubes at —80°C.
Frozen plasma was dry ice delivered to MagQu Co., Ltd.
(New Taipei City, Taiwan) for IMR assay processing. The
technical information and the validation accuracy of the
IMR assay were previously described (Chiu et al., 2013; Lue
et al,, 2017). The volumes of the t-tau magnetic reagents and
the to-be-detected samples were 80 and 40 pl, respectively.
The volumes of the AB42 magnetic reagents and the to-be-
detected samples were 60 and 60 L], respectively. After mixing,
superconducting quantum interference device (SQID)-based
alternative current magnetosusceptometer (model XacPro-S,
MagQu Co., New Taipei City, Taiwan) to determine the time-
dependent alternative current magnetic susceptibility. Because
of the association between the antibody-functionalized magnetic
nanoparticles and the target biomarkers, the alternative current
magnetic susceptibility of the mixture was reduced. This
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reduction in magnetic susceptibility is referred to as the
IMR signal. For each to-be-detected sample, the sample was
divided into three parts, and the IMR signals of each part
were detected individually. Therefore, three IMR signals were
obtained for each sample. The mean value, standard deviation,
and coefficient of variation (interrun) of the IMR signals were
analyzed.

Statistical analysis

Analysis was conducted using Statistical Product and
Service Solutions (SPSS) version 26.0 (SPSS Inc., Chicago,
IL, USA). The participants characteristics are summarized
using the means, SDs, or numbers, as appropriate. Between-
group comparisons were performed using one-way analysis
of covariance (ANCOVA) (continuous variables) (age and sex
as covariate variables), followed by Bonferroni post-hoc tests,
or chi-square tests (categorical variables). Spearman’s rank
correlation coefficient was used to examine the correlations
between plasma neurodegenerative biomarkers and cognitive
functions in the NC, MCR, and AD groups. In this study, the
within-group Spearman’s rank correlations were examined 10
times. Although such multiple tests might inflate the type I
error, previous studies have shown that correlation coefficients
larger than 0.3 could indicate meaningful correlations without
correction for multiple comparisons (Hinkle et al, 2003;
Mukaka, 2012). Thus, for the correlational analysis, a correlation

10.3389/fnagi.2022.981632

coefficient greater than 0.3 or a p-value less than 0.05 would be
considered significant.

Results

Baseline demographics and biomarkers

Sixty-eight participants were recruited for the study. Table 1
presents the characteristics and plasma biomarkers of the
participants in the NC (N = 25), MCR (n = 27), and AD
(n = 16) groups. The mean ages of the participants in the
NC, MCR, and AD groups were 74.3 &+ 7.4, 75.2 £ 6.4, and
78.2 + 6.6 years, respectively. There were no differences in
age, body mass index, educational level, or the prevalence of
medical conditions (hypertension, diabetes, and heart disease)
among the three groups. However, the AD group had a higher
proportion of women than the other groups (NC: 36%, MCR:
52%, AD: 81%, p = 0.018). The MCR and AD groups had poorer
general cognitive functions (MMSE, F = 25.740, n2 = 0.450,
p < 0.001; MoCA, F = 11911, n? = 0.274, p < 0.001; CDR,
F = 156.595, 12 = 0.833, p < 0.001) and lower gait speed
(F = 29.422, n? = 0.487, p < 0.001) than the NC group. The
AD group had significantly lower MMSE (Cohen’s d = 1.675,
p < 0.001), MoCA (Cohen’s d = 1.058, p = 0.014), and CDR
(Cohen’s d = 3.299, p < 0.001) scores but a faster gait speed
(Cohen’s d = 0.784, p = 0.032) than the MCR group. Compared
to the NC group, the AD group had higher levels of plasma t-tau

TABLE 1 Comparison of participants’ characteristics among the three groups (n = 68).

Normal cognition Motoric cognitive risk Alzheimer’s F P-value Partial eta
(n=25) syndrome (n = 27) disease (n =16) squared

Age (years) 743+ 74 752+ 6.4 782+ 6.6 0.204

Sex (male/female), n 16/9 13/14 3/13 0.018

BMI 249126 242134 239439 0.586

Education level 7.8 4.7 6.4+4.9 524438 0.489

0 years, n 3 5 4

1-6 years, n 12 17 7

7-12 years, n 7 2 4

13 or more years, n 3 3 1

Hypertension, n 10 17 7 0.216

Diabetes mellitus, n 6 13 5 0.177

Heart disease, n 3 6 2 0.546

MMSE 26.6 2.8 23.7 = 4.6 15.3 4+ 5.4+ 25.745 <0.001% 0.450
MoCA 22.2+4.5 17.9 £ 6.2* 11.6 + 5.7+ 11.911 <0.001* 0.274
CDR 0.0 £0.0 0.3 £0.3** 1.0 £ 0.0+%* 156.595 <0.001* 0.833
Gait speed, m/s 1.1£0.2 0.6 4= 0.2** 0.8 £ 0.3* 29.422 <0.001* 0.487
APB42, pg/ml 164 £ 0.5 16.6 £ 0.6 16.8 £ 0.5 2.328 0.106* 0.069
t-tau, pg/ml 206 £1.7 22.7 & 3.4* 24.2 £3.6** 9.583 <0.001* 0.233

BMI, body mass index; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; CDR, clinical dementia rating; AB42, amyloid beta 42; t-tau, total tau.

?Adjusted for age and sex.

*and **: Significance levels of <0.05 and <0.001 for intergroup comparisons between the normal cognition (NC) group and other groups.
# and **: Significance levels of <0.05 and <0.001 for intergroup comparisons between the motoric cognitive risk (MCR) syndrome group and the Alzheimer’s disease (AD) group.
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(Cohen’s d = 1.279, p < 0.001). The levels of plasma AB42 did
not differ significantly between the MCR and NC groups, but the
former had significantly higher levels of t-tau (Cohen’s d = 0.781,
p=0.018).

Cognitive function

The cognitive function of the participants is shown in
Table 2. The MCR and AD groups had poorer visuospatial
performance (Judgment of Line Orientation, F = 7.591,
n% = 0.194, p = 0.001) than the NC group. The AD group
had significantly poorer executive function (TMT-A, Cohen’s
d = 1.265, p = 0.013), attention and working memory (Digital
symbol modality test, Cohen’s d = 1.318, p = 0.025), episodic
memory (CVLT-SE Cohen’s d = 0.945, p = 0.015), and language
ability (Boston naming test, Cohen’s d = 1.831, p < 0.001) than
the NC group. The AD group had significantly poorer language
performance (Boston naming test, Cohen’s d = 1.523, p < 0.001)
than the MCR group.

Association of cognitive function and
biomarkers in motoric cognitive risk
“Syndrome”

Table 3 shows the correlations between cognitive function
and plasma AP42 in the NC, MCR, and AD groups. In
the AD group, the levels of plasma AP42 were positively
correlated with the TMT-B scores (rs = 0.572, p = 0.020), which
indicated that higher plasma AP42 levels were associated with
lower cognitive function (Figure 1). However, there were no
significant correlations between the levels of plasma AB42 and
cognitive function in the NC and MCR groups. Table 4 shows
the correlations between cognitive function and plasma t-tau in
the NC, MCR, and AD groups. In the NC group, the levels of
plasma t-tau were positively correlated with the GDS-15 scores
(rs = 0.456, p = 0.022), which indicated that higher plasma
t-tau levels were associated with higher levels of depression
(Figure 2). In the MCR group, the levels of plasma t-tau
were negatively correlated with the MoCA and Boston naming
test scores [MoCA, r; = (—0.484), p = 0.011; Boston naming
test, rs = (—0.444), p = 0.020], which indicated that higher
plasma t-tau levels were associated with lower cognitive function
(Figure 3). However, there were no significant correlations
between the levels of plasma t-tau and cognitive function in the
AD group.

Discussion

To our knowledge, this is the first study to use plasma
biomarkers to examine AB42 and t-tau in relation to cognitive
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function in older adults with MCR and the first to report that
plasma t-tau is related to cognitive function in individuals with
MCR. We found that the levels of plasma AB42 and t-tau did
not differ between older adults with MCR and AD, but the
levels of plasma t-tau in older adults with MCR and AD were
significantly higher than those in older adults with NC. In
addition, the levels of plasma t-tau in individuals with MCR
were related to MoCA and Boston naming test scores.

The accumulation of AB plaques and tau neurofibrillary
tangles in the brain are two pathological hallmarks of AD
(Avila, 2006; Capetillo-Zarate et al., 2012). These biomarkers can
cause neural damage and lead to hippocampal atrophy, cortical
shrinkage, and brain damage (Pini et al, 2016; Pereira et al,
2017). In the present study, the AD group had higher levels
of plasma t-tau, compared with the NC group. These findings
reconfirmed the above statement. MCR is a symptomatic
predementia phase and has good predictive validity for the
incidence of dementia (Verghese et al., 2013, 2014a). However,
previous studies have presented inconsistent results regarding
whether MCR would increase the risk of AD. In the Einstein
Aging Study, MCR was a strong predictor of vascular dementia
(hazard ratio = 12.81) but not AD dementia (hazard ratio = 0.66)
(Verghese et al,, 2013). In another multicountry study, samples
from multiple cohorts were pooled, and it was found that
MCR was associated with an increased risk of AD in two
cohorts (hazard ratio = 1.79-2.10) (Verghese et al, 2014a).
Therefore, clarifying the relationship between AD pathology
and MCR may aid clinical diagnosis and the planning of
prevention strategies. To date, only one study has investigated
the relationship between MCR and AD pathology using imaging
biomarkers (Bommarito et al, 2022) and reported findings
inconsistent with the present study. In the above mentioned
study, 20 patients with cognitive complaints (8 individuals with
MCR and 12 without MCR) were recruited from the Memory
Center of the Geneva University Hospitals, and no significant
differences in the deposition of amyloid and tau protein in
the brain between older adults with MCR and without MCR
were found. The individuals without MCR in Bommarito et al.
(2022) had subjective cognitive complaints and a CDR scale
score of 0.5, which might have affected the results of the study.
The strength of our study was that NC and AD groups were
included for comparison. We found that the levels of plasma
t-tau were higher in the participants with MCR and AD than in
the older adults with NC. However, plasma t-tau did not differ
between the individuals with MCR and those with AD. MCR is
a predementia syndrome similar to mild cognitive impairment
(MCI). A review of 15 clinical studies demonstrated an increase
in the plasma t-tau levels in older adults with MCI and AD (Lee
et al., 2022). The elevated levels of plasma t-tau in individuals
with MCR suggested that MCR might share a similar pathology
with AD.

For cognitively normal individuals, earlier studies have
reported significant correlations between slow gait speed
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TABLE 2 Comparison of participants’ cognitive performance and physical function among the three groups (n = 68).

10.3389/fnagi.2022.981632

Normal cognition Motoric cognitive risk Alzheimer’s F P-value  Partial eta
(n=25) syndrome (n = 27) disease (n = 16) squared

Executive function
TMT-A, s 23.1+15.1 426 +£32.1 61.5 & 40.2* 4.679 0.013% 0.129
TMT-B, s 62.0 £ 36.0 83.6 £ 35.5 89.9 £37.2 1.892 0.159* 0.057
Category fluency test 11.3+3.6 10.0 £3.8 78 +4.4 2.060 0.136* 0.061
Attention and working memory
Digital symbol modality test 34.0£13.3 23.7 £15.6 15.1 &£ 15.3* 4284 0.018* 0.120
Episodic memory
CVLT-SF 18.8+5.3 159453 13.3 £ 6.3* 4.393 0.016* 0.122
Visuospatial performance
Judgment of line orientation 13.6+3.6 9.4 4 4.3* 73£5.1* 7.591 0.001* 0.194
Language
Boston naming test 235+5.1 21.3+45 12.7 £ 6,64 15.175 <0.001* 0.325
Depression
Geriatric Depression Scale-15 3.1+28 3.84+32 2.6+2.7 0.698 0.501* 0.022

TMT, trail making test; CVLT-SE, California Verbal Language Test-Short Form.

#Adjusted for age and sex.

*and **: Significance levels of <0.05 and <0.001 for intergroup comparisons between the normal cognition (NC) group and other groups.

#: Significance level of <0.001 for intergroup comparisons between the motoric cognitive risk (MCR) syndrome group and the Alzheimer’s disease (AD) group.

TABLE 3 Associations between plasma AB42 and cognitive function in the three groups.

Normal cognition

Motoric cognitive risk

Alzheimer’s disease

(n=25) syndrome (n = 27) (n=16)

Outcomes Ts p Ts p Ts P

MMSE 0.232 0.264 —0.096 0.633 —0.221 0.412
MoCA —0.151 0.472 0.034 0.865 —0.105 0.699
TMT-A 0.038 0.855 0.067 0.741 0.353 0.180
TMT-B 0.042 0.842 —0.011 0.958 0.572 0.020*
Category fluency test —0.156 0.457 0.227 0.254 0.341 0.197
CVLT-SF —0.020 0.926 —0.052 0.795 —0.246 0.359
Digital symbol modality test —0.260 0.210 —0.068 0.737 —0.387 0.139
Judgment of line orientation 0.053 0.801 —0.258 0.193 —0.006 0.983
Boston naming test —0.340 0.096 —0.091 0.653 —0.289 0.278
Geriatric Depression Scale-15 —0.017 0.935 0.145 0.471 0.408 0.116

AB42, amyloid beta 42; t-tau, total tau; MoCA, Montreal Cognitive Assessment; TMT, trail making test; CVLT-SE, California Verbal Language Test-Short Form; *p < 0.05.
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Scatterplots of the associations between TMT-B and plasma Ap42 levels (pg/ml) in the three groups. NC, normal cognition; MCR, Motoric
Cognitive Risk syndrome; AD, Alzheimer's disease; AB42, amyloid beta 42; TMT-B, trail making test-part B; *p < 0.05.
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TABLE 4 Associations between plasma t-tau and cognitive function in the three groups.

Normal cognition

Motoric cognitive risk

Alzheimer’s disease

(n=25) syndrome (n = 27) (n=16)

Outcomes rs p rs P rs P

MMSE —0.121 0.564 —0.359 0.066 0.006 0.983
MoCA 0.008 0.972 —0.484 0.011* 0.263 0.326
TMT-A 0.073 0.730 0.338 0.085 —0.287 0.280
TMT-B 0.001 0.999 0.194 0.332 —0.143 0.598
Category fluency test —0.260 0.210 —0.061 0.764 0.163 0.545
CVLT-SF 0.055 0.793 —0.064 0.750 0.244 0.362
Digital symbol modality test —0.163 0.436 —0.356 0.068 —0.074 0.786
Judgment of line orientation —0.317 0.122 —0.358 0.067 0.091 0.736
Boston naming test 0.132 0.528 —0.444* 0.020 0.104 0.703
Geriatric Depression Scale-15 0.456 0.022* 0.141 0.483 —0.252 0.346

AP42, amyloid beta 42; t-tau, total tau; MoCA, Montreal Cognitive Assessment; TMT, trail making test; CVLT-SE, California Verbal Language Test-Short Form; *p < 0.05.
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FIGURE 2

Scatterplots of the associations between Geriatric Depression Scale-15 (GDS-15) scores and plasma t-tau levels (pg/ml) in the three groups. NC,
normal cognition; MCR, Motoric Cognitive Risk syndrome; AD, Alzheimer's disease; t-tau, total tau; GDS-15, Geriatric Depression Scale-15;

*p < 0.05.

and amyloid deposition in the subcortical and cortical areas
(Del Campo et al., 2016; Wennberg et al, 2017). However,
recent studies did not find increased amyloid deposition in
older adults with MCR (Bommarito et al., 2022; Gomez et al.,
2022). In this study, for the first time, we compared plasma
AP42 among older adults with NC, individuals with MCR and
those with AD. It was found that, compared to the NC group,
there were no significantly increased levels of plasma AB42 in
the MCR group. We also noted that there were no significant
correlations between the level of plasma AB42 and cognitive
function in the MCR group. Previous studies suggested that the
pathophysiological mechanisms underlying MCR were probably
heterogeneous (Bommarito et al., 2022). Gomez et al. (2022)
recruited 204 participants with MCR and noted that MCR
was associated with prominent white matter abnormalities and
frontoparietal atrophy. A cross-sectional study recruited 38
participants with MCR and reported that lacunar infarcts in the
frontal lobe were associated with MCR in older adults (Wang
et al,, 2016). In the present exploratory study, the absence of
an increase in the plasma AP42 in older adults with MCR
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suggested that MCR was probably not due to a pure AD
pathology.

In this study, we further reported that higher levels of
plasma t-tau were correlated with lower cognitive function in the
MCR group. Mattsson et al. (2016) enrolled 1,284 participants,
including healthy older adults, participants with cognitive
impairment, and individuals with AD, in an exploratory study.
They found that MMSE scores were negatively correlated
with plasma t-tau concentrations. Another cross-sectional study
using IMR assays to measure the plasma t-tau levels in
participants with AD found that t-tau levels and MMSE scores
had a strong negative correlation (Jiao et al,, 2020). Chen
et al. (2019) recruited 22 participants with amnestic MCI in
a cohort study. They found that higher levels of t-tau were
correlated with lower cognitive performance at the baseline and
greater cognitive decline in 1.5 years follow-up. Tsai et al. (2019)
enrolled 13 older adults with NC, 40 participants with amnestic
MCI, and 37 individuals with AD, in a cross-sectional study.
They found that MMSE scores were negatively correlated with
plasma levels of t-tau. A retrospective case study noted that
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Scatterplots of the associations between Montreal Cognitive Assessment (MoCA) scores, Boston Naming test scores, and plasma t-tau levels
(pg/ml) in the three group. NC, normal cognition; MCR, Motoric Cognitive Risk syndrome; AD, Alzheimer's disease; t-tau, total tau; MoCA,

Montreal Cognitive Assessment; *p < 0.05.

the MoCA scores in the lowest CSF tau quartile group were
significantly higher than those in the highest quartile group
(Pillai et al., 2019). Our results were in line with the findings
of these studies, suggesting that cognitive performance might be
correlated with the level of t-tau.

Prior studies have indicated that depression is not only
a risk factor for AD (Gallagher et al, 2018), but also a
symptom of AD (Van der Mussele et al., 2013). Many studies
have investigated the relationship between depression and AD
biomarkers. A systematic review including 15 studies reported
significant differences in the A levels between depressed and
non-depressed older adults (Harrington et al,, 2015). Babulal
et al. (2020) enrolled 301 cognitively normal older adults in a
cross-sectional study. They found that tau was associated with
a depression diagnosis. In the present study, we observed a
significant relationship between plasma t-tau and depression in
the NC group. These findings were in line with the results from
the previous studies.

There are some study limitations that should be addressed
in this study. The first limitation was small sample size, which
limits the statistical power. Studies with a larger sample size
should be conducted in the future to confirm our results.
A second limitation of this study is the cross-sectional study
design, which prevented us from investigating the changes in
plasma biomarkers and cognitive function in the MCR group
over time. A large cohort study is warranted and encouraged.
Third, the current study did not provide neuroimaging data.
Therefore, we were unable to test the relationship between
plasma biomarkers and brain pathology.
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In conclusion, we found significantly higher plasma t-tau
proteins in the MCR and AD groups, compared to the
NC group, and correlations between the levels of plasma
t-tau and cognitive function in individuals with MCR.
These results implied that MCR and AD may share similar
pathology. However, these findings need further confirmation
in longitudinal studies.
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COVID-19 is renowned as a multi-organ disease having subacute and
long-term effects with a broad spectrum of clinical manifestations. The
evolving scientific and clinical evidence demonstrates that the frequency of
cognitive impairment after COVID-19 is high and it is crucial to explore more
clinical research and implement proper diagnostic and treatment strategies.
Several central nervous system complications have been reported as
comorbidities of COVID-19. The changes in cognitive function associated with
neurodegenerative diseases develop slowly over time and are only diagnosed
at an already advanced stage of molecular pathology. Hence, understanding
the common links between COVID-19 and neurodegenerative diseases will
broaden our knowledge and help in strategizing prognostic and therapeutic
approaches. The present review focuses on the diverse neurodegenerative
changes associated with COVID-19 and will highlight the importance of major
circulating biomarkers and microRNAs (miRNAs) associated with the disease
progression and severity. The literature analysis showed that major proteins
associated with central nervous system function, such as Glial fibrillary acidic
protein, neurofilament light chain, p-tau 181, Ubiquitin C-terminal hydrolase
L1, S100 calcium-binding protein B, Neuron-specific enolase and various
inflammatory cytokines, were significantly altered in COVID-19 patients.
Furthermore, among various miRNAs that are having pivotal roles in various
neurodegenerative diseases, miR-146a, miR-155, Let-7b, miR-31, miR-16 and
miR-21 have shown significant dysregulation in COVID-19 patients. Thus the
review consolidates the important findings from the numerous studies to
unravel the underlying mechanism of neurological sequelae in COVID-19
and the possible association of circulatory biomarkers, which may serve as
prognostic predictors and therapeutic targets in future research.

COVID-19, cognitive impairment, neurodegenerative diseases, circulating
biomarkers, microRNAs
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Introduction

disease 2019 (COVID-19), the
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has created morbidity and mortality at an
unprecedented scale globally and was declared a pandemic
by the World Health Organization (WHO) in March 2020
(Nalbandian et al.,, 2021). It was initially detected in Wuhan,
China, which triggered a severe acute respiratory syndrome,

Coronavirus disease

contaminating more than 175 million people after one year and
leading to the death of 3.8 million people worldwide (Huang
et al., 2020; Hui et al., 2020; Wu et al., 2020a; Lopez-Leon
et al, 2021). SARS-CoV-2 is a betacoronavirus, a member
of the subfamily Coronavirinae, having a single-stranded
positive-sense RNA genome (Wang et al, 2020b). SARS-
CoV-2 is made up of at least 29 proteins, four of which are
structural proteins, and the others are non-structural proteins
(Yao et al,, 2020). SARS-CoV-2 is prone to genetic evolution
through mutations over time in human hosts. This leads to the
generation of mutant variants having diverse characteristics
than their ancestral strains. Several variants of SARS-CoV-2
have been described during the course of this pandemic and
WHO has classified them based on their impact on public
health. Currently, there are five SARS-CoV-2 variants of
concern (VOC), Alpha, Beta, Gamma, Delta, and Omicron, and
two SARS-CoV-2 variants of interest (VOI), Lambda and Mu
(WHO SARS-CoV-2 Variants) (Liu et al., 2022). The emergence
of these new SARS-CoV-2 variants are posing threats to vaccine
development and other therapeutic options.

Several scientific and clinical studies have shown that
subacute and long-term effects of COVID-19 can affect multiple
organ systems (Gupta et al, 2020a). It is reported that
the mechanism of infection and replication of SARS-CoV-
2 is similar to that of SARS-CoV and MERS-CoV. The
angiotensin-converting enzyme-2 (ACE-2) receptors are the
primary binding receptors for the viral particle and are found
highly expressed in alveolar epithelial cells of lungs, vascular
endothelial cells, and enterocytes but can also be found in
other organs, such as kidney, liver, and gastrointestinal tract
(Azer, 2020; Bhavana et al., 2020; Harrison et al., 2020; Parasher,
2021). The internalization of the virus in host cells results
in different inflammatory changes such as edema, necrosis,
and tissue dysfunction. These changes can cause a cytokine
storm, promoting changes in the immune response that cause
excessive damage to the lung, gastrointestinal, neurological, and
cardiopulmonary systems (Azer, 2020; Bhavana et al.,, 2020;
Harrison et al., 2020; Rizzo et al., 2020; Xu et al., 2020; Anka
etal., 2021).

As SARS-CoV-2 has the ability to affect different organs,
recent clinical studies have demonstrated that there is an
increased risk of long-term health problems in patients who
have survived infection with SARS-CoV-2 (Seyedalinaghi et al,,
2021). The most recurrent long-term complication is respiratory
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problems that may further develop pulmonary fibrosis, arterial
complications, venous thrombo-embolic late complications
associated with a hyperinflammatory and hypercoagulable state
(Lodigiani et al., 2020; Puntmann et al.,, 2020). Likewise, cardiac
dysfunction can be caused due to structural damage to the
myocardium, pericardium, and conduction system, triggering
arrhythmias in a large proportion of patients (Lindner et al,
2020; Liu et al,, 2020). Renal lesions have also been reported
in approximately 20-31% of patients who developed the severe
form of COVID-19. The reduced glomerular filtration was
related to extensive acute tubular necrosis observed in renal
biopsies (Kudose et al, 2020). Diabetic ketoacidosis, liver
dysfunction, joint pain, muscle weekness and dermatologic
manifestations were also observed in post-covid patients
(Freeman et al., 2020; Suwanwongse and Shabarek, 2021). In
addition, late complications are reported in the central and
peripheral nervous system, promoting decreased awareness
and absorption, difficulties with concentration, disturbed
memory, difficulty in communication, anxiety, depression,
sleep problems, and olfactory and taste losses (Paybast
et al, 2020; Varatharaj et al., 2020; Huang et al, 2021a).
Figure 1 demonstrates the various complications associated
with COVID-19.

The present review aims to elucidate the underlying
mechanism that links COVID-19 with neurodegenerative
changes that lead to cognitive dysfunction. As patients infected
with SARS-CoV-2 are stratified according to their clinical
manifestations, such as symptoms, oxygen saturation, and blood
pressure (Malik et al., 2021), these manifestations are apparent
at the late stages of infection, especially for neurological
complications. Identifying factors that can lead to complications
during the disease early is extremely important since it
can significantly influence the quality of care and adequate
treatment. It would be valuable to reveal the alterations of
plasma biomarkers in various cognitive impairment stages since
the cognitive manifestations are one of the most concerned
post covid complications. Hence, based on recent literature, we
will provide clinicians with updated and practical information
on the role of circulating biomarkers and miRNAs in COVID-
19-associated cognitive dysfunction that may act as possible
therapeutic targets and prognostic predictors in future studies.

Materials and methods

The purpose of this review is to highlight the importance
of cognitive dysfunction and neurodegenerative changes
associated with COVID-19 and the dysregulation of circulating
biomarkers and miRNAs in the clinical condition being
studied. A systematic search of relevant research articles was
performed using the databases, namely, PubMed, ProQuest,
Science Direct, and Google Scholar. The electronic search was
conducted using a combination of search terms related to the
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Potential post-COVID-19 complications
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Schematic representation showing the potential complications of COVID-19 causing wide range of complications in various organ systems.

following keywords: “COVID-19” OR “SARS-CoV-2” OR
Post COVID-19 complications” OR “Cognitive dysfunction”
OR “Neurodegeneration” OR “Circulating Biomarkers” OR
“miRNAs”. The articles retrieved from our search were further
distinguished for relevancy. The inclusion and exclusion criteria
were set to only evaluate articles published from 2000 to 2022
in order to limit this search. Moreover, articles that contain only
abstracts without their full text and published in languages other
than English were excluded.

COVID-19-associated cognitive
dysfunction and
neurodegeneration

COVID-19-associated cognitive
dysfunction

As the population of patients recovering from COVID-
19 grows, it is important to establish an understanding of
the multi-organ dysfunction associated with post- COVID-
19 complications. Of note, neurological manifestations in
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COVID-19 patients have been reported, showing a close
correlation between COVID-19 and future development of
neurodegenerative diseases (Wu et al, 2020b; Taquet et al,
2021; Frontera et al, 2022; Li et al, 2022a). It has also
been established that the likelihood of developing COVID-
19-associated cognitive impairment and the severity of these
deficits is associated with the severity of the SARS-CoV-2
infection and the subsequent increases in specific circulating
inflammatory mediators and biomarkers (Becker et al., 2021;
Miskowiak et al., 2021; Zeng et al,, 2022). Alternatively, some
studies have demonstrated that even non-hospitalized COVID-
19 patients have developed cognitive-associated post-COVID-
19 symptoms, suggesting that regardless of illness severity,
cognitive dysfunction can arise (Graham et al,, 2021; Hadad
et al, 2022; Van Kessel et al., 2022). Report shows that COVID-
19-associated cognitive impairment can arise during post-acute
COVID-19 infection 3 weeks following diagnosis, and 31.2%
of participants experience cognitive dysfunction within the first
week of symptoms (Davis et al., 2021). Another study found
that 22% of individuals infected with SARS-CoV-2 developed
symptoms of cognitive impairment, which remained after
12 weeks following their diagnosis (Ceban et al,, 2022). These
deficits can last for a prolonged period of time and clinically
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relevant cognitive impairments in verbal learning and executive
function were found in 48% of patients 1 year following the
onset of symptoms (Miskowiak et al., 2022).

Likewise, another report identified abnormalities in
executive function, attention, and phonemic fluency in
post-COVID-19 patients (Hadad et al, 2022). The results
of a systemic review showed a high frequency of cognitive
COVID-19
processing speed, inattention,
(Tavares-Junior et al, 2022). A post-COVID-19 community
clinic compared Montreal Cognitive Assessment (MoCA) index

impairment after infection with defects in

or executive dysfunction

scores of participants who reported cognitive symptoms and
found that index scores were significantly worse in language,
executive function, and attention (Crivelli et al.,, 2022). With
increasing severity of infection with SARS-CoV-2, there are
corresponding increases in both the likelihood of developing
cognitive dysfunction as well as the severity of the cognitive
dysfunction in those who develop these sequelae (Wang et al.,
2021). For these reasons, it is imperative to understand the
underlying mechanisms by which covid-associated cognitive
dysfunction and neurodegeneration occur.

COVID-19-associated
neurodegeneration

The neurological complications of COVID-19 include
damage to the central and the peripheral nervous system that
consists of neuronal damage, neuroinflammation, rupture of
the blood brain barrier, microvasculitis and hypoxia (Ellul
et al,, 2020; Boldrini et al,, 2021). ACE2 receptors within the
central nervous system (CNS) are most highly concentrated
within the substantia nigra, ventricles, middle temporal gyrus,
posterior cingulate cortex, olfactory bulb, motor cortex, and
brainstem (lodice et al,, 2021). The disruption of the normal
physiological functions of these areas due to infection with
SARS-CoV-2 has been postulated to be a potential explanation
for many of the reported symptoms associated with the long-
Covid syndrome. This was validated by an observational study
that examined cortical metabolism in the subacute and chronic
(>6 months) stages of illness and found that hypometabolism
in the frontoparietal and temporal cortex was associated with
cognitive impairment (Hosp et al,, 2021). Long- COVID-19
brain fog in patients has presented with abnormal FDG-PET
scan results, with hypometabolic regions localized mostly to the
anterior and posterior cingulate cortices (Hugon et al,, 2022).
The cingulate cortex plays a role in a variety of neurological
functions including memory, emotions, and decisive action
taking. The abundance of ACE2 receptors in this area could
additionally provide some insight into their experience of brain
fog (Hugon et al., 2022).

There are numerous potential mechanisms by which SARS-
CoV-2 could access the CNS to elicit these pathologies,
which can be broadly classified into direct invasion and
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indirect hematological entry following inflammatory mediated
neurodegeneration of the blood-brain-barrier (BBB) (lodice
et al, 2021). Direct neurological invasion is hypothesized to
occur through the olfactory epithelium and the cribriform plate
into the olfactory bulbs following nasal inhalation of aerosolized
droplets containing the infectious viral load. Additionally, it
has been suggested that SARS-CoV-2 penetration into the CNS
can result in heightened neuroinflammation which may cause
neurodegeneration or exacerbate existing neuroinflammation
from preexisting comorbidities such as Alzheimer’s dementia
and Parkinson’s disease, leading to the development of
neuropsychological symptoms (lodice et al., 2021).
Hematological spread is another proposed mechanism by
which SARS-CoV-2 can gain access to the CNS. One possible
mechanism involves the attachment of SARS-CoV-2 to ACE2
expressed on BBB endothelial cells and the induction of
neuroinflammation, which weakens the protective barrier of
the brain and thus provides access for the virus. It is also
hypothesized that it is possible that the virus may circumvent
BBB altogether by infecting CNS-infiltrating macrophages and
monocytes (Zhou et al., 2020b). Furthermore, astrocytes, a vital
component of the BBB, can receive signals from circulating pro-
inflammatory cytokines, generated in response to viral infection
in the lungs, which in turn cause SARS-CoV-2 to enter the CNS
and induce neuroinflammation (Murta et al., 2020). Moreover,
SARS-CoV-2 can elicit the pro-inflammatory phenotype of
microglia, the native immune cells in the CNS, which up-
regulate the expression of genes involved in neuroinflammation
(Amruta et al, 2021). In addition, it has been demonstrated
that SARS-CoV-2 infection can facilitate neuronal injury,
encephalitis, fibrosis, thrombosis and axonal damage (Bradley
et al., 2020; Turski et al., 2020; Wang et al., 2020a). As, COVID-
19-associated pathological changes are characterize