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Editorial on the Research Topic

Advances and challenges in studying brain disorders: from development

to aging

Development and function of the human brain depends on multiple molecular

programs, the fine balance of heterogeneous cell types and coordination of distinct

anatomical structures. The human brain is vulnerable to a range of diseases that

manifest at different life stages, affecting various cell types and structures. Despite the

protection provided by the blood-brain barrier in adulthood, neurons, the fundamental

unit of the brain, which receive, integrate and transmit signals, are highly susceptible to

developmental and cumulative defects or injuries due to very limited renewal. Although

brain disorders are traditionally categorized as “neurodevelopmental,” “neuropsychiatric,”

and “neurodegenerative,” there is some evidence that these conditions share common

molecular and cellular pathways with diverse outcomes based on region- and cell-type-

specific susceptibilities. In this Research Topic, we have compiled hypotheses and research

articles, along with reviews, to shed light on current and complementary approaches of

studying brain diseases from development to aging.

Brain development relies on the production of neurons from neural progenitor

cells, which, when affected, lead to various neurodevelopmental disorders. For instance,

abnormal regulation of neural progenitor polarity can lead to not only abnormal division,

neuron production and microcephaly, but also to epilepsy and/or autism spectrum

disorders (ASD). These defects can stem from mutations in genes coding for trafficking-

related structural proteins and enzymes within the endoplasmic reticulum and the Golgi

apparatus of progenitors, as discussed in Polenghi and Taverna.

Once neurons are generated, their migration, differentiation, and establishment

of connections are crucial for correctly forming functional circuits. Identifying the

developmental origins of neurons in a specific brain region is essential for fully

understanding connectivity and function, in both normal and diseased conditions. For

example, neurons of distinct parts of the substantia nigra pars reticulata (SNpr) have

different connectivities and are differentially involved in seizures. Those originating from
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diencephalon/midbrain respond to short-term flexible reward,

while neurons originating from the hindbrain and colonizing a

more posterior part of the SNpr, play a role in long-term high-

value reward encoding (Partanen and Achim). Establishment of

proper brain connectivity also relies on precise controls over gene

expression levels. For example, different levels of the Caspr2 protein

encoded by the CNTNAP2 gene (whose mutations can lead to

several brain disorders, from neurodevelopmental to peripheral

neuropathies) lead to different abnormalities in connectivity tracts.

In mice, Cntnap2 heterozygosity can even lead to a stronger

phenotype than null homozygosity in the case of callosal axon

diameters or cortical neuron intrinsic excitability (Cifuentes-Diaz

et al.). With respect to disease causing mutations, a diversity

of phenotypes can also occur even with a single pathogenic

variant: patients with the NHLRC2 pathogenic variant c.442G >

T (either homozygous or heterozygous) have various defects in

multiple organs (including the brain) affecting development and

function, and leading to Fibrosis, Neurodegeneration and Cerebral

Angiomatosis (FINCA) (Tallgren et al.). The FINCA disease is a

good example of how perturbation of single molecule can manifest

both with neurodevelopmental and neurodegenerative phenotypes.

It is not only cell origins which are important in defining

cell development and later function, but also the changes which

can arise after birth. Somatic mutations occur throughout cell life

and particularly affect brain functions. These have been implicated

in several brain disorders, from developmental, such as focal

cortical dysplasia, autism spectrum disorders and schizophrenia, to

neurodegenerative conditions, such as Alzheimer’s disease. In her

review, Bizzotto explores cutting edge discoveries from the last 5

years that utilize single-cell and next generation sequencing, and

sheds light on how accumulation of somatic mutations in aging

brain cells can inform on cell-type-specific disease predisposition.

The correct production, migration, growth of axons and

synapse development of neurons are also all sensitive to extrinsic

factors, e.g., via immune-responsive cell types, such as microglia.

Microglia, originating outside the central nervous system, invade

the brain during early embryogenesis, before any other glial

cell is present, and influence both brain development and later

function. Their involvement has been associated with various brain

disorders, including ASD, schizophrenia, and neurodegenerative

diseases such as Alzheimer’s disease, as discussed by Bridlance

and Thion. To further explore the effect of environmental factors

such as viral infections on brain function, Mahajan et al. show

that the loss of function of Angiotensin Converting Enzyme-2

(ACE2) receptor, one of the key molecular factors mediating SARS-

CoV-2 entry into the central nervous system, leads to distinct

morphological changes, abnormal odor processing and associated

cognitive disability.

In summary, a diversity of mechanisms can contribute to

a single disease, and distinct deficits in one specific cell type

can contribute to a range of brain diseases, which highlights

the need to strengthen the bridge between neurodevelopmental

and neurodegenerative studies. This can be achieved through

cross-comparisons of animal models and different datasets to

uncover common and specific mechanisms/pathways, aiding in

drug discovery. For example, Grünblatt et al. emphasize the links

between Alzheimer’s disease and attention deficit hyperactivity

disorder (ADHD), proposing a common dysregulation of

molecular pathways involving the Wnt/mTOR pathway at

different life stages. Additionally, leveraging transcriptomics

datasets allows for the comparison of disease-related pathways,

as demonstrated by Ye et al., who provide new insights on the

immune microenvironment, but also the transcription factors

and miRNA regulation networks at play in neuropathic pain and

aging animal models. Finally, using in vitro technologies, such as

induced pluripotent stem (iPS) cells derived from patients, also

provides new avenues for modeling brain diseases, as discussed by

Loussert-Fonta et al. in their approach to model traumatic brain

injury in a dish.

Altogether, our Research Topic elucidates the multifaceted

etiology of numerous brain disorders, converging on a

range of factors, from point mutations at the genome

level, to gene expression changes at the molecular level,

to perturbation at the cellular and anatomical level, to

environmental factors such as infectious diseases and

immune responses. This Research Topic further reveals

how we can leverage on latest cutting-edge technologies

such as next generation sequencing, single-cell sequencing,

CRISPR-Cas9 based gene editing, iPS technologies and tissue

engineering to put ourselves in the forefront of studying

brain disorders.
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Neurons gating
behavior—developmental,
molecular and functional
features of neurons in the
Substantia Nigra pars reticulata
Juha Partanen* and Kaia Achim

Molecular and Integrative Biosciences Research Programme, Faculty of Biological
and Environmental Sciences, University of Helsinki, Helsinki, Finland

The Substantia Nigra pars reticulata (SNpr) is the major information output

site of the basal ganglia network and instrumental for the activation and

adjustment of movement, regulation of the behavioral state and response to

reward. Due to both overlapping and unique input and output connections,

the SNpr might also have signal integration capacity and contribute to

action selection. How the SNpr regulates these multiple functions remains

incompletely understood. The SNpr is located in the ventral midbrain

and is composed primarily of inhibitory GABAergic projection neurons

that are heterogeneous in their properties. In addition, the SNpr contains

smaller populations of other neurons, including glutamatergic neurons. Here,

we discuss regionalization of the SNpr, in particular the division of the

SNpr neurons to anterior (aSNpr) and posterior (pSNpr) subtypes, which

display differences in many of their features. We hypothesize that unique

developmental and molecular characteristics of the SNpr neuron subtypes

correlate with both region-specific connections and notable functional

specializations of the SNpr. Variation in both the genetic control of the SNpr

neuron development as well as signals regulating cell migration and axon

guidance may contribute to the functional diversity of the SNpr neurons.

Therefore, insights into the various aspects of differentiation of the SNpr

neurons can increase our understanding of fundamental brain functions and

their defects in neurological and psychiatric disorders, including movement

and mood disorders, as well as epilepsy.

KEYWORDS

Substantia Nigra pars reticulata, basal ganglia, GABAergic neuron, neurogenesis,
movement, seizure, sleep, reward
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Introduction

Basal ganglia, a network of brain structures and nuclei in
the forebrain and anterior brainstem, evaluate external and
internal signals and use this information to select, activate
and invigorate appropriate behavior, often including voluntary
movement (Dudman and Krakauer, 2016; Klaus et al., 2019).
These brain functions are of paramount importance for the
fitness of an organism and the various underlying cell types and
circuits have aggregated to form the basal ganglia system early
in the evolution (Grillner and Robertson, 2016).

The basal ganglia include separate structures for
information input, modulation and output. The main input
areas sending afferent projections to the basal ganglia are
the striatum and the subthalamic nucleus (STN), which
in turn receive projections from the cortex and thalamic
nuclei (Figure 1C). The modulatory components include the
dopaminergic nuclei in the ventral midbrain. These structures
and their incorporation to the basal ganglia network have been
extensively reviewed earlier (Deniau et al., 2007; Takakusaki,
2008; Grillner and Robertson, 2016; Hikosaka et al., 2019;
Klaus et al., 2019; Arber and Costa, 2022). The output of
the basal ganglia is funneled through two brain centers: the
internal segment of Globus Pallidus (GPi) and Substantia
Nigra pars reticulata (SNpr). These nuclei contain GABAergic
projection neurons that tonically inhibit their targets in the
dorsal midbrain, anterior brainstem and thalamus, to control
activation of movement and other aspects of behavior. Thus,
the basal ganglia participate in the control of behavior by
disinhibition: upstream components of the basal ganglia
network suppress the GPi and SNpr, resulting in activation of
the GPi and SNpr targets under excitatory cortical stimulation,
leading to the effective behaviors (Hikosaka, 2007). This model
has extensive experimental support, but the SNpr neuron
function also appears more complex. While the activity of
some SNpr neurons decreases during the activation of behavior,
many others increase their firing, suggesting that in addition
to allowing the desired behavior, the SNpr also suppresses
competing actions (Mink, 1996; Gulley et al., 2002; Meyer-
Luehmann et al., 2002). Furthermore, recent studies suggest
that disinhibition may not be the only operational mechanism
of the SNpr, and that the SNpr neurons can also elicit activation
of their target neurons by rebound depolarization (Villalobos
and Basso, 2022). In addition, there also are some excitatory
glutamatergic neurons in the SNpr (Antal et al., 2014; Morales
and Root, 2014). Importantly, both earlier and recent studies
promote a view that to regulate various types of behaviors,
the SNpr is divided into discrete modules, differing in their
connectivity and function (Deniau et al., 2007; McElvain et al.,
2021).

How the basal ganglia output is controlled by specialized
SNpr neurons, responsible for distinct behavioral outcomes,
remains incompletely understood. A prerequisite for

understanding the cell type-specific output is to have
information on the properties and diversity of the output
neurons at multiple levels (Arber and Costa, 2022). In this
review, we focus on the cellular composition of the SNpr.
We discuss the embryonic development of the molecularly
distinct subtypes of SNpr neurons, and give an overview of
information available about their connectivity patterns as
well as region-specific functions. The focus of this review is
on the possible correlations between the neuronal subtype-
specific developmental, neuroanatomical and functional
features, which have remained largely overlooked to date.
Insights to the SNpr composition and function are central for
understanding fundamental aspects of behavioral regulation
and have implications for understanding several brain diseases
such as movement disorders, attention deficit and hyperactivity,
as well as epilepsy.

The Substantia Nigra pars
reticulata neurons and their
development

The SNpr is an anatomically easily recognizable nucleus
in the most ventral brainstem, next to the dopaminergic
neurons in the Substantia Nigra pars compacta (SNpc) and
Ventral Tegmental Area (VTA) (Figure 1A). In the mouse,
the SNpr extends from the posterior diencephalon to the
midbrain, with its posterior limit at the midbrain-hindbrain
border (Figure 1B). The majority of the SNpr neurons are
inhibitory GABAergic neurons, but the SNpr also contains
glutamatergic and dopaminergic neurons, as well as neurons
using both glutamate and dopamine as neurotransmitters (Nair-
Roberts et al., 2008; Yamaguchi et al., 2013; Antal et al., 2014).
In addition, few cholinergic neurons are also located in the
posterior SNpr (Gould and Butcher, 1986). The SNpr neurons
are mostly projection neurons and local interneurons appear
very few in number (Deniau et al., 2007). Most of the research
discussed here has focused on the GABAergic component of the
SNpr, although some of the SNpr glutamatergic neurons may be
both developmentally and functionally related to these neurons.

Developmental origins of the
Substantia Nigra pars reticulata
GABAergic neurons

Although located primarily in the ventral midbrain in
the mature brain, the SNpr GABAergic neurons are largely
derived outside the embryonic midbrain neuroepithelium. The
first indication of this was the observation that abundant
SNpr GABAergic neurons were still present in mouse mutants
where the midbrain GABAergic neurogenesis completely failed
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FIGURE 1

The anatomical context and connectivity of Substantia Nigra. (A) Coronal view to the adult mouse brain at the level on midbrain (level indicated
with arrows on the 3D image in left). The Substantia Nigra pars reticulata (SNpr), pars compacta (SNpc) and Ventral Tegmental Area (VTA) are
highlighted. (B) Sagittal view to adult mouse brain, showing the positions of SNpr and its interconnected structures. Str, striatum; STN,
Subthalamic nucleus; SC, Superior colliculus; pRF, pontine reticular formation. (C) Input and output structures of the SNpr and their
interconnections in mature mouse brain. Black arrows represent inhibitory GABAergic (blunt arrowhead) and excitatory glutamatergic (triangular
arrowhead) projections. The dopaminergic neuron projection from SNpc to striatum (Str) is shown in violet. Th, Thalamus; GPe, Globus Pallidus,
external segment; MRF, midbrain reticular formation; MLR, midbrain locomotor region; DR, Dorsal Raphe nucleus; PPTn, pedunculopontine
tegmental nucleus. The views in (A,B) are created using the Brain Explorer 2 app (Allen Institute for Brain Science,
https://mouse.brain-map.org/static/brainexplorer).

(Kala et al., 2009). Cre-recombinase driven fate-mapping in
the mouse subsequently indicated an origin for some SNpr
GABAergic neurons in the hindbrain (Achim et al., 2012).

Importantly, a hindbrain-specific Cre-driver (Gbx2CreERT2)
labeled the posterior part of the SNpr (pSNpr), but not
its anterior part (aSNpr). Studies of the development of

Frontiers in Neuroscience 03 frontiersin.org

9

https://doi.org/10.3389/fnins.2022.976209
https://mouse.brain-map.org/static/brainexplorer
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-976209 September 1, 2022 Time: 13:44 # 4

Partanen and Achim 10.3389/fnins.2022.976209

GABAergic neuron subtypes in the rhombomere 1 (r1) of
the anterior hindbrain have further refined the origin of
the pSNpr neurons in the ventrolateral r1 neuroepithelium
expressing the homeodomain transcription factor (TF) NKX6-
1, and in particular the anterior part of this neuroepithelial
region close to the midbrain-hindbrain border (Morello et al.,
2020a; Figure 2A). On the other hand, fate mapping with the
Nkx6-2CreERT2 –driver suggested that the aSNpr neurons are
derived from the Nkx6-2 expressing neuronal progenitors or
precursors found in the ventrolateral midbrain-diencephalon
region (Qiu et al., 1998; Moreno-Bravo et al., 2010; Madrigal
et al., 2016). The exact origin of aSNpr neurons remains to
be established with regionally more restricted progenitor cell
labeling (Qiu et al., 1998; Moreno-Bravo et al., 2010; Madrigal
et al., 2016).

In summary, the SNpr is divided into two developmentally
independent GABAergic components, termed aSNpr and pSNpr
in this review, each of which originates in distinct antero-
posterior brain compartments (Figure 2A). The ventrolateral
neuroepithelial domains giving rise to the aSNpr and pSNpr
neurons are marked by the expression of specific homeodomain
TFs. Interestingly, in addition to the GABAergic neurons of
the pSNpr, the precursors in the ventrolateral r1 also produce
developmentally related glutamatergic neuron types, some of
which may also contribute to the SNpr (Figure 2A, blue).

Regulation of the differentiation of the
Substantia Nigra pars reticulata
GABAergic neurons

GABAergic neurogenesis, production of post-mitotic
GABAergic neuron precursors from proliferative progenitor
cells, is regulated by different proneural TFs in the
diencephalon/midbrain and the hindbrain, giving rise to aSNpr
and pSNpr, respectively. In the diencephalon/midbrain Ascl1
and Helt are required for GABAergic precursor production
(Song et al., 2015; Wende et al., 2015). In turn, similar to spinal
cord, GABAergic neurogenesis in the ventrolateral hindbrain
may be controlled by Foxn4 and Ascl1 (Li et al., 2005; Misra
et al., 2014; Figure 2A).

The differentiation of postmitotic pSNpr and aSNpr neurons
is guided by related, but somewhat different sets of TFs.
Members of the GATA zinc finger TF family, GATA2 and
GATA3, as well as members of the Tal/Scl bHLH TF family,
TAL1 and TAL2, interact in a heteromeric TF complex and
are important for the acquisition of GABAergic neuron identity
in the spinal cord, r1 and midbrain (Zhou et al., 2000; Joshi
et al., 2009; Kala et al., 2009; Achim et al., 2012, 2013; Porcher
et al., 2017). These TF genes act as developmental selector
genes (Hobert and Kratsios, 2019). The differentiation of the
pSNpr neurons is regulated by Tal1, Gata2, and Gata3, the
latter two functioning redundantly (Achim et al., 2012; Lahti

et al., 2016; Figure 2A). During the embryonic development,
most of the pSNpr GABAergic neuron precursors exit the
cell cycle between E11.5-E12.5, slightly after the GABAergic
neurons of the midbrain reticular formation, but before the
GABAergic neurons of the dorsal midbrain (superior colliculi)
(Achim et al., 2012). The expression of Tal1, Gata2 and Gata3
is robustly activated at this stage in the neuronal precursors
of the ventrolateral r1 as these cells exit the cell cycle and
migrate out of the neuroepithelium. At later stages, Gata2
expression decreases while Gata3 expression is maintained
in the GABAergic neurons. Importantly, the ventrolateral r1
comprises Nkx6-1 expressing progenitors that can give rise to
post-mitotic precursors differentiating into either GABAergic
or glutamatergic neurons. TAL1, GATA2, and GATA3 act as
selectors of the GABAergic identity, preventing the alternative
glutamatergic differentiation (Lahti et al., 2016). It is also known
that in the pSNpr precursors, Gata2 and Gata3 genes are
activated independent of each other and either one of them is
required for GABAergic differentiation. In turn, the expression
of Nkx6-1 is maintained only in the differentiating glutamatergic
precursors. Asymmetric Notch signaling, probably mediated
by NOTCH1 receptor and its ligands DLL3 and DLL4, is
associated with the activation of selector gene expression and
GABAergic fate acquisition in the post-mitotic precursors
in the ventrolateral r1 (Morello et al., 2020a). Similar role
for NOTCH1-DLL4 signaling has been demonstrated in the
ventrolateral V2 region of the spinal cord (Del Barrio et al., 2007;
Peng et al., 2007).

The differentiation of the aSNpr GABAergic neurons is
also initiated by Gata2 function, Gata2 being the main selector
gene for GABAergic identity in early postmitotic precursors in
the midbrain and posterior diencephalon (P1–P2) (Kala et al.,
2009; Achim et al., 2012; Virolainen et al., 2012). In contrast
to the pSNpr precursors where Gata2 and Gata3 operate
redundantly, Gata2 function is essential for Gata3 expression in
the midbrain and diencephalon, and inactivation of Gata2 alone
is sufficient to prevent GABAergic differentiation of the aSNpr
precursors (Achim et al., 2012; Lahti et al., 2016). Furthermore,
unlike in the pSNpr precursors, Tal1 is not required for the
development of aSNpr precursors, where the requirement of a
bHLH selector function may be compensated by a related TF
TAL2 (Achim et al., 2013).

Thus, the early precursors of the pSNpr and aSNpr neurons
are dependent on different combinations of GATA and TAL TFs
that function as GABAergic fate selectors.

Molecular subtypes of the Substantia
Nigra pars reticulata GABAergic
neurons

The SNpr GABAergic neurons are heterogeneous in their
cytoarchitecture and expression of neurochemical markers,
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FIGURE 2

The development, connectivity and function of the anterior and posterior SNpr neurons. (A) Developmental origin and differential gene
expression in the aSNpr GABAergic neurons and the pSNpr GABAergic and glutamatergic neurons. The aSNpr GABAergic neurons originate in
the Nkx6-2 expressing neuronal progenitors in the ventrolateral midbrain or posterior diencephalon (green), and are characterized by the
expression of Six3 and Foxp1. aSNpr neurons require the function of the proneural genes Ascl1 and Helt and the selector genes Tal1 and Gata2
in order to acquire GABAergic neuron phenotype. In early precursors, Gata2 and Tal2 are activated independently of each other and can have
both common and separate target genes. The pSNpr GABAergic neurons (violet) and glutamatergic neurons (blue) originate in the Nkx6-1
expressing neuronal progenitors in the anterior ventrolateral hindbrain. pSNpr progenitors express Foxn4, Ascl1 and Notch1. pSNpr GABAergic
neurons are characterized by the expression of Pax5, Ctip2 and Pou6f2, and require the function of Tal1 and Gata2/Gata3 to acquire GABAergic
neuron phenotype. Sox14, En1 and Zfpm1 expression marks further subtypes of pSNpr neurons, which are located in distinct spatial positions:
lateral (l), dorsomedial (dm) or ventrolateral (vl) pSNpr. The transcription factors involved in the fate specification of pSNpr glutamatergic
neurons are not known. The relatively minor populations of dopaminergic and cholinergic SNpr neurons are not shown. (B) Differences in the
output connectivity of aSNpr and pSNpr neurons. One of the hallmarks of SNpr neurons are the axon-collaterals. The common targets of the
aSNpr and pSNpr are thalamus, MRF (midbrain and pontine reticular formation) and PPTn (pedunculopontine nucleus. In addition to projections
to the common targets, the aSNpr neuron axon-collaterals (green) project to superior colliculus (SC), while the pSNpr axon-collaterals (violet)
more often project to brainstem. Thalamus is one of the major targets of the SNpr glutamatergic neurons (blue). SNpr glutamatergic neurons
specifically project to the nucleus reticularis of thalamus (nRT, see text). (C) Variety of functions of the SNpr neuron subtypes. The table
summarizes the known functions of the Pvalb- or Gad2-expressing SNpr GABAergic neurons in the control of motor activity and behavioral
state, and the functions of the anterior and posterior parts of the SNpr in the seizure activity, motivation, and reward. How these functions are
related to specific molecularly defined SNpr neuron subtypes remains to be shown.
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including Parvalbumin (PVALB), Calretinin, and Nitric oxide
synthase, with the subtypes differing in their spatial distribution
along the medio-lateral and antero-posterior axes of the SNpr
(Gonzalez-Hernandez and Rodriguez, 2000; Lee and Tepper,
2007).

The developmental regulation leads to a unique molecular
profile in a cell or cell type, defining its functional properties.
Both pSNpr and aSNpr neurons robustly express genes required
for the GABAergic neurotransmission, such as Glutamic acid
decarboxylase 1 (Gad1), and markers of the GABAergic neurons
in the posterior diencephalon-midbrain-ventral hindbrain
region, such as Gata3 (Lahti et al., 2016). However, the
developmentally distinct SNpr neuron populations also differ
in other TF gene expression. For example, the pSNpr neurons
express TF genes Pax5, Ctip2, and Pou6f2, whereas the aSNpr
neurons express Six3 and Foxp1 (Achim et al., 2013; Lahti
et al., 2016; Madrigal et al., 2016; Saunders et al., 2018;
Morello et al., 2020a). Developmentally, the pSNpr neurons
are likely derived from the Pax5 expressing precursors located
close to the midbrain-hindbrain border in the ventrolateral
r1. The early regulation of differentiation and Pax5 expression
in the r1 precursors is probably subject to the antero-
posterior patterning and other signals from the midbrain-
hindbrain/isthmic organizer (Wurst and Bally-Cuif, 2001).

Besides the two main SNpr neuron subtypes, aSNpr
and pSNpr, there is further molecular heterogeneity in the
SNpr, especially among the pSNpr neurons. For example,
the most lateral pSNpr is distinguished by Sox14 expression,
and En1 and Zfpm2 expression marks additional dorsomedial
and ventrolateral pSNpr neuron subtypes (Lahti et al., 2016;
Saunders et al., 2018; Zeisel et al., 2018). Anatomically, the
molecularly distinct aSNpr and pSNpr neurons are clearly
segregated in the embryonic brain (Lahti et al., 2016; Morello
et al., 2020a) and despite partial intermingling during later
development, the aSNpr and pSNpr neurons retain their
regional bias and can be identified based on subtype-specific
gene expression in the adult brain.

The distinct TF expression profiles described above likely
manifest in the expression of subtype-specific gene products
that determine neuronal function, but to date, this remains
incompletely understood. Interestingly, the calcium-binding
protein PVALB, used for mapping the SNpr connections and
functions (see below), is preferentially, although not exclusively,
expressed in the Foxp1 positive putative aSNpr neurons and
the lateral SNpr (Saunders et al., 2018; Liu et al., 2020).
Also GAD2, an enzyme involved in GABA biosynthesis, is
expressed at different levels in several SNpr GABAergic neuron
subpopulations and, in contrast to PVALB, its expression is
enriched in the medial part of the SNpr (Liu et al., 2020).

In summary, the SNpr GABAergic neurons are molecularly
heterogeneous. The subtypes of mature SNpr neurons that
differ in their developmental origins and regulation can also
be distinguished by differential gene expression (Figure 2A).

Recent scRNAseq studies (La Manno et al., 2016; Lutas et al.,
2016; Saunders et al., 2018; Agarwal et al., 2020; Morello et al.,
2020a) have contributed to the understanding of the molecular
features and subtypes among the SNpr neurons, but the full
resolution seems to not be achieved yet.

Migration of the Substantia Nigra pars
reticulata GABAergic neuron
precursors

The later developmental mechanisms, including the
molecular cues guiding the migration of the SNpr GABAergic
precursors to their correct location in the ventral midbrain
are beginning to be elucidated. The SNpr GABAergic neurons
move to the ventral midbrain mostly between E14.5-E16.5
(Achim et al., 2012; Vasudevan et al., 2012; Brignani et al.,
2020). In the ventral midbrain the GABAergic neurons are
preceded by the SNpc and VTA dopaminergic neurons, but
different conclusions have been reached considering the role of
dopaminergic neurons in the guidance of GABAergic precursor
migration (Vasudevan et al., 2012; Brignani et al., 2020). Several
cell adhesion and migration associated proteins, such as DCC,
Netrin-1 (NTN1), Ephrins and Plexins are expressed across the
SNpr area. Furthermore, NTN1, released by striatal axons in
the cerebral peduncle crossing the ventral midbrain, is required
for the migration of SIX3+ aSNpr neurons to their location
ventral to SNpc dopaminergic neurons (Brignani et al., 2020).
The aSNpr neurons express Dcc, Neogenin and Dscam, of which
DSCAM is the main functional NTN1 receptor in migrating
aSNpr precursors (Brignani et al., 2020). Importantly, in
contrast to the aSNpr precursors, migration of the GABAergic
precursors of the posterior SNpr is not affected by depletion
of the NTN1 expression in the striatal axons. The specific
mechanisms guiding the pSNpr neuron migration remain
less understood. A guidance molecule EPHB1 is expressed
in the SNpr GABAergic neurons during development, and
Ephb1 mutant mice show reduced numbers of SNpr cells at
both anterior and posterior levels, and display locomotor
hyperactivity (Richards et al., 2007). How the dopaminergic and
GABAergic neurons interact in the ventral midbrain to form
the SNpc and SNpr components of the Substantia Nigra still
remains an open question.

Development and molecular subtypes
of the other Substantia Nigra pars
reticulata neurons

Compared to the GABAergic neurons, less is known
about the other neuron types in SNpr, including glutamatergic
neurons, and the neurons co-releasing glutamate and dopamine.
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Many SNpr glutamatergic neurons express the TF gene
Nkx6-1 (Lahti et al., 2016; Saunders et al., 2018) and
are located in the dorsomedial and posterior regions of
the SNpr (Antal et al., 2014; Morales and Root, 2014;
Figures 2A,B). Similar to the pSNpr GABAergic neurons,
these neurons likely have their embryonic origin in the
ventrolateral r1, as their numbers are markedly increased by
inactivation of Tal1 or Gata2/3 and the resulting GABAergic-
to-glutamatergic fate transformation of the r1 precursors
(Lahti et al., 2016). These NKX6-1 positive neurons may
represent the SNpr glutamatergic neurons that do not co-
express dopaminergic neuron characteristics (Antal et al.,
2014) (see below). The SNpr neurons co-releasing dopamine
and glutamate seem to be molecularly and developmentally
related to the SNpc and VTA dopamine neuron subgroups
(Poulin et al., 2020).

Connections of the Substantia
Nigra pars reticulata neurons and
their regional specification

Input to the Substantia Nigra pars
reticulata GABAergic neurons

The SNpr receives GABAergic input from the striatum
and the external segment of Globus Pallidus (GPe), and
glutamatergic input from the STN and a subset of neurons in
the midbrain locomotor region (MLR) (the RBP4 expressing
glutamatergic neurons in the midbrain reticular formation)
(Grillner and Robertson, 2016; Ferreira-Pinto et al., 2021;
Arber and Costa, 2022). The striatal input to the SNpr
is organized into the direct inhibitory pathway, and the
indirect excitatory pathway through the STN (Kravitz et al.,
2010). The direct striatal and indirect striatopallidal inputs
converge in SNpr, maintaining the features of the striatal
topographical organization as demonstrated by systematic
tracing studies in rodents (Deniau et al., 1996, 2007; Lee
et al., 2020; Foster et al., 2021). In the SNpr, the striatal
input is directed to at least six identifiable longitudinal
columns spanning the entire antero-posterior extent of the
SNpr. Thus, the columns receiving information from the
striatum do not strictly correlate with the developmental
aSNpr/pSNpr division. Instead, distinct striatal areas
preferentially connect to different medio-lateral regions in
the SNpr: the dorsolateral striatum connecting to more
lateral SNpr and ventromedial striatum to more medial
SNpr, to regulate various aspects of movement (Deniau
et al., 2007; Lee et al., 2020). Basal ganglia nuclei, including
the striatum, GPe and STN, were found to be the main
source of input to both Pvalb- and Gad2-expressing SNpr

neurons. Compared to the Pvalb-expressing neurons, the Gad2-
expressing neurons receive more variable inputs, including
connections from the anterior brainstem regions implicated
in the regulation of both movement and brain state, such as
SC, MLR, dorsal raphe (DR), and periaqueductal gray (PAG)
(Liu et al., 2020).

The striatal input to the SNpr is also topographically
organized in primates. The dorsal striatum in primates is
composed of two nuclei, the Caudate and the Putamen. Of
these, the Putamen projects primarily to the GPi, whereas
the main target of the Caudate nucleus is the SNpr (Parent
et al., 1984; Smith and Parent, 1986). The Caudate nucleus
is further divided into sub-regions that project to non-
overlapping targets in the SNpr and have been shown to
be preferentially activated during distinct assays of object
recognition in primates. The projections from the head of the
Caudate nucleus CD(h) are directed toward the anterior (rostro-
ventral-medial) region of the SNpr, whereas the tail of the
Caudate nucleus CD(t) projects to the posterior (caudal-dorsal-
lateral) SNpr (Hikosaka et al., 2014; Yasuda and Hikosaka,
2015).

In addition to these inhibitory and excitatory projections,
the SNpr receives dopamine released by the dendrites
of adjacent SNpc dopaminergic neurons (Cheramy et al.,
1981; Levey et al., 1993). SNpr GABAergic neurons express
dopamine receptors D1R and D5R, and the direct dopamine
signaling might contribute to tonic firing of SNpr neurons
(Zhou et al., 2009). In addition to the SNpr neurons,
dopamine may affect local astrocytes, which strongly express
D1R in the SNpr (Nagatomo et al., 2017). As discussed
above, the SNpr neurons receive extensive indirect dopamine
regulation via striatonigral GABAergic projection neurons,
which also express D1R.

Output from the Substantia Nigra pars
reticulata GABAergic neurons

The SNpr sends GABAergic output to the dorsal midbrain
(the superior colliculi, SC, and the inferior colliculi, IC),
brainstem nuclei and the thalamus (Deniau and Chevalier,
1992). This output affects downstream targets regulating
behavior and may provide feedback and efference copy
information to the upstream basal ganglia structures, the cortex
and to the SNpr itself. Systematic anterograde mapping of the
SNpr projections revealed 42 different output sites of the SNpr,
including several targets in the brainstem region (McElvain
et al., 2021). Among these targets, the relative SNpr output
varies greatly, two-thirds of it being directed to the brainstem
reticular formation and the colliculi. One prominent feature
of the SNpr output are the axon collaterals. Using the axon-
collaterals, the SNpr neurons can have both specific targets, for
example in the dorsal midbrain and the brainstem, as well as
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shared targets in thalamus, pedunculopontine nucleus (PPTn)
and midbrain reticular formation (Liu et al., 2020; McElvain
et al., 2021). There are also non-collateralising SNpr neuron
populations, such as the projections to pontine and midbrain
reticular formation.

The SNpr projections to the dorsal midbrain and the
brainstem send information out of the basal ganglia loop
circuits toward action initiation. Interestingly, SNpr neurons
projecting to specific targets in the dorsal midbrain and
the brainstem are spatially clustered, showing enrichment in
different areas of SNpr. The neurons sending projections to
the superior and inferior colliculi (SC and IC) in the dorsal
midbrain are located in the anterolateral SNpr, whereas the
neurons sending projections to the brainstem nuclei in the
hindbrain, including the dorsal raphe and pontomedullary
reticular formation, are located in the posteromedial SNpr
(Deniau and Chevalier, 1992; McElvain et al., 2021; Figure 2B).
This is further supported by distinct projection patterns:
lateral Pvalb-expressing neurons are connected to the SC and
MLR, brain regions related to locomotion, while medial Gad2-
expressing SNpr neurons project more widely to brainstem
regions involved in brain-state regulation (Saunders et al.,
2018; Liu et al., 2020). It is possible that these differences
in the regional projection patterns are corollary to the
distinct molecular properties and developmental histories of
the inherent neuron subtypes. Interestingly, the origin of the
pSNpr neurons in the embryonic r1 parallels the projection
of the posterior and medial SNpr neurons to the brainstem
nuclei located in the hindbrain. It is thus possible that the
translocation of the cell bodies of the pSNpr neurons is
associated with establishment of their connectivity, as seen
in some other neuronal subtypes in the developing brain
(Lambert de Rouvroit and Goffinet, 2001).

In addition to SNpr neurons having region-specific
output targets, there is regional specification also within
the shared targets. In particular, most SNpr neurons
are characterized by a projection to the thalamus. The
target areas in the thalamus, however, differ between the
SNpr neurons connected to the dorsal midbrain and the
brainstem: the SNpr neurons projecting to the dorsal
midbrain send collaterals to the more lateral thalamus,
whereas the SNpr neurons projecting to brainstem send
collaterals to the more medial regions of the motor and
intralaminar thalamic nuclei (McElvain et al., 2021). These
connections appear to be involved in parallel closed-loop
circuits between the cortex, striatum, SNpr and thalamus
(Foster et al., 2021). Thus, the SNpr contains parallel
modules that can affect both ascending and descending
targets regulating behavior.

As mentioned above, the SNpr is thought to contain
only sparse local interneurons. Rather than local interneurons,
the axon-collaterals of the SNpr projection neurons provide
feedback and mutual inhibitory interactions within the SNpr,

as well as project to the adjacent dopaminergic SNpc (Tepper
et al., 1995; Mailly et al., 2003; Lee and Tepper, 2007; Brown
et al., 2014; Galaj et al., 2020). The SNpr neurons projecting to
the SNpc are characterized with a relatively high level of PVALB
expression (Rizzi and Tan, 2019).

In summary, the SNpr receives region-specific input
and is a source of region-specific output. The regional
organization of the input and output show similarities,
suggesting separate information channels (Deniau et al.,
2007), but the regional maps may not fully overlap,
providing some input integration capacity. Although there
are clear differences in the connectivity along the antero-
posterior, dorso-ventral and medio-lateral axes of the SNpr,
the extent of correlation between the distinct projection
patterns and the molecularly defined SNpr neuron subtypes
is not yet shown.

Connections of the Substantia Nigra
pars reticulata glutamatergic neurons

Similar to the SNpr GABAergic neurons, the SNpr
glutamatergic neurons also receive inhibitory input from
the striatum and project to the thalamus (Antal et al.,
2014; Figure 2B). However, the thalamic targets of the
GABAergic and glutamatergic neurons differ. Whereas the
SNpr GABAergic neurons provide inhibitory input to the
ventral thalamic area (the ventroposterolateral nucleus), the
glutamatergic projection provides excitatory input to the
nucleus reticularis of thalamus (nRT), and both GABAergic
and glutamatergic neurons project to the posterior nucleus
group (Antal et al., 2014). The specific function of the SNpr
glutamatergic neurons is unknown.

Signaling properties of the
Substantia Nigra pars reticulata
neurons

The SNpr GABAergic neurons are spontaneously active
suppressing their targets. They display a broad range of activity
characteristics. Importantly, the topographically organized
SNpr neuron subtypes, differing in their projections to
the collicular and brainstem targets, are also specialized
in their intrinsic electrophysiological properties (McElvain
et al., 2021). The neurons projecting to the lateral and
central SC, involved in sensorimotor function, show higher
level of activity and narrow action potentials, whereas the
projection neurons to the neuromodulatory dorsal raphe are the
slowest population. These electrophysiological specializations
further support the existence of molecularly and functionally
segregated SNpr neuron subtypes. Consistent with this, the
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Pvalb-expressing SNpr neurons, were also shown to fire at
higher frequencies and have higher baseline activity than the
Gad2- and Vgat (Slc32a1) expressing SNpr neurons (Rizzi
and Tan, 2019; Liu et al., 2020; Figure 2C). Recent studies
have addressed fine aspects of the ion channel expression
and function in the SNpr GABAergic neurons (Zhou et al.,
2009; Zhou and Lee, 2011; Lutas et al., 2016), demonstrating
notable diversity in ion channel gene expression, but this
information has not been linked to spatial positions. Those
findings could, in future, be carefully compared with the
recent single-cell sequencing data. One especially promising
approach here would be to use spatial transcriptomics
studies as reference.

Behavioral functions of the
Substantia Nigra pars reticulata
neurons

Movement, action selection and
decision making

The hallmark feature of the basal ganglia output is the
inhibition of movement, combined with selective activation
of a movement by disinhibition when a tonic inhibitory
output from the SNpr is paused (Chevalier and Deniau,
1990). This principle may be extended to selection of series
of movements, behaviors and behavioral patterns. Different
regions of the SNpr appear to regulate different types of
movement, such as orofacial movement (licking) or body
movements (turning), as suggested by the topographically
organized projections from the striatum to the SNpr, and
the behavioral consequences of stimulation of distinct striatal
regions (Lee et al., 2020). The SNpr GABAergic neurons are
thought to integrate “Go” signals (inhibitory direct input from
the striatum) and “Stop” signals (excitatory input from the STN,
a target of the striatal indirect pathway, and MLR) (Ferreira-
Pinto et al., 2021). Activation of both the Pvalb-expressing
and the Gad2-expressing neurons suppresses movement (Liu
et al., 2020). However, during normal behavior, the Pvalb-
expressing neurons have been shown to be more active
during high motor activity, which is thought to reflect their
function in suppression of unwanted movements (Liu et al.,
2020). The pathways involving medial or lateral SNpr may
affect movement differently, and earlier studies have indeed
suggested that the lateral and medial regions of the SNpr
differentially control locomotion and postural muscle tone
(Takakusaki et al., 2003). Interestingly, the SNpr contains
a specific region enriched in neurons that are associated
with correct “Stop” signaling (Schmidt et al., 2013). This
“hotspot” of “Stop” signaling is located in the dorsolateral
SNpr and may comprise specific aSNpr/pSNpr neurons

subgroups, such as the Sox14 positive lateral pSNpr neurons
(Lahti et al., 2016).

Mode of activity and sleep

The SNpr also controls transitions between behavioral
states, such as different levels of motor activity and
sleep (Figure 2C). In particular, the Gad2-expressing
neurons in the medial SNpr have been shown to fire
more during behavioral states of low motor activity,
immobility, and sleep. Furthermore, activation of the Gad2-
expressing cells, in addition to suppression of movement,
also induced behavioral transition to sleep. This is in
contrast to the Pvalb-expressing cells, whose activation
suppressed movement but had no direct effect on sleep.
Consistently, inactivation of the Gad2-expressing neurons
more strongly inhibited sleep. These findings correlate with
the projection of the Gad2-expressing cells to the brainstem
neuromodulatory centers, including dorsal raphe and locus
coeruleus, which regulate the behavioral state (Liu et al.,
2020) (see above).

Seizures

Perhaps related to its role in action selection, the SNpr
function has been associated with the control of seizures.
Already 40 years ago, it was found that the injection of
GABA agonist muscimol into the SNpr has anticonvulsant
effects (Iadarola and Gale, 1982). Interestingly, multiple
studies have reported anterior-posterior differences in how
SNpr is involved in seizure control. The anterior and
posterior SNpr are differentially active during seizures (Gernert
et al., 2004; Veliskova et al., 2005). Moreover, modulation
of neuronal activity in distinct regions of the SNpr have
different effects on seizure predisposition. Several studies
have found pharmacological suppression of the anterior SNpr
to be anticonvulsive, whereas suppression of the posterior
SNpr has been reported to have both anticonvulsive and
proconvulsive effects (Broer, 2020; Figure 2C). Consistent
with this, opto- or chemogenetic activation of the Pvalb-
expressing SNpr neurons was found to amplify seizures,
whereas their inhibition alleviated seizure activity (Chen
et al., 2020). Optogenetic inhibition of the GABAergic
neurons in the anterior SNpr neurons was also found to
suppress different kinds of seizures in rats (Wicker et al.,
2019). Furthermore, suppression of the SNpr projections to
the SC recapitulated these effects. In contrast, suppression
of the SNpr projection to the PPTn, a target of the
posterior SNpr, had more varied effects and even amplified
some of the seizure types (Wicker et al., 2019). Thus,
the anterior and posterior regions of the SNpr, and their
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region-specific output targets, have distinct roles in the
control of seizures.

Reward

In addition to the GABAergic and dopaminergic neurons
in the VTA that have been extensively studied in the
context of reward, the SNpr GABAergic neurons have also
been shown to mediate avoidance and reward function,
and are especially important for opioid action (Rizzi and
Tan, 2019; Galaj et al., 2020). Compared to the VTA, the
SNpr GABAergic neurons more abundantly express µ-opioid
receptors and their optogenetic activation more potently
inhibits opioid reward. These neurons may be related to the
Pvalb-expressing SNpr GABAergic neurons that project to
the adjacent SNpc and regulate both movement and reward
(Rizzi and Tan, 2019).

The function of basal ganglia and SNpr in value-based
behavior and decision making has been elucidated by the
studies in primates. Interestingly, different roles have been
assigned to the anterior and posterior parts of the SNpr that
receive differential innervation from the CD(h) and CD(t) (see
above). In primates, the activity of the CD(t)-pSNpr circuit
was specifically observed during the saccade toward previously
learned high-value objects, while the activity of the CD(h)-
aSNpr circuit was associated with the selection of objects with
short-term, changing value (Hikosaka et al., 2014; Yasuda and
Hikosaka, 2015; Figure 2C).

Conclusion and relevance for
brain disease

A number of recent studies have addressed the region-
specific functions of the SNpr neurons in the context of selecting
appropriate behavior, initiation of specific movements and the
regulation of behavioral states. The regional differences and
specific functions are likely to match the molecularly distinct cell
types, as demonstrated by specific manipulation of the activity of
the Pvalb- and Gad2-expressing SNpr neurons (Figure 2C). In
addition to acute optogenetic manipulation, behavioral studies
of animal models with defects in differentiation of specific
SNpr neuron subtypes would be important for understanding
behavioral disorders, which often have a developmental basis.
For example, mice carrying a mutation in the Tal1 gene
lack pSNpr neurons and show ADHD-like behaviors (Morello
et al., 2020b). However, these mice also have defects in
other brainstem nuclei, underlining the importance of finding
strategies for more specific manipulation of the SNpr cell types.

SNpr has been shown to gate different types of behaviors,
and studies reviewed here have addressed its broad (for example
controlling the state of behavioral activity) as well as more

focused (for example activating a specific movement) functions.
The functional repertoire of SNpr appears to be based on
distinct SNpr neuron subtypes and their cell-type specific
connectivity that form parallel, segregated pathways regulating
specific behaviors (Lee et al., 2020). We have discussed here
how the SNpr neurons differ by their development, gene
expression, connectivity and functions. We propose existence
of two main categories of the SNpr GABAergic neurons,
the anterolateral aSNpr and posteromedial pSNpr neurons,
the features of which reflect their distinct developmental
histories in the embryonic brain and suggest that the functional
differences of these main SNpr neuron subtypes are intrinsically
defined already in the early precursors. It appears that this
division represents just the first level of SNpr GABAergic
neuron heterogeneity and that both aSNpr and pSNpr contain
diverse subcategories, in particular along their medio-lateral
axis. This heterogeneity can arise from intrinsic differences
in the early precursors, or later extrinsic influences from the
neuronal environment and circuitry. Although both aspects
likely contribute to the diversity, the fact that molecularly
distinct pSNpr neuron subtypes are found in the embryonic
brain suggests that at least to some extent their differences
are determined early during precursor differentiation. It should
be noted that anatomical correlates, although suggestive, are
only first approximations, and future studies using cell-
type-specific labeling should directly test how the regional
differences in the various properties of the SNpr neurons
are related to each other. Better understanding of the
SNpr neurons also requires more focused and deeper gene
expression profiling. This can be expected to reveal SNpr
neuron subtypes and their specific markers that would be
useful tools for mapping SNpr neuron input and output
connections, patterns of activity, and physiological functions
in the regulation of behavior. Thus, developmental and genetic
studies are expected to guide deeper analyses of the SNpr
neurons by viral tracing, electrophysiological techniques, and
optogenetic methods.

As a center for behavioral gating, understanding the
SNpr has broad implications for brain disease (Figure 2C).
A defect in the control of the activity state is a fundamental
characteristic of the sleep disorders and attention deficit
hyperactivity disorders. Epilepsy reflects a failure to control
the overall brain activity pattern and to carry out normal
action selection process resulting in seizures (Salpekar, 2018;
Broer, 2020). Movement disorders involve more focused
defects in the activation of motor activity, and GABAergic
basal ganglia output is thought to be overactive in Parkinson’s
disease (Wichmann and DeLong, 2003; Takakusaki, 2008).
The primary cause of these diseases may not lay in the
SNpr. However, understanding the basic principles of
the basal ganglia function has allowed development of
strategies, such as deep brain stimulation for modulation
of the SNpr/GPi output and symptomatic treatment of the
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movement disorders (Bergman et al., 1990; Limousin and
Foltynie, 2019). As the SNpr appears to contain neuron types
with different or even opposite functions, access to the subtypes
of the SNpr neurons may lead to more focused and effective
therapies. As the SNpr gates many types of behaviors, it could
even be targeted to treat symptoms of various neuropsychiatric
disease including epilepsy, hyperactivity or even sleep disorders.
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Background: Neuropathic pain is a debilitating disease caused by damage

or diseases of the somatosensory nervous system. Previous research

has indicated potential associations between neuropathic pain and aging.

However, the mechanisms by which they are interconnected remain

unclear. In this study, we aim to identify the common differentially

expressed genes (co-DEGs) between neuropathic pain and aging through

integrated bioinformatics methods and further explore the underlying

molecular mechanisms.

Methods: The microarray datasets GSE24982, GSE63442, and GSE63651 were

downloaded from Gene Expression Omnibus (GEO) database. Differentially

expressed genes (DEGs) and co-DEGs were first identified. Functional

enrichment analyses, protein-protein Interaction (PPI) network, module

construction and hub genes identification were performed. Immune

infiltration analysis was conducted. Targeted transcription factors (TFs),

microRNAs (miRNAs) and potential effective drug compounds for hub genes

were also predicted.

Results: A total of 563 and 1,250 DEGs of neuropathic pain and aging

were screened, respectively. 16 genes were further identified as co-DEGs.

The functional analysis emphasizes the vital roles of the humoral immune

response and complement and coagulation cascades in these two diseases.

Cxcl14, Fblim1, RT1-Da, Serping1, Cfd, and Fcgr2b were identified as hub

genes. Activated B cell, mast cell, activated dendritic cell, CD56 bright natural

killer cell, effector memory CD8+ T cell, and type 2 T helper cell were

significantly up-regulated in the pain and aging condition. Importantly, hub

genes were found to correlate with the activated B cell, activated dendritic

cell, Gamma delta T cell, central memory CD4+ T cell and mast cell in

pain and aging diseases. Finally, Spic, miR-883-5p, and miR-363-5p et al.

were predicted as the potential vital regulators for hub genes. Aldesleukin,

Valziflocept, MGD-010, Cinryze, and Rhucin were the potential effective drugs

in neuropathic pain and aging.
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Conclusion: This study identified co-DEGs, revealed molecular mechanisms,

demonstrated the immune microenvironment, and predicted the possible TFs,

miRNAs regulation networks and new drug targets for neuropathic pain and

aging, providing novel insights into further research.

KEYWORDS

neuropathic pain, aging, co-DEGs, immune infiltration, regulation network

Introduction

Neuropathic pain is a debilitating neurobiological disease
caused by damage or diseases of the somatosensory nervous
system and characterized by spontaneous pain or amplified pain
responses (Jensen et al., 2011). It is a major socioeconomic
problem that affects 7–10% of the population (van Hecke et al.,
2014). Patients with neuropathic pain are often accompanied by
sleep disturbances, depression, and severe impairment of daily
life (Finnerup et al., 2021). Its prevalence has been projected to
increase with the aging population, which is directly associated
with suffering, disability, and higher costs to health care systems
(Domenichiello and Ramsden, 2019).

Aging is a progressive loss of physiological integrity that
leads to diminished function and increased mortality (López-
Otín et al., 2013). It is one of the leading risk factors for most
neurodegenerative diseases, including Alzheimer’s disease (AD)
and Parkinson’s disease (PD) (Hou et al., 2019). Numerous
studies have also indicated the strong relationship between
neuropathic pain and aging. Persistent pain has been associated
with aging (Saraiva et al., 2018), and aging may contribute
to descending inhibition of pain pathways (Karp et al., 2008).
Additionally, older adults with pain conditions are more likely
to age than pain-free individuals (Karp et al., 2008). However,
the underlying mechanisms involved in neuropathic pain and
aging remain elusive.

In recent years, advances in microarray chip technology
and other bioinformatics tools have made it possible to
explore the common molecular mechanisms of disease–disease
interaction. Here, We explored common differentially expressed
genes (co-DEGs) and underlying molecular mechanisms
between neuropathic pain and aging models. Three gene
expression datasets (GSE24982, GSE63442, and GSE63651)
were downloaded from the Gene Expression Omnibus (GEO)
database. Through integrated bioinformatics analyses, co-
DEGs and their functional roles in neuropathic pain and
aging were identified. PPI network, critical modules and hub
genes were predicted. The immune microenvironment was
further revealed, and the potential roles of hub genes in
immune regulation were demonstrated. Finally, we investigated
these genes’ TFs, associated miRNAs and predicted possible
effective target drug compounds. The present study sought to

provide new insights into the molecular mechanisms underlying
neuropathic pain and aging.

Materials and methods

Data acquisition

Three microarray datasets were first downloaded and
analyzed from the GEO database.1 The GSE24982 dataset
contains 10 pairs of contralateral and 10 pairs of ipsilateral
L4 or L5 Dorsal Root Ganglion (DRG) tissue samples with
sham surgery or Spinal Nerve Ligation (SNL) surgery (von
Schack et al., 2011). GSE63442 dataset consists of 6 sham
surgery samples and 6 SNL surgery samples from the rat DRG
tissue. GSE63651 consists of 4 young (6 months-old) normal-
fed rats,4 old (25–28 months-old) normal-fed rats, and 4 old
(25–28 months-old) fed restrictedly. We further selected 10
ipsilateral post-sham DRG tissue in the GSE24982 dataset as the
control group and 10 ipsilateral SNL post-op DRG tissue as the
experimental group. The six sham-operated DRG samples in the
GSE63442 dataset were regarded as the control group, and the
other six SNL postoperative DRG samples were regarded as the
experimental group. The four young samples of GSE63651 were
used as the control group, and the four old samples were used as
the experimental group. All three datasets were generated from
transcriptome microarray arrays.

Identification of differentially
expressed genes and common
differentially expressed genes

Using the R language, we normalized the raw data using
the normalizeBetweenArrays function, in which the data would
be log2 transformed if needed. Differentially expressed genes
(DEGs) were identified based on R packages “limma” and
“impute” (Ritchie et al., 2015; Hastie et al., 2021). DEGs were
defined as genes with adjusted P-value < 0.05 and | logFC

1 http://www.ncbi.nlm.nih.gov/geo
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(fold change) | ≥ 0.58 in the pain datasets, and genes with
p-value < 0.05 and | logFC (fold change) | ≥ 0.58 in the
aging dataset. After screening the DEGs, we first intersected
the two pain datasets to collect intersecting genes and then
identify the overlapping genes among neuropathic pain and the
aging dataset. Genes with opposite expression trends between
neuropathic pain and aging datasets were removed.

Tissue-most expressed gene analysis

We next identified the most related systems/tissues in
neuropathic pain and aging by exploring co-DEGs’ distribution.
We used the online resource BioGPS2 to analyze the most related
systems/tissues with high expression of the co-DEGs. The
most related systems/tissues should be the top two expressed
systems/tissues, which can be identified as having a certain
degree of specificity: (1) the most related tissues-expression
level was more than the three multiples of the median, and
(2) the second related tissue expression was more than the two
multiples of the median.

Functional enrichment pathway
analysis

We performed Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses by “clusterProfiler” R package on the intersection
DEGs of GSE24982 and GSE63442, the DEGs of GSE63651, and
the co-DEGs of the two phenotypes (Wu et al., 2021). Results
with P-value < 0.05 were indicated as significant. The “ggplot2”
package was used to draw the bubble chart (Wickham, 2016).
Gene Set Enrichment Analysis (GSEA) was further performed to
validate the significant pathway based on GSE24982, GSE63442,
and GSE63651, respectively (Subramanian et al., 2005).

Construction of protein-protein
interaction network

We applied the GeneMANIA online database3 to predict co-
DEGs’ PPI network (Warde-Farley et al., 2010). It is an online
analysis tool that widely used to demonstrate and evaluate
gene interactions (Jiang et al., 2022; Tian et al., 2022). Given
a query list of genes, GeneMANIA will find more genes like
those. Most importantly, with a long enough list (currently five
or more genes), GeneMANIA will weight data sources based
on their predictive value for reconstructing the query list by
default (Franz et al., 2018). We searched the 16 co-DEGs in

2 http://biogps.org

3 http://genemania.org/search/

GeneMANIA with the search parameters of the organism as
Rattus-norvegicus and network weighting as an automatically
selected weighting method. The network was then imported
into Cytoscape (Version: 3.7.1) (Shannon et al., 2003) for
visualization. To identify the interaction between co-DEGs, we
further extracted co-DEGs networks with interactions from
the PPI network. The cytoHubba plug-in was then applied to
identify the hub genes based on co-DEGs in Cytoscape using the
degree algorithm. In addition, the Minimal Common Oncology
Data Elements (MCODE) plug-in was used to identify the
potential vital modules. Default criteria in MCODE plug-in were
set as follows: Degree Cutoff = 2, Node Score Cutoff = 0.2,
K-Core = 2, and Max. Depth = 100.

Immune infiltration analysis

ssGSEA (single-sample GSEA) algorithm was applied to
evaluate the immune infiltration in pain and aging based on
GSE24982 and GSE63651. It is a rank-based method that defines
a score representing the degree of absolute enrichment of a
particular gene set in each sample (Bindea et al., 2013; Finotello
and Trajanoski, 2018). The correlations between co-DEGs and
28 immune cells were further determined using Spearman
correlation analysis (Zhang et al., 2020a).

Identification of transcription factors
and microRNAs

TRRUST4 is a database for predicting transcription factors.
We obtained hub genes’ TFs through this database. After
downloading the results, we constructed a TF-gene interaction
network in Cytoscape. The website miRDB5 is a comprehensive
database of microRNAs. Compared with other databases, the
microRNAs collected by miRDB are more complete and fully
annotated. Through the Target mining module, we submitted
hub genes as gene targets and then downloaded predicted
miRNAs with scores greater than 50 points. The results were also
visualized by Cytoscape.

Drug prediction of hub genes

The drug prediction database DGIdb6 can predict gene-
related drugs. We used the drug-gene interaction search module
with parameters (source database = 22, gene category = 43,
interaction type = 31) to predict drugs for the hub genes. The
Cytoscape software conducted further visualization.

4 https://www.grnpedia.org/trrust/

5 http://mirdb.org/

6 https://dgidb.org/
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FIGURE 1

Flow chart of this study.
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FIGURE 2

DEGs and co-DEGs identification. (A–C) The volcano plots of pain1: GSE63442, pain2: GSE24982 and aging: GSE63651. (D,E) The two pain
datasets showed an overlap of 373 down-regulated DEGs and 190 upregulated DEGs. (F,G) The two neuropathic pain and aging datasets
showed an overlap of 16 co-DEGs (3 down-regulated and 13 upregulated). DEGs, differential expressed genes; co-DEGs, common differential
expressed genes.

Results

Identification of differentially
expressed genes in neuropathic pain
and aging

The flowchart of this research is shown in Figure 1. We first
downloaded two pain datasets numbered GSE24982, GSE63442,
and an aging dataset GSE63651 from the GEO database.
According to the previously set criteria, we first identified the
DEGs of the two pain datasets (Figures 2A,B). A total of
1,250 DEGs (1,094 upregulated and 156 downregulated) were
obtained from the aging dataset (Figure 2C). An intersection

was conducted and we obtained 563 common DEGs (190
upregulated and 373 downregulated) between the pain datasets
(Figures 2D,E). After excluding genes with opposite expression
trends, we performed a Venn diagram analysis. Finally, 16 co-
DEGs (13 upregulated and 3 downregulated) were identified
(Figures 2F,G and Table 1).

Tissue-most expressed gene analysis

To better identify tissue- and organ-specific expressed co-
DEGs, we searched our co-DEGs in BioGPS. The most highly
tissue-related expression system was the hematologic/immune
system. The neurologic systems, including pineal, ventral
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TABLE 1 16 co-DEGs between neuropathic pain and aging.

Gene Terms Pain1 Pain2 Aging

LogFc adj.P.Val LogFc adj.P.Val LogFc P.Val

Cxcl14 C-X-C motif chemokine ligand 14 3.66 8.73E-06 3.43 1.26E-04 2.19 2.36E-04

Gpnmb Glycoprotein nmb 2.03 4.75E-05 0.62 1.21E-02 1.57 5.05E-04

Bmp7 Bone morphogenetic protein 7 0.72 6.79E-03 1.57 2.49E-05 1.19 8.29E-04

Ramp1 Receptor activity modifying protein 1 0.87 2.49E-05 1.23 1.94E-04 0.87 6.51E-03

Lilrb4 Leukocyte immunoglobulin like receptor B4 1.53 4.72E-03 1.31 5.77E-06 0.63 9.95E-03

Reg3b Regenerating islet-derived 3 beta 1.81 4.69E-06 2.52 1.59E-02 1.67 9.99E-03

Cfd Complement factor D 0.84 1.60E-03 1.74 8.95E-03 1.47 1.60E-02

Serpinb2 Serpin family B member 2 2.98 7.40E-04 1.84 1.68E-09 2.44 1.97E-02

Clec4a3 C-type lectin domain family 4, member a3 1.45 1.02E-05 0.99 2.91E-02 0.60 2.30E-02

Serping1 Serpin family G member 1 1.04 2.36E-03 0.95 1.59E-02 1.07 2.44E-02

RT1-Da RT1 class II, locus Da 0.86 4.37E-02 2.01 9.06E-05 0.86 2.99E-02

Fcgr2b Fc gamma receptor IIb 3.02 2.48E-03 1.82 4.93E-05 0.96 3.31E-02

Fblim1 Filamin binding LIM protein 1 0.63 4.63E-02 0.65 4.63E-03 1.50 3.58E-02

Abcd2 ATP binding cassette subfamily D member 2 –1.08 8.68E-05 –0.97 1.85E-06 –0.75 1.39E-02

Hs3st2 Heparan sulfate-glucosamine 3-sulfotransferase 2 –1.47 8.92E-06 –1.97 5.34E-05 –0.73 3.70E-02

Rem2 RRAD and GEM like GTPase 2 –1.69 8.04E-05 –1.06 3.59E-02 –0.89 9.97E-03

striatum, and primary cortical neurons ranked second.
Furthermore, the digestive system and others like the cornea
ranked third, while the circulatory system and urinary had
another similar level of enrichment (Table 2). The results
indicated the possible related systems across pain and aging.

Functional enrichment pathway
analysis

GO and KEGG enrichment analyses of the DEGs and
co-DEGs above were performed in R using the “clusterProfiler”
package. Results showed that DEGs in pain datasets were
mainly enriched in membrane potential, metal ion transport,
wound healing, sensory perception of pain, action potential,
transmembrane transport, complement, and coagulation
cascades etc. (Figures 3A,B and Supplementary Tables 1, 2),

TABLE 2 Tissue-most expressed gene identified by BioGPS.

System Tissue/Cell Gene

Hematologic/immune Spleen, thymus, bone
marrow

Fcgr2b, RT1-Da,
Reg3b, Cfd

Circulatory Endothelial cell Fblim1

Neurologic Pineal, ventral striatum,
primary cortical neurons

Serpring1,
Cxcl14, Bmp7

Digestive Small intestine, large
intestine

Reg3b, Fblim1

Urinary Kidney Serping1

Others Cornea Cxcl14, Bmp7

while the DEGs in the aging dataset were mainly enriched
in regulation of cell-cell adhesion, negative regulation of
cell activation, cytokine-cytokine receptor interaction etc.
(Figures 3C,D and Supplementary Tables 3, 4). Further
functional enrichments analyses indicated that the co-
DEGs between pain and aging were principally associated
with humoral immune response, negative regulation of
cytokine production, antigen processing, and presentation
of exogenous peptide antigen, antigen processing, and
presentation of exogenous antigen, antigen processing
and presentation of peptide antigen, negative regulation
of tumor necrosis factor production, negative regulation
of tumor necrosis factor superfamily cytokine production,
negative regulation of lymphocyte proliferation, negative
regulation of mononuclear cell proliferation, and negative
regulation of leukocyte proliferation (Figure 3E and
Supplementary Table 5). Furthermore, two KEGG pathways
were identified, including the complement cascade and
Staphylococcus aureus infection (Figure 3F and Supplementary
Table 6).

The results of GSEA analyses consistently indicated
the importance of immune regulation across pain and
aging. Complement binding (NES = 1.87, P = 0.003; NES,
normalized enrichment scores; P, P-value), antigen processing
and presentation of peptide antigen via MHC class II
(NES = 1.97, P < 0.001), regulation of immune response
(NES = 1.95, P < 0.001), complement and coagulation cascades
(NES = 2.18, P < 0.001) and B cell receptor signaling
(NES = 1.58, P = 0.012) pathway were significantly enriched
in pain based on GSE24982 (Figures 4A–E). The cellular
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FIGURE 3

GO and KEGG analyses of the DEGs and co-DEGs. (A,B) GO analysis and KEGG pathways analysis of the co-DEGs of the pain datasets. (C,D) GO
analysis and KEGG pathways analysis of the DEGs of the aging dataset. (E,F) GO analysis and KEGG pathways analysis of the co-DEGs between
the pain and aging datasets. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differential expressed genes;
co-DEGs, common differential expressed genes.

senescence item was also upregulated considerably (NES = 1.76,
P < 0.001) (Figure 4F). Meanwhile, Complement binding
(NES = 1.88, P = 0.006), MHC protein complex binding
(NES = 2.13, P < 0.001), CXCR chemokine receptor binding

(NES = 2.05, P < 0.001), complement and coagulation
cascades (NES = 2.32, P < 0.001), antigen processing and
presentation (NES = 2.04, P < 0.001) and cytokine—cytokine
receptor interaction (NES = 3.02, P < 0.001) were enriched
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in pain based on GSE63442 (Figures 4G–L). Complement
activation (NES = 1.58, P < 0.001), humoral immune
response (NES = 1.49, P < 0.001), immune receptor activity
(NES = 1.41, P < 0.001), complement and coagulation
cascades (NES = 1.57, P < 0.001), intestinal immune
network for IgA production (NES = 1.41, P = 0.019),
and cytokine—cytokine receptor interaction (NES = 1.32,
P < 0.001) were enriched in aging based on GSE6365
(Figures 4M–R).

Protein-protein interaction network
construction and analysis

GeneMANIA database was first used to perform the PPI
network construction. From the results, 15 co-DEGs except
Hs3st2, and 20 related genes with 950 total links were
demonstrated. Approximately 95.10% of the interactions were
based on co-expression data, 3.11% of them were based on
shared protein domains, while only 1.8% of them were predicted
based on co-localization. The networks of co-DEGs and their
co-expressed genes were drawn (Figure 5A). We further
extracted co-DEGs networks with interactions (Figure 5B).
From the results, 15 co-DEGs except Hs3st2 showed a significant
interaction, most of which were based on co-expression data.
Plug-in cytoHubba was then used to identify the potential
hub genes. We further screened 6 hub genes including Cxcl14,
Fblim1, RT1-Da, Serping1, Cfd, and Fcgr2b (Figure 5C).
MCODE was then applied to identify potential key gene cluster
modules. The result demonstrated one connected gene module
(Figure 5D) containing 4 co-DEGs, including Ramp1, Cxcl14,
Fcgr2b, and RT1-Da.

Immune infiltration analysis

Based on the GSE24982 and GSE63651 datasets, we
applied the ssGSEA method to decode the relative infiltration
abundance of 28 immune cell subpopulations in pain and
normal controls as well as aging and normal controls. Compared
with normal controls, both pain and aging group exhibited a
higher infiltration abundance of most immune cells, suggesting
a microenvironment of immune activation (Figures 6A,B).
Among the results, activated B cell, mast cell, activated dendritic
cell, CD56 bright natural killer cell, effector memory CD8+ T
cell and type 2 T helper cell were consistently up-regulated in
the pain and aging condition. Moreover, correlations between
co-DEGs and 28 immune cells were shown. We were surprised
to find that hub genes here correlate simultaneously with the
activated B cell, activated dendritic cell, Gamma delta T cell,
central memory CD4+ T cell and mast cell in pain and aging
diseases (Figures 6C,D), suggesting their immunity roles across
the disorders.

Target transcription factors and
microRNAs prediction and network
construction

Based on the TRRUST database, Spic, a TF (Figure 7A)
that may regulate the gene Fcgr2b was identified. According
to the miRDB database, 36 target miRNAs were also predicted
to interact with genes (Figure 7B). The TF-genes and miRNA-
genes interaction networks were visualized by Cytoscape
software.

Prediction of targeted drugs

According to the DGIdb database, 5 potential drugs
(Aldesleukin, Valziflocept, MGD-010, Cinryze, and Rhucin)
were predicted to target the hub genes (Figure 7C). Cytoscape
was used to visualize the drug-genes interaction.

Discussion

Nowadays, many studies have confirmed the correlation
between neuropathic pain and aging. The incidence of
pain gradually increases with aging (Koc and Kutsal, 2015).
Meanwhile, many studies have shown that the occurrence of
pain may accelerate the progression of aging. Miaskowski et al.
(2020) showed that older adults with chronic pain in multiple
locations have a significantly increased risk of developing
disability over time and are at risk for decreased mobility.
Morrison and his colleagues revealed that many inflammatory
factors, such as tumor necrosis factor-α (TNF-α), nuclear
transcription factors (NF-κB), and interleukin-6 (IL-6), are both
significantly correlated with chronic pain and aging, which play
an important role in pain sensitization and cell senescence
(Morrison et al., 2013). However, the direct link and specific
mechanisms remain unclear. Therefore, it’s urgent to explore
the molecular mechanisms and pinpoint the particular links
between pain and aging.

Our study was conducted based on three datasets, two of
which were associated with pain while another was related to
aging. We first analyzed the DEGs in each pain dataset and took
the intersection after eliminating the opposite trend of the DEGs
in the two datasets, and then we obtained the common DEGs of
pain. Then we analyzed the aging dataset and followed the same
method as above to take the intersection. Finally, we identified
16 co-DEGs in pain and aging datasets (13 upregulated and
3 downregulated).

BioGPS was an online tool that created as a centralized gene-
annotation portal for clustering distributed genes (Wu et al.,
2009). It has been widely used to explore tissue- and organ-
specific genes, indicating the correlated systems in diseases
(Fang et al., 2022; Li et al., 2022; Xing et al., 2022). According
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FIGURE 4

GSEA enrichment analyses of GSE24982, GSE63442, and GSE63651. (A–C) Immunity-related GO items enriched in pain based on GSE24982.
(D–F) Immunity-related KEGG pathways and cellular senescence enriched in pain based on GSE24982. (G–I) Immunity-related GO items
enriched in pain based on GSE63442. (J–L) Immunity-related KEGG pathways enriched in pain based on GSE63442. (M–O) Immunity-related
GO items enriched in aging based on GSE63651. (P–R) Immunity-related KEGG pathways enriched in aging based on GSE63651. GSEA, Gene
set enrichment analysis; NES, Normalized enrichment score; P, p-value.
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FIGURE 5

Protein-Protein Interaction network of co-DEGs. (A) co-DEGs and their co-expression genes were analyzed using GeneMANIA database. The
20 most frequently changed neighboring genes are shown in the outer circle. co-DEGs are shown in the inner circle. Each node represents a
gene. The line color represents the types of network interaction. (B) co-DEGs interaction network. The line color represents the types of
network interaction. (C) Top 6 hub genes identified by cytoHubba plug-in. Nodes with different color represent different rank. (D) A significant
cluster module extracted by MCODE. Each node represents a gene. The line color represents the types of network interaction.

to BioGPS, the co-DEGs above were mainly expressed in the
hematologic/immune system and neurologic system, which
highlights the immune system’s role in neuropathic pain and
aging. However, though many studies have also indicated
the potential significance of immune response in neuropathic
pain and aging (Scholz and Woolf, 2007; Kavelaars and
Heijnen, 2021), the underlying mechanisms remain to be further
elucidated.

We performed a series of bioinformatic analyses to
investigate the function of the DEGs. According to GO and

KEGG enrichment analyses, DEGs in pain datasets were majorly
enriched in regulating membrane potential, metal ion transport,
wound healing, sensory perception of pain, action potential
and transmembrane transport, consistent with the fact that
pain is mainly associated with sensory conduction and ion
transport. DEGs in aging were enriched in regulation of cell-
cell adhesion, humoral immune response, negative regulation
of cell activation, and antimicrobial humoral response, which
showed that aging is linked to immune response and the
activation of immune cells. Most importantly, we found that
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FIGURE 6

Immune infiltration and correlations with co-DEGs. (A) Relative infiltration abundance of 28 immune cell subpopulations in pain. (B) Relative
infiltration abundance of 28 immune cell subpopulations in aging. (C) The correlations between co-DEGs and immune cells infiltration in pain.
(D) The correlations between co-DEGs and immune cells infiltration in aging.

the co-DEGs in both pain and aging datasets were mainly
enriched in immune function and pathways. KEGG pathway
analysis demonstrated that the co-DEGs were enriched in
complement and coagulation cascades and Staphylococcus
aureus infection, which is primarily related to immunity and
inflammation.

Further GSEA enrichment analysis also validated the
importance of immune regulation in pain and aging. The
results showed that complement binding, antigen processing
and presentation, complement and coagulation cascades, B cell
receptors, MHC protein complex binding, CXCR chemokine,
and cytokine receptors were mainly enriched in pain conditions.
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FIGURE 7

TF-miRNA-drugs regulatory networks. (A) TF prediction for hub genes based on TRRUST database. (B) miRNA network prediction for hub genes
based on miRDB database. (C) Drug-genes interaction network prediction. Red nodes represent hub genes. Blue nodes represent predicted TFs,
miRNA or drugs.

Besides, it was worth noting that cellular senescence, a hallmark
of aging (Childs et al., 2015), was also activated in pain,
indicating the correlation between pain and aging. Meanwhile,
complement activation, humoral immune response, immune
receptor activity and complement and coagulation cascades
were upregulated in aging. As the hypersensitivity caused by
inflammatory immune response is one of the crucial factors of
neuropathic pain (Li et al., 2020), and immune dysregulation has
also emerged as a vital component of aging (Borgoni et al., 2021),
we speculate that immune homeostasis may play a crucial role
across pain and aging. Therefore, immune targeting therapies
might be a potent approach for solving pain and aging. It was
different from previous studies that we here paid extra attention
to the functional analyses of the co-DEGs across the pain and
aging datasets, thus providing new ideas for mechanisms and
treatments for the comorbidity of the two diseases.

Subsequently, we constructed the PPI network and applied
CytoHubba and MCODE plug-ins to identify the hub genes and
critical modules. Cxcl14, Fblim1, RT1-Da, Serping1, Cfd, and
Fcgr2b were further screened. It’s worth noting that these genes

were upregulated in both pain and aging datasets, suggesting
their essential roles in pain and aging.

Cxcl14 (C-X-C motif chemokine ligand 14) is a CXC
chemokine ligand that constitutively expressed in immune
cells and throughout the central nervous system. Lu et al.
(2016) have summarized its significant role in immunity as
an emerging immune and inflammatory modulator. It has
been reported that deletion of Cxcl14 in mice could accelerate
skeletal myogenesis by promoting cell cycle withdrawal, which
may be a promising target for developing therapeutics to treat
aging-related muscle wasting (Waldemer-Streyer et al., 2017).
And it has also been identified as a candidate marker for
endometrial aging (Kawamura et al., 2021). Besides, cxcl14 is an
essential factor in the initial and maintenance of pain. Previous
studies showed that cxcl14 contributes to the modulation of
somatosensation in concert with somatostatin (Yamamoto et al.,
2020). And it has been demonstrated that NFATc2-dependent
epigenetic upregulation of cxcl14 is involved in the development
of neuropathic pain induced by paclitaxel (Liu et al., 2020).
Moreover, a microarray analysis of rat sensory ganglia after
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local inflammation also implicates the significant upregulation
of cxcl14 in pain (Strong et al., 2012).

Fblim1 (Filamin binding LIM protein 1) encodes a protein
with an N-terminal filamin-binding domain, a central proline-
rich domain, and multiple C-terminal LIM domains that can
serve as an anchoring site for cell-ECM adhesion proteins and
filamin-containing actin filaments. It has been implicated in the
pathogenesis of sterile bone inflammation (Cox et al., 2017).
Meanwhile, migfilin, a protein encoded by Fblim1, is widely
expressed in different adherent and circulating blood cells and
can regulate integrin activation in naturally occurring vascular
cells, endothelial cells and neutrophils. Besides, tightly regulated
expression of migfilin is also essential for neuronal development
(Ishizuka et al., 2018). However, the role of Fblim1 in the
pathogenesis of pain and aging remains unknown.

RT1-Da (RT1 class II, locus Da) is a protein-coding gene that
enables T cell receptor binding activity, MHC class II protein
complex binding activity and peptide antigen-binding activity.
Prior studies have shown that RT1-Da is significantly associated
with diseases mediated by the immune system (Vestberg et al.,
1998). And it was also identified as an intermediate marker for
bilateral hippocampal response to mild traumatic brain injury
(Almeida-Suhett et al., 2014).

Serping1 (Serpin Family G Member 1) encodes a highly
glycosylated plasma protein regulating the complement cascade.
Its protein product inhibits activated C1r and C1s of the
first complement component, thus regulating complement
activation (Murray-Rust et al., 2009). It has been demonstrated
to be associated with hereditary angioneurotic edema (Canonica
and Rossi, 2012).

Cfd (Complement Factor D) encodes a member of the S1, or
chymotrypsin, family of serine peptidases. As a serine protease
of the alternative complement pathway, Cfd is required to form
C3 convertase, which is the rate-limiting enzyme (Barratt and
Weitz, 2021). Mutations in Cfd might result in the deficiency
of complement factor D, which is associated with recurrent
bacterial meningitis infections in human patients (Wiles et al.,
2020).

Fcgr2b (Fc Gamma Receptor IIb) is a protein-coding gene
associated with Systemic Lupus Erythematosus and Malaria (Su
et al., 2004). It has been reported to play an important role in
the B cell receptor signaling pathway and immune response.
Evidence has suggested that Fcgr2b is closely associated with
arthritis-related joint pain (Bersellini Farinotti et al., 2019),
anterior cingulate cortex and prefrontal cortex alteration after
nerve injury (Poh et al., 2012; Zhang et al., 2022), and stroke
in aged rats (Buga et al., 2012). However, few studies have
demonstrated its role in the interconnection between pain and
aging. Our work further highlights its significant role in pain and
aging interconnection.

Neuroinflammation is one of the crucial factors promoting
the occurrence of neuropathic pain. It is usually characterized
by the activation and infiltration of leukocytes, the activation

of glial cells, and the increasing inflammatory mediators (Ji
et al., 2016). Meanwhile, immunity and inflammation were also
dispensable in aging (Ovadya et al., 2018; Wu et al., 2019).
For example, senescent cells usually accelerate aging phenotypes
through a senescence-associated secretory phenotype (SASP),
inducing amounts of inflammatory mediators (IL-1β, IL-6, and
TNF-α, etc.). It has also been proved that some critical cytokines
and immune cells in aging are indeed neuromodulators of
the peripheral and central nervous systems (Atzeni et al.,
2019; Durante et al., 2021). Consistently, we found that in
both pain and aging condition, there exhibited a higher
infiltration abundance of most immune cells, including the
activated B cell, mast cell, activated dendritic cell, CD56 bright
natural killer cell, effector memory CD8+ T cell and type
2 T helper cell, suggesting a microenvironment of immune
activation. Furthermore, we were surprised that those hub
genes simultaneously demonstrated a close correlation with the
activated B cell, activated dendritic cell, Gamma delta T cell,
central memory CD4+ T cell and mast cell in pain and aging
diseases, indicating their importance across pain and aging.

TFs are proteins that can bind to DNA and regulate the
transcription of DNA into RNA by attaching to the transcription
factor binding site, representing the point of convergence of
multiple signaling pathways within eukaryotic cells (Kontos
et al., 2013). MiRNAs are a class of small and non-coding
RNAs that function as post-transcriptional gene regulators by
inducing mRNA degradation or repressing mRNA translation
(He and Hannon, 2004). The roles of TFs and microRNAs in
the pathophysiology of pain and aging have been emerging
(Andersen et al., 2014; Zhang and Chi, 2018; Kinser and
Pincus, 2020). Here, we constructed TFs- and miRNAs- related
regulatory networks for hub genes and module-related key
genes to show the potential interactions under pain and aging
conditions. As shown on the network, we obtained Spic (Spi-
C Transcription Factor) as the key regulatory factor for gene
Fcgr2b expression. Besides, 36 miRNAs were predicted to
regulate the above genes.

Based on the DGIdb database, drug compounds were
put forward. Aldesleukin, Valziflocept, MGD-010, Cinryze,
and Rhucin were highlighted among the potential effective
drugs. Aldesleukin is an interleukin-2 that FDA approved for
the treatment of adults with metastatic renal cell carcinoma
(metastatic RCC) and metastatic melanoma (Clement and
McDermott, 2009). Song et al. (2002) found that IL-2 can
produce analgesic effects in morphine-insensitive mice (Song
et al., 2002). Zhang et al. (2020b) found that low doses
of IL-2 can also effectively prevent and reverse behavioral
development associated with acute and chronic headaches. And
IL-2 has also been reported in modulating the inflammation-
related senescence of hippocampal neurons. Considering the
significance of IL-2, we speculated that Aldesleukin might have
a potential value in treating pain and aging. Valziflocept is
a recombinant soluble FcγIIb receptor that targets Fc and
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FcγR (Zuercher et al., 2019). FcγR has been reported as a
potential therapeutic target for pain in autoimmune diseases
(Bersellini Farinotti et al., 2019; Peyrin-Biroulet et al., 2019),
and it was also crucial in aging neutrophils (Gasparoto et al.,
2021). There is no doubt that Valziflocept may benefit patients
with comorbidities of pain and aging to some extent. MGD-
010 is a DART (Dual Affinity Retargeting) antibody molecule
with great potential in autoimmune disease treatment, which
can downregulate B cell receptors and finally reduces signaling.
As ssGSEA indicated the upregulation of activated B cells in
pain and aging, MGD-010 might also be an effective drug in
pain and aging by targeting B cell. Besides, Rhucin, and Cinryze
are C1 esterase inhibitors that target hereditary angioedema
with FDA approval (Gompels and Lock, 2011). And Chen et al.
(2013) found that neutralizing antibodies against the globular
heads of the complement protein’s C1q receptor (gC1qR) could
also alleviate mechanical hyperalgesia in rats with partial sciatic
nerve ligation. Though the efficacy of predictive drugs needs
further validation, it provides a new direction that targeting the
hub genes via various mechanisms may help alleviate pain and
aging conditions.

Nevertheless, there are still several issues to be addressed
starting from our preliminary evidence. Firstly, it is a
retrospective study that requires more extensive data analysis
before addressing external validation. Secondly, some predictive
results are limited in significance due to the knowledge base
currently available to database users. Thirdly, the expressions of
the hub genes and their roles in pain and aging need to be further
explored and assessed. Finally, detailed molecular mechanisms
and the regulatory networks still lack research efforts to establish
characterization in vitro and in vivo.

Conclusion

This is the first study using integrated transcriptome
analyses to explore the relationship between neuropathic pain
and aging. We put forward ideas to explore and identify the co-
DEGs, hub genes to support our understanding of their potential
roles in the immune microenvironment, and find specific
players among TFs, miRNAs and potential drugs in neuropathic
pain and aging. Humoral immune response, especially the
regulation of the immune cells like activated B cells, might be
the critical mechanism of the interaction. Cxcl14, Fblim1, RT1-
Da, Serping1, Cfd, and Fcgr2b might play a significant role in
the process. Spic, miR-883-5p, miR-363-5p et al. and potential
drugs including Aldesleukin, Valziflocept, MGD-010, Cinryze,
and Rhucin were further predicted. In conclusion, our work
proposed to explore the correlation between pain and aging,
and the preliminary findings highlighted a feasible strategy to
identify potential co-DEGs targets addressing early diagnosis
and therapy aspects.
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myelinated fiber development in
mouse
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Mélanie Druart1,2,3†, Taylor Manett1,2,3, Mythili Savariradjane1,2,3,
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Sorbonne University, Paris, France, 3Institut du Fer à Moulin, Paris, France

Over the last decade, a large variety of alterations of the Contactin Associated

Protein 2 (CNTNAP2) gene, encoding Caspr2, have been identified in several neuronal

disorders, including neurodevelopmental disorders and peripheral neuropathies.

Some of these alterations are homozygous but most are heterozygous, and one of

the current challenges is to estimate to what extent they could affect the functions

of Caspr2 and contribute to the development of these pathologies. Notably, it is

not known whether the disruption of a single CNTNAP2 allele could be sufficient

to perturb the functions of Caspr2. To get insights into this issue, we questioned

whether Cntnap2 heterozygosity and Cntnap2 null homozygosity in mice could

both impact, either similarly or differentially, some specific functions of Caspr2

during development and in adulthood. We focused on yet poorly explored functions

of Caspr2 in axon development and myelination, and performed a morphological

study from embryonic day E17.5 to adulthood of two major brain interhemispheric

myelinated tracts, the anterior commissure (AC) and the corpus callosum (CC),

comparing wild-type (WT), Cntnap2−/− and Cntnap2+/− mice. We also looked

for myelinated fiber abnormalities in the sciatic nerves of mutant mice. Our work

revealed that Caspr2 controls the morphology of the CC and AC throughout

development, axon diameter at early developmental stages, cortical neuron intrinsic

excitability at the onset of myelination, and axon diameter and myelin thickness at

later developmental stages. Changes in axon diameter, myelin thickness and node

of Ranvier morphology were also detected in the sciatic nerves of the mutant mice.

Importantly, most of the parameters analyzed were affected in Cntnap2+/− mice,

either specifically, more severely, or oppositely as compared to Cntnap2−/− mice. In

addition, Cntnap2+/− mice, but not Cntnap2−/− mice, showed motor/coordination

deficits in the grid-walking test. Thus, our observations show that both Cntnap2

heterozygosity and Cntnap2 null homozygosity impact axon and central and
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peripheral myelinated fiber development, but in a differential manner. This is a first

step indicating that CNTNAP2 alterations could lead to a multiplicity of phenotypes

in humans, and raising the need to evaluate the impact of Cntnap2 heterozygosity

on the other neurodevelopmental functions of Caspr2.

KEYWORDS

Caspr2, corpus callosum, anterior commissure, sciatic nerve, axon diameter, myelin
thickness, node of Ranvier, neuronal activity

Introduction

The Contactin Associated Protein 2 gene (CNTNAP2), encoding
the neuronal cell-adhesion transmembrane glycoprotein Caspr2,
has gained prominence over the last decade in the field of
neurological disabilities. A duplication of exon 4 of CNTNAP2
was identified in two sisters suffering from Charcot–Marie–
Tooth type 2, a peripheral motor and sensory neuropathy
(Hoyer et al., 2015). Additionally, an increasing number of
CNTNAP2 alterations have been reported in patients with various
neurodevelopmental disorders, including autism spectrum disorders
(ASD), schizophrenia, intellectual disability, obsessive compulsive
disorder, Pitt-Hopkins-like syndrome, attention deficit hyperactivity
disorder, Gilles de la Tourette syndrome and cortical dysplasia
focal epilepsy (Rodenas-Cuadrado et al., 2014; Poot, 2015, 2017;
Saint-Martin et al., 2018). The genetic alterations identified
in these disorders comprise a large diversity ranging from
complex genomic rearrangements, homozygous and compound-
heterozygous deletions and mutations, homozygous truncating non-
sense mutations or deletions, and a large number of heterozygous
missense variants found mainly in ASD patients. Currently, one of the
major challenges is to estimate to what extent CNTNAP2 alterations
could affect the molecular and cellular functions of Caspr2, and
therefore contribute to the development of the pathologies.

Caspr2 was initially identified as a component of the
juxtaparanodal domains (juxtaparanodes) of the nodes of Ranvier
in mature myelinated neurons, both in the central (CNS) and
peripheral (PNS) nervous system (Poliak et al., 1999). Within
the juxtaparanodes, Caspr2 is involved in the organization of
specific axo-glial contacts, forming complexes with the cell-adhesion
molecule Contactin2/TAG-1. These complexes are required for the
clustering of the Shaker-type Kv1 (Kv1.1 and Kv1.2) channels (Poliak
et al., 2003; Traka et al., 2003; Scott et al., 2017). Since Caspr2’s
identification, several studies conducted in Cntnap2−/− (KO) mice
revealed that Caspr2 also plays critical roles in contributing to
neuronal network formation during brain development, notably
in neuronal migration (Penagarikano et al., 2011), dendritic
arborization (Anderson et al., 2012; Gao et al., 2018), spine formation
and maintenance (Gdalyahu et al., 2015; Varea et al., 2015; Lazaro
et al., 2019), and synapse development and function (Anderson
et al., 2012; Pinatel et al., 2015; Varea et al., 2015; Fernandes et al.,
2019; Gao et al., 2019). Electrophysiological and imaging approaches
further demonstrated that Caspr2 contributes to local and long-range
brain connectivity (Penagarikano et al., 2011; Scott et al., 2017; Liska
et al., 2018; Vogt et al., 2018; Zerbi et al., 2018; Antoine et al., 2019).
Moreover, behavioral studies showed deficits in KO mice, some
of which replicate clinical ASD phenotypes and are rescued by
normalizing altered circuit connectivity (Penagarikano et al., 2011;

Brunner et al., 2015; Scott et al., 2017; Choe et al., 2022). These data
revealed mechanisms through which some CNTNAP2 alterations
may contribute to the development of neurological pathologies in
humans.

However, studies in KO mice do not accurately replicate the
genetic situations in patients and are not sufficient to fully explore
the potential impact of the multiple CNTNAP2 alterations identified
thus far. Most of the genetic alterations are heterozygous and it
is currently not known whether disruption of a single CNTNAP2
allele could be sufficient to perturb the functions of Caspr2. Our
recent observations indicate that some Caspr2 functions could be
modulated by the level of the protein and affected by some ASD
missense variants in a Cntnap2+/− (HET) background (Canali et al.,
2018). We showed that Caspr2 plays a dose-dependent function
in cortical neuron axon growth in vitro, and that certain variants
impinge Caspr2 cell adhesive properties and display loss of function,
while others lead to protein retention in the endoplasmic reticulum
and display a dominant-negative effect through oligomerization
with wild-type (WT) Caspr2. Vogt et al. (2018) also found that
HET fast-spiking PV+ cortical interneurons exhibit an intermediate
electrophysiological phenotype between WT and KO interneurons.
Nevertheless, whether or not the level of Caspr2 could more broadly
modulate its functions remains to be determined.

In this study, we addressed this question, focusing on poorly
explored functions of Caspr2 in axon development and myelination
in vivo, whose disturbances could contribute to the development of
both peripheral and central neurological disabilities. We performed
a morphological study from embryonic day E17.5 to adulthood of
two major brain interhemispheric myelinated tracts, the anterior
commissure (AC) and the corpus callosum (CC), comparing WT,
Cntnap2 HET and KO mice. We also characterized myelinated
fiber abnormalities in the sciatic nerves of mutant mice. Overall,
our observations indicate that the level of Caspr2 modulates the
development and organization of myelinated fibers both in the
CNS and in the PNS.

Materials and methods

Animals

Contactin Associated Protein 2 (Cntnap2) mutant mice,
previously described (Poliak et al., 2003), were obtained from
the Jackson Laboratory and maintained in a C57BL/6J background.
They were group-housed with ad libitum access to food and water
and a 12–12 h light–dark cycle (light phase onset at 7 a.m.).
For staging of embryos, the day of vaginal plug was considered
E0.5.
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Tissue processing

For brain morphology analyses, E17.5 embryos were rapidly
decapitated. Pups (P2, P7), juvenile (P30), and adult (P90) mice
were deeply anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) and transcardially perfused
with 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer pH
7.4. Brains were fixed (embryos) or post-fixed (P2, P7, P30, P90)
overnight (O/N) at 4◦C in 4% PFA. Embryonic, P2 and P7 brains were
washed in sodium phosphate buffered saline (PBS), embedded in
75 g/l gelatin and 100 g/l sucrose in PBS or in 15 g/l agarose and 20 g/l
sucrose in PBS, and serial coronal (E17.5, P2, P7, 60 µm-thick) and
sagittal (E17.5, 60 µm-thick; P7, 45 µm-thick) sections were obtained
using a vibratome (Leica, France). Thirty-five µm-thick serial sagittal
sections of P30 and P90 brains embedded in 35 g/l agarose and 80 g/l
sucrose in PBS were obtained similarly. Forty µm-thick serial coronal
sections of P30 and P90 brains and 500 µm-thick horizontal sections
of P90 brains were performed without inclusion. All floating sections
were conserved at 4◦C in PBS with 1 g/l sodium azide until use.

For sciatic nerve immunostainings, 2-month-old mice were
perfused as described above, sciatic nerves were dissected, fibers were
teased apart on slides to yield single fiber preparations, air-dried and
kept at−20◦C.

Immunostainings

For morphological analysis of the CC and AC, brain
sections of E17.5, P2 and P7 animals were incubated in a
permeabilization/saturation solution (PS1: PBS, 5 ml/l Triton
X-100, 100 ml/l normal goat serum) for 1 h at room temperature
(RT) and then O/N at 4◦C (72 h for P7) with the anti-L1CAM
antibody (Millipore, rat clone 324, #MAB5272, 1:400) diluted in PS1.
Sections were then washed three times for 10 min in PBS/5 ml/l
Triton X-100 (WS1) and incubated for 2 h at RT with adequate
fluorophore-conjugated-secondary antibodies (Molecular Probes,
Invitrogen, Waltham, MA, USA) diluted in PS1. For brain sections
of P30 and P90 animals, permeabilization and saturation were
performed in PBS supplemented with 2 g/l porcine skin gelatin and
2.5 ml/l Triton X-100 (PS2 solution), before incubation O/N at 4◦C
with the anti-NF-M antibody (Sigma, mouse clone NN18, #N5264,
1:300) diluted in PS2. The following day, sections were washed
three times for 10 min in PBS/2.5 ml/l Triton X-100 (WS2) and
incubated for 2 h at RT with secondary antibodies diluted in PS2. For
all ages, after secondary antibody incubation, sections were washed
three times for 10 min in WS1 (E17.5, P2, P7) or WS2 (P30, P90),
and nuclei were stained for 10 min with Hoechst before mounting
with Fluoromount-G medium (Invitrogen, Waltham, MA, USA).
For neuron counting in the cortex, E17.5 sections were incubated
with the anti-L1CAM antibody (1:750) together with the anti-Satb2
(Abcam, Cambridge, UK, mouse clone SATBA4B10, #ab51502,
1:750) and the anti-Ctip2 (Abcam, Cambridge, UK, rabbit #ab28448,
1:500) antibodies diluted in PS1.

Immunofluorescent staining of sciatic nerves was performed
as described previously (Martin et al., 2017). Briefly, slides were
treated with 0.1 M glycine for 30 min at RT or with methanol
50%/acetone 50% for 20 min at −20◦C, pre-incubated for 1 h at
room temperature in PS2, before incubation with primary antibodies
diluted in PS2 overnight at 4◦C (Kv1.2 α subunit, mouse clone

K67/25 #75-075, NeuroMab, 1:400; F3, goat #AF904, R&D Systems,
1:400; NrCAM, rabbit #ab24344, Abcam, Cambridge, UK, 1:300;
TAG-1, goat #AF4439, R&D Systems, 1:500; Caspr (L51, 1:500)
and Caspr2 (191, 1:400) previously described) (Menegoz et al.,
1997; Denisenko-Nehrbass et al., 2003). After washing with PBS,
coverslips were incubated for 2 h at room temperature with secondary
antibodies diluted in PS2, washed again with PBS, and mounted with
Fluoromount-G medium.

Image acquisition and analysis

Images of immunostained brain sections or phase-contrast
images were acquired using a macroscope MVX10 (Olympus, Tokyo,
Japan). Thickness and area measurements were performed using the
ImageJ software, for six mice/genotype/condition, except for AC area
at E17.5 (four embryos/genotype). CC and cortex thicknesses were
measured on one coronal section per brain per animal for E17.5
and P2 stages and three consecutive sections per animal for P90.
Measurements were performed independently on both hemispheres
and averaged; the measures were further averaged between the three
consecutive sections for P90. Anterior branch (ACa) thickness at P90
was measured independently on both hemispheres on one horizontal
section per brain per animal, and averaged. Measurements of CC and
AC areas were performed on three consecutive sagittal sections per
animal at all ages, and averaged.

For quantification of Satb2- or Ctip2-positive neurons at E17.5,
images were acquired using a Leica SP5 confocal laser-scanning
microscope (Leica microsystems, Watzlar, Germany, Z stack 1 µm,
25 stacks, 40× immersion objective) at the level of the somatosensory
cortex of both hemispheres for two successive medial coronal
sections per animal (n = 4 animals/genotype). The density of
Satb2- or Ctip2-positive neurons was estimated using the Imaris
software (Bitplane, Zurick, CH). To do so, images were cropped
to exclude the region corresponding to the intermediate zone and
the subplate layer, using L1CAM immunostaining to delineate these
regions. The average volume of Satb2- and Ctip2-positive nuclei was
calculated by averaging the volumes of 15 isolated nuclei. Masks
were built to obtain the total volumes occupied by Satb2- and Ctip2-
positive nuclei, respectively, excluding objects with a volume lower
than the smallest volume out of the 15 used for averaging. The
density of Satb2- or Ctip2-positive neurons was then calculated
by dividing these total volumes by the average nucleus volume
(Hoechst staining).

Images of stained sciatic nerve fibers were acquired using a
Zeiss Celldiscoverer 7 imaging system for quantification analyzes,
and a STELLARIS 5 confocal laser-scanning microscope (Leica
Microsystems, Watzlar, Germany) to acquire representative images.
Measurements of node length and node axonal diameter were
performed manually on NrCAM stainings using the ImageJ software
(3 mice/genotype, 81 nodes/mouse).

Electron microscopy

For ultrastructural studies of the CC and the AC, P7 animals
(3 pups/genotype) were deeply anesthetized by intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and
transcardially perfused with 4% PFA (EMS) and 2.5% glutaraldehyde
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(Microm Microtech, G003) in phosphate buffer 0.1 M pH 7.4.
Brains were removed and post-fixed in the same fixative solution
O/N at 4◦C. P30 animals (3 mice/genotype) were anesthetized
as above and transcardially perfused with 3% glutaraldehyde in
Milloning’s phosphate buffer 0.1 M pH 7.4. Brains were removed and
immediately processed. For the two ages, 1 mm-thick brain sagittal
sections were produced and post-fixed for 1 h at 4◦C in fresh fixative
solution, washed once with phosphate buffer 0.1 M pH 7.4 (P7) or
Milloning’s phosphate buffer 0.1 M (P30), and three times for 10 min
with Palade buffer. Samples were then incubated in 2% osmium
tetroxide in Palade buffer for 1 h at RT, rinsed in Palade buffer for
3 min and three times for 3 min in distilled water, dehydrated in
a series of ethanol baths, and flat embedded in epoxy resin (EPON
812, Polysciences). After polymerization, 0.5 µm-thick semi-thin
sections stained with toluidine blue to locate the CC and the AC.
Then, blocks containing the CC and the AC were cut in 50 nm-
thick ultrathin sections using an ultramicrotome (Ultracut E, Leica).
Sections were examined with a Philips CM100 electron microscope
and digital images acquired with a CCD camera (Gatan Orius).
Diameters were calculated from areas measured manually using the
Image J software (P7, ACa/ACp 300 axons/pup, CC 360 axons/pup;
P30, ACa/ACp 147 myelinated fibers/mouse, CC 150 myelinated
fibers/mouse). The percentage of myelinated fibers was determined
by counting the numbers of unmyelinated and myelinated axons on
18 photos at magnification 9700×. The percentage of myelinated
axons containing mitochondria was measured on six photos at
magnification 2500×.

For ultrastructural analyses of peripheral myelinated fibers, the
sciatic nerves were fixed in situ for ∼1 min with 3% glutaraldehyde
in Milloning’s phosphate buffer 0.1 M pH 7.4, dissected out, placed
in fixative O/N at 4◦C, rinsed in PB, post-fixed in 2% osmium
tetroxide in PB, dehydrated in an ascending series of ethanol,
and embedded in epoxy resin. The global morphology of the
nerves was evaluated on 0.5 µm-thick semi-thin transversal sections
stained with toluidine blue and visualized with a DM6000 Leica
microscope. Morphometric analyzes were performed on ultra-thin
sections (50 nm) and examined as above (4 mice/genotype, 47
myelinated fibers/mouse).

Brain lysate preparation and
immunoblotting

To analyze protein levels, brains (six mice/genotype/age)
were lysed in RIPA buffer containing proteases inhibitors and
immunoblotting was performed as previously described (Canali et al.,
2018). Briefly, equal amounts of proteins (40 µg) were loaded on
NuPAGE 8–12% Bis-Tris gels (Thermo Fisher Scientific, Waltham,
MA, USA) and transferred to 0.45 µm Nitrocellulose membranes.
Membranes were blocked with 50 g/l non-fat dry milk in Tris-
Buffered Saline solution/0.1 ml/l Tween 20 for 1 h at RT, incubated
with primary antibodies in the same solution for 2 h at RT or O/N
at 4◦C, 1 h at RT with appropriate IRDye-conjugated secondary
antibodies, and imaged and quantified using Odyssey Imaging System
(LiCOR Biosciences, Lincolm, NE, USA). The commercial antibodies
were from the following sources: anti-MBP, Serotec, rat clone 82–87,
#MCA409S, 1:250; anti-PLP, Novus Biochemicals, rabbit, #NBP1-
87781, 1:1000; anti-MAG, Zymed, rabbit, #34–6200, 1:1000; anti-
GAPDH, Millipore, chicken, #AB2302, 1:5000. The anti-TAG-1

antibody has been described previously (Traka et al., 2003). The
anti-Caspr2 was the same as the one used for immunostainings.

RT-qPCR experiments

For mRNA expression analysis, total mRNA was extracted
from brains (six mice/genotype/age) using the TRIzolTM Reagent
(Invitrogen, Waltham, MA, USA) following the manufacturer’s
recommendations. Reverse transcription was performed with
the SuperScript II reverse transcriptase (Invitrogen, Waltham,
MA, USA, #18064-022) and random primers, and qPCR in a
StratageneTM Mx3005P qPCR instrument (Agilent Technologies,
Santa Clara, CA, USA) using the Brilliant II SYBR R© Green QPCR
Master Mix (Agilent Technologies, Santa Clara, CA, USA,
#600828). The MxPro QPCR Software (Agilent Technologies,
Santa Clara, CA, USA) was used to perform expression analyses.
The expression level of Cntnap2 mRNA was normalized to Psap
mRNA level. Primers for Cntnap2 were designed on two 5′

exons: primer sense 5′CAGCGCTCTCGCTCTGGATT (accession
number NM_001004357, nucleotides 261–280), primer anti-
sense 5′CCCCAGCACCTCCTCGTTTATT (nucleotides 425–446),
amplified DNA fragment 186 bp. Primers for Psap were the following:
primer sense 5′CTGGTGTCAGAACATGGAGACTG (accession
number NM_001146120, nucleotides 1708–1730), primer anti-
sense 5′TGACTTCTGCAGCTGGGAAA (nucleotides 1781–1800),
amplified DNA fragment 93 bp.

Electrophysiology

Acute slice preparation
A total of 250 µm-thick coronal slices of the somatosensory

cortex were prepared from brains of KO, HET, and WT littermates
aged P10–P12. Acute coronal slices were cut using a vibroslicer
(HM 650 V, Microm) in ice-cold artificial cerebrospinal fluid (ACSF)
containing the following (in mM): 125 NaCl, 2.5 KCl, 25 glucose,
25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2, continuously
bubbled with 95% O2–5% CO2. Slices were incubated in ACSF at
32◦C for 20 min and then at room temperature (20–25◦C). For patch-
clamp recordings, slices were transferred to the recording chamber
where they were continuously superfused with ACSF (30–32◦C).

Patch-clamp
Patch-clamp pipettes (4–6 Mohm resistance) were prepared from

borosilicate glass (BF150-86-10; Harvard Apparatus, Holliston, MA,
USA) using a DMZ pipette puller (Zeitz). Patch-clamp recordings
were performed using an EPC-10 amplifier (HEKA Elecktronik
GmbH, Reutlingen, Germany) with the following intracellular
solution (in mM): 105 K-gluconate, 10 HEPES, 10 phosphocreatine-
Na, 4 ATP-Na2, 30 KCl (pH 7.25, adjusted with KOH). Intrinsic
excitability was measured in current-clamp using depolarizing
current steps of increasing amplitude (0–500 pA, 500 ms) at an
interstimulus interval of 6 s, from a cell potential set to −70 mV,
in the presence of SR95531 hydrobromide (Gabazine, 10 µm, Hello
Bio) to block GABAA receptor-mediated synaptic transmission, 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 µm, Biotrend, Köln,
Germany) to block AMPA receptor-mediated synaptic transmission
and D-2-amino-5-phosphonopentanoic acid (D-APV, 50 µm, Hello
Bio) to block NMDA receptor-mediated synaptic transmission.
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Data acquisition and analysis
Stimulus delivery and data acquisition were performed using

the Patchmaster software (HEKA Elecktronik GmbH, Reutlingen,
Germany). The junction potential (−5 mV) was left uncorrected.
Signals were sampled at 20 kHz and filtered at 4 kHz. Offline analysis
was performed using Igor Pro (WaveMetrics).

Grid-walking test

Coordination between forelimbs and hind limbs and accurate
limb placement were examined by assessing the ability to walk on
metal grid bars with 1.5 cm gaps on the bottom of a 30× 20× 20 cm
box (8–9 6-month-old males/genotype). The performance of each
animal was analyzed by counting and averaging the number of errors
in foot placement/total number of steps, during 2-min sessions, once
a day, for three consecutive days. On the day before data collection,
each mouse was allowed to walk on the grid for 2 min.

Statistical analysis

Statistical analyses were performed with the GraphPad Prism
9 Software (GraphPad Software, San Diego, CA, USA). Results
are provided as mean ± SEM or median ± quartile (Violin
plot, medium smoothing). The normality of the samples was
tested using the Shapiro–Wilk test. When the variables followed
a normal distribution, statistical analyses were carried out using
the unpaired t-test to compare 2 genotypes and the one-way
ANOVA test to compare the three genotypes, followed by a Tukey’s
multiple comparisons test. When the variables did not follow a
normal distribution, the Mann–Whitney test was used to compare
two genotypes and the Kruskal–Wallis test to compare the three
genotypes, followed by a Dunn’s multiple comparisons test. The
thicknesses of the CC measured on coronal section and the firings of
cortical neurons were compared between genotypes using Two-way
RM ANOVA tests, followed by a Tukey’s multiple comparisons test or
a Sidak post-hoc test. Statistical analyses to compare the distributions
of two quantitative variables were carried out using the Kolmogorov–
Smirnov test. Linear regression analyzes were performed after
checking the correlations between the variables (Pearson coefficient).
The significance was established at a P-value < 0.05.

Results

Caspr2 level modulates CC morphology
during development

The CC is the most prominent white matter structure in the
brain, formed by ∼80% of axons coming from neocortical neurons
in layers II/III and ∼20% of axons coming from cortical neurons
in layer V (Ku and Torii, 2020). A potential implication of Caspr2
in the development of this tract was suggested by our previous
in vitro study showing a role for Caspr2 in axon growth of embryonic
neocortical neurons (Canali et al., 2018). The morphology of the CC
was first examined in WT, HET and KO mice at postnatal day P90
on brain coronal sections selected at Bregma +1.1, +0.55, and 0, and
on mid-brain sagittal sections. Brain slices were immunostained with

antibodies directed against the neurofilament subunit NF-M, which is
expressed in commissural axons at late stages of development. From
this point onward in the manuscript, the analyses were performed
by comparing the three genotypes to investigate dose-dependent
effects, but also by comparing HET and KO mice individually
to WT mice to reveal potential effects of Cntnap2 heterozygosity
and/or null homozygosity, which would not be revealed by three-
genotype comparisons. Main statistical results were reported on
figures in black for three-genotype comparisons, and in color for
individual comparisons to WT conditions when the difference was
significant (HET, orange; KO, blue; all statistical analyses reported
in Supplementary Table 1). When measuring the thickness of the
CC in different positions from the brain midline to the lateral parts
of coronal brain sections (Figure 1B, inset), we did not detect
significant differences when comparing the three genotypes at the
three Bregma levels, but a significant decrease in KO mice as
compared to WT mice when comparing the two at Bregma + 0.50
(Figures 1A, B; data not shown for brain sections at Bregma +1.1 and
0). Decreased thickness was particularly pronounced at the midline
of the brain (Figure 1C). Immunostainings of mid-sagittal sections
consistently showed a decrease of CC area in KO mice as compared
to WT and HET mice, as well as a decreased minimum caliper as
compared to WT mice (Figures 1D–G). In HET mice, none of the
morphometric parameters were significantly different from those in
WT mice.

Decreased CC thickness and area in adult KO mice were likely
not due to a major decrease in the number of axons forming
this tract since a previous study showed a normal distribution of
the neocortical neurons projecting their axon through the CC in
these mice (Scott et al., 2017). We attempted to find the temporal
origin of the phenotype by characterizing the morphology of the
CC through development. In mice, E15 pioneering axons from the
cingulate cortex are the first axons forming the CC to reach the
midline, followed later by neocortical projections at around E17.5
(Suarez et al., 2014). The formation of the CC continues after birth,
until some axons begin to be myelinated by oligodendrocytes (OLs)
(Suarez et al., 2014). The first myelinated sheaths are observable at
P11 and a rapid phase of myelination occurs between P14 and P45
(Sturrock, 1980). We characterized CC morphology at P30 when
myelination is ongoing, at P7 before the onset of myelination, at
an early stage of axon development (E17.5), and at an intermediate
developmental stage (P2). Morphometric analyzes were performed
on mid-sagittal sections at P30 and P7, and on coronal sections at
P2 and E17.5 because the structure of the CC at these stages did
not allow measuring its area with confidence on sagittal sections.
At P7, P2, and E17.5, brain sections were immunostained with
antibodies directed against the cell-adhesion molecule L1CAM,
which is widely expressed in commissural axons at embryonic
and early post-natal developmental stages. The observations at P30
were comparable to those at P90, with a decrease in CC area and
minimum and maximum calipers in KO mice as compared to WT
(Figure 2A). In contrast, no difference was observed between the
three genotypes either at P7 (Figure 2B) or at P2 (Figures 2C–
E). Moreover, the thickness of the CC was remarkably increased
in both HET and KO embryos at E17.5 as compared to WT
embryos, with no significant difference between HET and KO
embryos (Figures 2F, G). CC thickness at the brain midline was
significantly increased in HET embryos as compared to WT embryos
(Figure 2H). This increase was likely not due to an increased
number of axons, since neither the thickness of the cortex nor the
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FIGURE 1

Corpus callosum (CC) morphology in adult mice. Representative images of brain coronal sections (Bregma + 0.50) of wild-type (WT), HET, and KO P90
mice showing CC immunostained with anti-NF-M antibodies (A). CC thickness measured at different levels on coronal sections (B); inset, schematic
representation of the levels (yellow lines) where CC thickness measurements were performed. CC thickness at the midline of the brains (C).
Representative images of mid-sagittal brain sections of WT, HET, and KO P90 mice, showing the CC and the AC immunostained with anti-NF-M
antibodies (D). CC area (E), minimum caliper (F), and maximum caliper (G) measured on mid-sagittal brain sections. (B,C,E–G) Six animals/genotype, (B)
average of measurements on both hemispheres on three consecutive sections/animal, (C,E–G) average of measurements on three consecutive
sections/animal. Statistical tests: (B) Two-way RM ANOVA test; (C,E–G) Unpaired t-test to compare HET or KO mice to WT mice, and one-way ANOVA
test to compare the three genotypes; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

densities of callosal Ctip2+ and Satb2+ projecting neurons in the
cortex were different between the three genotypes (Supplementary
Figure 1). These observations demonstrate that the level of Caspr2
modulates the morphology of the CC during development, with

a remarkable “switch” at P7, immediately before the onset of
myelination. Furthermore, they strongly suggested that Caspr2 could
play previously unidentified functions in axon development and/or
myelination.
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FIGURE 2

Corpus callosum (CC) morphology during development. CC area, minimum caliper, and maximum caliper measured on mid-sagittal brain sections of
wild-type (WT), HET, and KO P30 mice (A) and P7 pups (B). Representative images of brain coronal sections of WT, HET, and KO P2 pups (C) and E17.5
embryos (F) showing CC immunostained with anti-L1-CAM antibodies; the levels where CC thickness measurements were performed are schematized
on the images of WT mice (yellow lines). CC thickness measured on coronal sections of P2 pups (D) and E17.5 embryos (G) at the levels indicated in
panels (C,F). CC thickness at the midline of the brains of P2 pups (E) and E17.5 embryos (H). (A,B,D,E,G,H) Six animals/genotype, (A,B) average of
measurements on three consecutive sections/animal, (D,G) average of measurements on both hemispheres on one section/animal, (E,H) measurements
on one section/animal. Statistical tests: Unpaired t-test (A,B,E) or Mann–Whitney test (H) to compare HET or KO mice to WT mice, and one-way ANOVA
test (A,B,E) or Kruskal–Wallis test (H) to compare the three genotypes; (D,G) Two-way RM ANOVA test followed by a Tukey’s multiple comparisons test
(G); ∗P < 0.05, ∗∗P < 0.01.

Caspr2 level modulates AC morphology
during development

The AC is formed by two main branches, contacting each other
at the midline of the brain (Figure 3A). The ACa is composed
mainly of axons from the anterior piriform cortex and the anterior
olfactory nucleus, whereas the posterior branch (ACp) is composed
mostly of axons from the posterior piriform cortex and the amygdala.
We assumed that Caspr2 could contribute to the development and
organization of this tract because Cntnap2 expression was previously
detected in the piriform cortex (Penagarikano et al., 2011; Gordon
et al., 2016). As the AC follows a developmental timeline comparable
to that of the CC in mice (Martin-Lopez et al., 2018), we characterized
its morphology at the same developmental stages–P90, P30, P7,
and E17.5. Phase-contrast images of 500 µm-thick horizontal brain
sections did not reveal gross morphological defects in adult mutant
mice (Figure 3A). However, we detected an increased thickness of
the ACa in HET mice as compared to WT and KO mice, while
the thickness tended to be decreased in KO mice, although not

significantly different from that in WT mice (Figures 3A, B). This
tendency turned out to be significant when considering the area of
the whole AC on mid-sagittal sections (Figures 1D, 3D), suggesting
that both the ACa and the ACp were thinner in KO mice as
compared to WT mice. The area of the AC in KO mice appeared also
significantly smaller than in HET mice. The AC area in HET mice
was not significantly different from that in WT mice, but showed a
strong tendency to increase (unpaired t-test, P = 0.0571), which was
consistent with the increased thickness of the ACa. Results following
a similar trend were observed in juvenile mice at P30 (Figures 3C,
E). In contrast, no major differences were observed between the three
genotypes in P7 pups (Figures 3C, F). In addition, the AC area was
significantly increased in KO mice as compared to WT and HET
mice in E17.5 embryos (Figures 3C, G). These data demonstrated
that the level of Caspr2 also modulates the morphology of the AC
during development, with a switch immediately before the onset of
myelination as for the CC. They also suggested that Caspr2 could
display functions in axon development and/or myelination extended
to several myelinated tracts.
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FIGURE 3

Anterior commissure (AC) morphology during development and at adulthood. Representative phase-contrast images of horizontal brain sections of
wild-type (WT), HET, and KO P90 mice, showing the two branches of the AC (A); yellow lines, levels where the thickness of the anterior branch (ACa) was
measured. ACa thickness measured on horizontal brain sections of P90 mice (B). Representative images of mid-sagittal brain sections of WT, HET, and
KO mice at P30, P7, and E17.5, showing AC immunostained with anti-NF-M (P30) or L1CAM (P7, E17.5) antibodies (C). AC area measured on mid-sagittal
brain sections of P90 (D) and P30 (E) mice, P7 pups (F), and E17.5 embryos (G). (B,D–F) Six animals/genotype, (G) four animals/genotype, (B) average of
measurements on both hemispheres on one section/animal, (D–G) average of measurements on three consecutive sections/animal. Statistical tests:
Unpaired t-test (B,D,F,G) or Mann–Whitney test (E) to compare HET or KO mice to WT mice, and one-way ANOVA test (B,D,F,G) or Kruskal–Wallis test (E)
to compare the three genotypes; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

Caspr2 level modulates axon diameter and
myelin thickness of CC myelinated fibers
in P30 mice

To further investigate the potential functions of Caspr2 in axon
development and myelination, we first evaluated the timeline of
overall myelination in HET and KO mice at four developmental
stages from the onset of myelination (P10) to adulthood, by
quantifying the levels of myelin proteins in whole brain extracts.
Immunoblots showed a significant decrease of MBP, PLP, and MAG
levels in KO mice at P30 as compared to WT mice, but not in
P10, P15, and P90 mice (Supplementary Figures 2A–C), suggesting

a potential widespread myelination delay in KO mice at P30. No
alterations of myelin protein levels were detectable in HET mice,
regardless of the developmental stage. We then performed tissue
microdissection to compare myelin protein levels in the CC and the
neocortex of P30 mice. Immunoblots revealed a significant decrease
of MBP and MAG levels in the neocortex of KO mice as compared
to WT mice (Supplementary Figures 2D, E), which was consistent
with a delay of myelination previously reported in the neocortex of
KO mice at P21 (Scott et al., 2017). However, no alteration of myelin
protein level was detected in the CC of KO mice, in agreement with
two previous studies showing similar MBP-immunoreactivity of the
CC on brain coronal sections of WT and KO mice (Scott et al., 2017;
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FIGURE 4

Ultrastructural abnormalities of corpus callosum (CC) myelinated fibers in P30 mice. Electron micrographs of transversal sections of the CC at brain
midline, from wild-type (WT), HET, and KO P30 mice (A). Axonal diameters of CC myelinated fibers (B). Cumulative frequency distribution of axonal
diameters (in %) (C). Scatter plot graph displaying G-ratios of individual myelinated axons as a function of the respective axon diameters, and linear
regression of the G-ratio measurements for each genotype (D). Percentage of myelinated axons containing mitochondria (E). (B–D) 450 myelinated
fibers/genotype, 3 mice/genotype, 150 myelinated fibers/mouse; (E) 3 mice/genotype, % of mitochondria counted on ∼2000 axons/mouse. Statistical
tests: (B) Mann–Whitney test to compare HET or KO mice to WT mice, and Kruskal–Wallis test to compare the three genotypes;
(C) Kolmogorov–Smirnov test for pairwise comparisons; (D) Linear regression (WT R2 = 0.2102, HET R2 = 0.2871, KO R2 = 0.1959) for pairwise
comparisons, HET vs. WT elevation P < 0.0001, HET vs. KO elevation P = 0.0005; (E) Unpaired t-test to compare HET or KO mice to WT mice, and
one-way ANOVA test to compare the three genotypes; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001; ns, non-significant.

Liska et al., 2018). No alteration of myelin protein level was detected
in the CC of HET mice either.

We further evaluated CC myelination in P30 mice at the
ultrastructural level by measuring myelinated fiber and axon
diameters, to subsequently calculate the G-ratio, which is the ratio
of axon diameter to fiber diameter whose variations can reveal
myelin thickness defects. Transversal sections were observed at
∼Bregma + 0.02, in dorsal projection of the AC. We detected a
significant decrease in axon diameters in KO mice as compared
both to WT and HET (Figures 4A–C), which was consistent
with previous observations at Bregma −2.46 (Zerbi et al., 2018).
No difference between KO and WT mice was detectable when
plotting the G-ratios as a function of axon diameters, indicating
absence of major myelination changes in KO mice (Figure 4D). No
significant difference was observed either in the % of myelinated
fibers between KO and WT mice (WT 16.5 ± 0.6775, KO
13.84 ± 2.594, unpaired t-test P = 0.3775, three mice/genotype),
thus confirming that P30 KO mice do not present major myelination
defects of the CC. In contrast, the % of myelinated fibers appeared
significantly decreased in HET mice when compared to WT
mice (WT 16.5 ± 0.6775, HET 8.747 ± 1.709, unpaired t-test
P = 0.0135, three mice/genotype). In parallel, axon diameters were
slightly decreased as compared to WT mice (Figures 4B, C).
A significant difference was also detectable between WT and HET
mice when plotting the G-ratios as a function of axon diameters
(Figure 4D). The mean G-ratio was consistently decreased in
HET mice as compared to WT mice, reflecting hypermyelination
(WT 0.8200 ± 0.003069, HET 0.8099 ± 0.003189, Mann–Whitney

test P = 0.0271, 450 fibers/genotype, three mice/genotype, 150
fibers/mouse). Interestingly, we also noticed a significant increase
in the % of myelinated axons containing mitochondria in HET
mice as compared to WT and KO mice (Figure 4E). Thus, our
observations showed alterations of myelinated fibers in the CC of
P30 HET mice which were not suspected by myelin protein level
analyses, perhaps because the hypermyelination was masked by the
decrease in the myelinated fiber number. Overall, axon diameter and
myelin thickness modifications observed in mutant mice confirm the
assumption that Caspr2 could play roles in axon development and/or
myelination, which could be modulated by the protein level.

Caspr2 level modulates axon diameter and
myelin thickness of AC myelinated fibers
in P30 mice

We further evaluated whether Caspr2 could also display
functions in axon development and/or myelination in the AC,
searching similar axonal and/or myelination defects in mutant mice
at P30. Ultrastructural analyses of the ACa and the ACp were
performed separately, since the two branches are distinguishable on
mid-brain transversal sections (Figures 5A, F, insets). No significant
difference in the % of myelinated fibers was observed between
the three genotypes, either in the ACa (WT 18.2 ± 1.554, HET
21.24 ± 0.611, KO 13.4 ± 3.022, one-way ANOVA test P = 0.0818,
three mice/genotype) or in the ACp (WT 11.8 ± 1.02, HET
9.716 ± 0.7453, KO, 7.655 ± 0.8618, Kruskal–Wallis test P = 0.0857,
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FIGURE 5

Ultrastructural abnormalities of anterior branch (ACa) and posterior branch (ACp) myelinated fibers in P30 mice. Electron micrographs of transversal
sections of the ACa (A) and ACp (F) at brain midline, from wild-type (WT), HET, and KO P30 mice; insets, semi-thin transversal sections of the AC stained
with toluidine blue, showing the ACa and the ACp. Axonal diameters of ACa (B) and ACp (G) myelinated fibers. Cumulative frequency distribution of
axonal diameters (in %) of ACa (C) and ACp (H) myelinated fibers. Scatter plot graphs displaying G-ratios of individual myelinated axons as a function of
the respective axon diameters, and the linear regression of the G-ratio measurements for each genotype, for the ACa (D) and the ACp (I). Percentage of
myelinated axons containing mitochondria in the ACa (E) and the ACp (J). (B–D,G–I) 441 myelinated fibers/genotype, 3 mice/genotype, 147 myelinated
fibers/mouse; (E) 3 mice/genotype, % of mitochondria counted on ∼2000 axons/mouse; (J) 3 mice/genotype, % of mitochondria counted on ∼1000
axons/mouse. Statistical tests: (B,G) Mann–Whitney test to compare HET or KO mice to WT mice, and Kruskal–Wallis test to compare the three
genotypes; (C,H) Kolmogorov–Smirnov test for pairwise comparisons; (D) Linear regression (WT R2 = 0.08121, HET R2 = 0.3458, KO R2 = 0.1727) for
pairwise comparisons, HET vs. WT slope P = 0.0024, HET vs. KO slope P = 0.0003; (I) Linear regression (WT R2 = 0.1589, HET R2 = 0.1062, KO
R2 = 0.3420) for pairwise comparisons, HET vs. WT elevation P = 0.0047, KO vs. WT slope P < 0.0001, HET vs. KO slope P < 0.0001; (E,J) Unpaired t-test
(E) or Mann–Whitney test (J) to compare HET or KO mice to WT mice, and one-way ANOVA test (E) or Kruskal–Wallis test (J) to compare the three
genotypes; ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001; ns, non-significant.

three mice/genotype). In contrast, we detected modifications in axon
diameters and myelination, which were remarkably different between
the ACa and the ACp. While axon diameters of the ACa were
significantly increased in both HET and KO mice as compared to

WT mice, with an intermediate phenotype in HET mice (Figures 5B,
C), axon diameters of the ACp were increased in KO mice only
(Figures 5G, H). Additionally, plotting of the G-ratios as a function
of axon diameters revealed a significant difference between HET mice
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and WT and KO mice for the ACa (Figure 5D), while both HET
and KO mice were significantly different from WT mice for the ACp
(Figure 5I). These observations were consistent with decreases of
the mean G-ratios, demonstrating hypermyelination of ACa fibers
in HET mice (WT 0.8060 ± 0.003146, HET 0.7854 ± 0.003246,
KO 0.8077 ± 0.002936, Kruskal–Wallis test P < 0.0001, HET vs.
WT P < 0.0001, HET vs. KO P < 0.0001, 441 fibers/genotype, 3
mice/genotype, 147 fibers/mouse), and of ACp fibers in both HET
and KO mice, with an intermediate phenotype in HET mice (WT
0.8264 ± 0.005555, HET 0.8167 ± 0.002880, KO 0.7899 ± 0.003097,
Kruskal–Wallis test P < 0.0001, KO vs. WT P < 0.0001, KO vs.
HET P < 0.0001, HET vs. WT P = 0.0169, 441 fibers/genotype,
3 mice/genotype, 147 fibers/mouse). The % of myelinated axons
of the ACa containing mitochondria was also significantly higher
in HET mice than in WT (Figure 5E), while no difference was
observed between the three genotypes for the ACp (Figure 5J).
Altogether these data reinforce the assumption that Caspr2 could
display functions in axon development and/or myelination of several
myelinated tracts. In addition, they suggest that the underlying
mechanisms may be different, depending on myelinated fiber type,
and may therefore be differentially affected by variations in Caspr2
level.

Caspr2 level modulates axon diameter and
neuronal activity before and at the onset
of myelination

Myelination in the CNS relies on a complex sequence of
cellular events, which includes proliferation and migration of
oligodendrocyte precursor cells (OPCs) in white matter tracts,
recognition of target axons, and axon-glia signaling, differentiation
of OPCs into mature myelinating OLs, axonal ensheathment,
and myelin compaction. This sequence is controlled by intrinsic
factors that are responsive to extracellular cues, including signaling
molecules released by neurons or glial cells and cell-surface expressed
proteins, and by neuronal activity, which regulates OPC proliferation
and survival potentiating OL differentiation, and drives the extent
of myelin formation (Stassart et al., 2018; de Faria et al., 2019). The
changes in the morphology of the CC and AC in mutant mice at
P7 suggested that Caspr2 could regulate some neuronal parameters
immediately before and/or at the onset of myelination, which could
control axo-glial cross-talk and, later, axon diameter and myelin
thickness. To evaluate this hypothesis, we first compared the diameter
of the axons between WT, HET, and KO pups at P7. Ultrastructural
analyses did not reveal significant axon diameter difference between
the three genotypes for the ACp (Figures 6A, C, F), but a slight
decrease of axon diameters of the ACa in KO pups as compared to
WT and HET pups (Figures 6A, B, E). In addition, axon diameters of
the CC were significantly increased in HET pups as compared to WT
and KO pups, and decreased in KO pups as compared to WT pups
(Figures 6A, D, G).

Following this observation, we explored whether Caspr2 could
regulate the intrinsic excitability of layers III cortical neurons which
project their axons in the CC at the onset of myelination, i.e., the
propensity of neurons to fire action potentials when subjected to an
input current. We measured the firing frequency of action potentials
in response to 500 ms depolarizing current steps from a membrane
potential of −70 mV, in the presence of blockers of synaptic activity.

We found that intrinsic excitability was significantly increased in
HET and KO neurons as compared to WT neurons (Figures 7A, B),
while the resting membrane potential was unchanged (Figure 7C).
The intrinsic excitability did not significantly differ between HET and
KO mice. These results may, at least in part, reflect a role of Caspr2
at the axon initial segment, the site of initiation of action potentials,
since Caspr2 has been detected in the axon initial segment of both
pyramidal cells of human temporal neocortex (Inda et al., 2006) and
rat hippocampal neurons in culture (Ogawa et al., 2008). Altogether
our observations suggest that decreased Caspr2 dosage may indirectly
control myelination through activity-dependent mechanisms, and by
regulating axon diameter.

Caspr2 levels are downregulated in HET
mouse brain before the onset of
myelination

The impacts of Cntnap2 heterozygosity on myelinated tract
morphology, axon diameter, myelin thickness, and neuronal activity,
either specific, opposite, or stronger than those of Cntnap2 null
homozygosity, led us to question Caspr2 levels in HET mice at
different stages from E17.5 to adulthood. These levels were expected
to be ∼50% relative to levels in WT brains. Immunoblots on whole
brain extracts showed that this was the case at P15, P30, and
P90, but not earlier during development (Figures 8A, B). Caspr2
levels were indeed reduced to ∼35% at E17.5, P2, P7, and P10,
and significantly different from those in P90 HET mice. RT-qPCR
experiments showed that this reduction may not be due to a decrease
in gene expression (Figure 8C). Cntnap2 mRNA level at P10 was
actually increased and higher than that at P30 (unpaired t-test,
P = 0.0564, six mice/genotype), indicating a need for cells to increase
the level of Caspr2 around this developmental stage.

Decreased levels of cell-surface expressed proteins can be
due to increased turnover and degradation, reflecting potential
modifications in their interactions with their partners. We
investigated this possibility, postulating that TAG-1 could be a
partner of Caspr2 not only at juxtaparanodes of mature myelinated
axons but also throughout development. Immunoblots on whole
brain extracts of KO mice supported this assumption, showing that
TAG-1 levels in these mice started to decrease from P2, to reach
∼33–42% decrease from P7 to P15, and ∼90% decrease at P30 and
P90, as compared to WT mice (Figures 8A, D). In contrast, TAG-1
levels were not significantly affected in HET mice, except at P30.
This indicates that the association of Caspr2 and TAG-1 are mostly
preserved in HET mice and that the mechanisms which regulate
Caspr2 levels at early developmental stages are probably independent
of TAG-1. However, these data also suggest that the differential
phenotypes observed in HET and KO could be partly due to the fact
that the functions of TAG-1 are preserved in HET mice while they
are highly perturbed in KO mice.

Caspr2 level also modulates the
organization of myelinated fibers in
peripheral nerves

The identification of a CNTNAP2 genetic alteration in Charcot–
Marie–Tooth patients led us to finally question whether Cntnap2
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FIGURE 6

Anterior commissure (AC) and corpus callosum (CC) axon diameter abnormalities in P7 pups. Electron micrographs of transversal sections of the anterior
branch (ACa), posterior branch (ACp), and CC at brain midline, from wild-type (WT), HET, and KO P7 pups; insets, semi-thin transversal sections of the AC
stained with toluidine blue, showing the ACa and the ACp; the green asterisk indicates a growth cone (A). Axonal diameters of the ACa (B), ACp (C), and
CC (D). Cumulative frequency distribution of axonal diameters (in %) of the ACa (E), ACp (F), and CC (G). (B,C,E,F) 900 axons/genotype, 3 pups/genotype,
300 axons/pup; (D,G) 1080 axons/genotype, 3 pups/genotype, 360 axons/pup. Statistical tests: (B–D) Mann–Whitney test to compare HET or KO mice
to WT mice, and Kruskal–Wallis test to compare the three genotypes; (E–G) Kolmogorov–Smirov test for pairwise comparisons; ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, ∗∗∗∗P < 0.0001; ns, non-significant.

heterozygosity and null homozygosity could also perturb the
organization of peripheral myelinated fibers in adult mice. Semi-
thin transversal sections of sciatic nerves stained with toluidine blue
did not reveal any major difference in the global morphology of
the nerves between adult WT, HET, and KO mice, nor in the total
number of axons (data not shown). The structure of the myelin
appeared normal both in HET and KO mice (Figure 9A). A previous
study reported comparable values of axon diameters and G-ratios
in the sciatic nerves of WT and KO adult mice (Poliak et al.,

2003). We re-evaluated these data by focusing our ultrastructural
analysis on large caliber motor fibers only. We found that the axonal
diameters were increased in HET and KO mice as compared to WT
mice, with an intermediate phenotype in HET mice (Figure 9B).
When plotting the G-ratios as a function of axon diameter, we
did not detect any difference between KO and WT mice, but a
significant difference between HET and WT mice (Figure 9C). The
mean G-ratio was consistently increased in HET mice as compared
to WT mice, reflecting hypomyelination (WT 0.6948 ± 0.003826,
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FIGURE 7

Intrinsic excitability in cortical pyramidal cells from P10–P12 pups. Sample spike trains evoked by a 100-pA (left) or a 300-pA somatic current injection
(right) in a WT (top), HET (middle) and KO (bottom) neuron (A). Mean f-i curve for WT (n = 27 cells from three mice), HET (n = 24 cells from three mice),
and KO (n = 27 cells from three mice) (B). Resting membrane potential of the recorded neurons (C). Statistical tests: (B) Two-way RM ANOVA followed by
Sidak’s post-hoc test; (C) One-way ANOVA to compare the three genotypes; ∗∗P < 0.01, ∗∗∗P < 0.001.

HET 0.7244 ± 0.004060, Mann–Whitney test P < 0.0001, 141
fibers/genotype, 4 mice/genotype, 47 fibers/mouse). Furthermore,
fluorescent immunolabelings on teased myelinated fibers confirmed
a drastic reduction of TAG-1 and Kv1.2 channel enrichment in the
juxtaparanodes of KO mice (Figure 9D), as previously described
(Poliak et al., 2003), but did not reveal obvious modification in the
enrichment of Caspr2, TAG-1, and Kv1.2 in HET mice (proteins
detected in more than 90% of the juxtaparanodes). The levels of
TAG-1 and Kv1.2 in nerve extracts were not affected either in
HET mice as compared to WT mice (data not shown). However, a
morphometric analysis showed an unexpected decrease in the length
of the nodes (labeled for NrCAM) in both HET and KO mice, with
an intermediate phenotype for HET mice (Figures 9E, F), while no
difference was observed for the axonal diameters of the nodes (WT
2.640 ± 0.045 µm, HET 2.535 ± 0.036 µm, KO 2.677 ± 0.054 µm,
Kruskal–Wallis test P = 0.5342, three mice/genotype). We questioned
whether defects in sciatic nerve organization could lead to motor and
coordination deficits in a grid-walking test. Interestingly, adult HET
mice made significantly more slips than WT and KO mice during
the 2 min of the test (Figure 9G). Altogether these observations
demonstrate that Caspr2 level also modulates the organization
of mature peripheral myelinated fibers, with potential functional
consequences in HET mice.

Discussion

A large variety of homozygous and heterozygous genetic
alterations of the CNTNAP2 gene have been identified in several
neuronal disorders (Rodenas-Cuadrado et al., 2014; Hoyer et al.,
2015; Poot, 2015, 2017; Saint-Martin et al., 2018). However, the
impact of these mutations on Caspr2 functions remains unknown.
To better elucidate this issue, we questioned whether Cntnap2
heterozygosity and Cntnap2 null homozygosity could impact, either
similarly or differentially, some specific functions of Caspr2 during
development and in adulthood. Our study indicates that Caspr2 levels
influence the gross morphology of both CC and AC, as well as axon
diameter at early developmental stages, cortical neuronal activity

at the onset of myelination, and axon diameter, myelin thickness
and nodal length at later developmental stages (Figure 10). Our
observations also highlight Caspr2 functions in axon development
and myelination, through which the protein could contribute to
normal neuronal network connectivity.

Two previous studies proposed that some functions of Caspr2
in the CNS could be modulated by the level of the protein (Canali
et al., 2018; Vogt et al., 2018). Our study reinforces this assumption
and further shows that Cntnap2 heterozygosity and Cntnap2 null
homozygosity lead to complex phenotypes in myelinated fibers.
Among all the parameters that we quantified, some present an
intermediate phenotype in HET mice as compared to WT and KO
mice, some show an opposite phenotype in HET and KO mice, some
others are affected in HET or KO mice only, while few tend to be
more severely affected in HET mice than in KO mice (Figure 10).
The diversity of the phenotypes does not only illustrate differences
between HET and KO mice, but also demonstrates that Cntnap2
heterozygosity and Cntnap2 null homozygosity impact different types
of myelinated fibers differentially. This diversity may be due to the
complexity of the mechanisms involved in the bi-directional axo-glial
signaling regulating axon and myelin dimensions (which might be
disparately affected by the level of protein), and to differences in the
molecular mechanisms in which Caspr2 could be implicated from
one axon to another. Our observations suggest that these mechanisms
could involve the protein TAG-1, which is expressed in both CC and
AC axons during development (Kastriti et al., 2019). Caspr2 could
also very likely be associated with one or more additional partners
among the numerous membranous proteins differentially expressed
in CC and AC axons.

According to our observations, Caspr2 could intervene at several
time points during the myelination process in the CNS. A handful of
elements points to potential roles at the onset of myelination. This
includes the switch in morphologies of the CC and AC observed
at P7 in mutant pups. Also, as aforementioned, myelination in
the CNS relies on a complex sequence of cellular events, which is
controlled by OLs intrinsic factors but is also modulated by extrinsic
factors, including neuronal activity (Stassart et al., 2018; de Faria
et al., 2019). We observed increased neuronal activities in layer
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FIGURE 8

Caspr2, TAG-1, and Cntnap2 mRNA levels in mouse brains during development. Representative immunoblots showing Caspr2, TAG-1, and GAPDH levels
in brain lysates of wild-type (WT), HET, and KO mice at different developmental stages and at adulthood (A). Levels of Caspr2 normalized to GAPDH
levels and relative to mean WT (in %) (B). Levels of Cntnap2 mRNAs normalized to the Psap gene and relative to mean WT (ratio) in brain of WT, HET, and
KO mice at E17.5, P7, P10, and P30 (C). Levels of TAG-1 normalized to GAPDH levels and relative to mean WT (in %) (D). (B–D) Six animals/genotype/age.
Statistical tests: (B) Mann–Whitney test to compare Caspr2 levels in HET mice at stages E17.5, P2, P7, P10, P15, or P30, to Caspr2 level in HET mice at P90.
(C) Unpaired t-test to compare Cntnap2 mRNA levels in HET mice at stages E17.5, P7, or P10, to Cntnap2 mRNA level in HET mice at P30. (D) One-way
ANOVA test or Kruskal–Wallis test to compare the three genotypes at different ages; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001; ns, non-significant.

III cortical neurons in mutant pups at P10–P12, supporting the
possibility that Caspr2 might participate in the cross-talk between
the axons of the CC and the OLs at these stages, and possibly
later in myelin sheath growth. Caspr2 is involved in the formation
and stabilization of neuronal synapses, and in the trafficking of
the GluA1 subunits of the AMPA receptors (Gdalyahu et al., 2015;
Varea et al., 2015). Of interest, myelination is thought to be
modulated by the establishment of axon-oligodendroglial cell
synapses and synaptic-like interactions, which respond to the
electrical activity of those axons (Bergles and Richardson, 2015). The
OPCs display expression of ionotropic neurotransmitter receptors
and receive direct glutamatergic and GABAergic synaptic inputs
from unmyelinated or partially myelinated axons. In addition, myelin
sheath growth involves the establishment of specialized synaptic-like
micro-domains at the axon-myelin interface and is regulated by the
activity-dependent vesicular release of neurotransmitters along axons
(Mensch et al., 2015; Hughes and Appel, 2019). Thus it is possible that
Caspr2 plays functions at axon/OLs connections, and possibly also

in OL differentiation since single-cell RNA sequencing experiments
indicate that Caspr2 is expressed in OLs at different differentiation
stages (Marques et al., 2016).

The wrapping of OLs around the axons and the extension of
myelin along its length are intrinsically regulated, but modulated
by the diameter of the axon they wrap (Stassart et al., 2018).
Our data showing axon diameter modifications in the CC and
the ACa at P7 indicate that Caspr2 likely contributes to the
regulation of the axon diameters of unmyelinated axons before
and at the onset of myelination. When considering a single axon,
its diameter depends on the axonal cytoskeleton, which is made
up of neurofilaments, microtubules, deep dynamic actin trails,
and a submembranous actin-spectrin network–which is composed
of actin rings regularly spaced by spectrin tetramers (Costa
and Sousa, 2021). This membrane periodic skeleton (MPS) can
organize transmembrane cell adhesion molecules along neurites
and has been shown to regulate multiple aspects of neuronal
physiology, including axon diameter, axon-axon interactions, axonal
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FIGURE 9

Myelinated fiber abnormalities in sciatic nerves of adult mice. Electron micrographs of transversal sections of the sciatic nerve of wild-type (WT), HET,
and KO adult mice, showing a single myelinated fiber for each genotype (A). Axonal diameters of myelinated fibers (B). Scatter plot graph displaying
G-ratios of individual myelinated axons as a function of the respective axon diameters, and the linear regression of the G-ratio measurements for each
genotype (C). Representative confocal images of immunostainings of sciatic nerves fibers from WT, HET, and KO adult mice, for nodal (NrCAM),
paranodal (Caspr, F3), and juxtaparanodal (Caspr2, TAG-1, Kv1.2) proteins (D). Length of the nodes measured on NrCAM immunostainings (E). Scatter plot
graph displaying length of individual node as a function of the respective nodal diameters, and the linear regression of the node length measurements
for each genotype (F). Number of slips per 100 steps made by WT, HET, and KO adult males during the grid-walking test (G). (B,C) 141 myelinated
fibers/genotype, 4 mice/genotype, 47 myelinated fibers/mouse, (E,F) 243 nodes/genotype, 3 mice/genotype, 81 nodes/mouse, (G) 8–9 mice/genotype.
Statistical tests: (B,E) Kruskal–Wallis test to compare the three genotypes; (C) Linear regression (WT R2 = 0.2093, HET R2 = 0.1143, KO R2 = 0.2022) for
pairwise comparisons, HET vs. WT elevation P < 0.0001, HET vs. KO slope P = 0.019; (F) Linear regression (WT R2 = 0.2295, HET R2 = 0.1368, KO
R2 = 0.1935) for pairwise comparisons, HET vs. WT elevation P = 0.0052, KO vs. WT slope P = 0.0315, HET vs. KO elevation P < 0.0001; (G) one-way
ANOVA test to compare the three genotypes; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. Bar scales, 10 µm (E).
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FIGURE 10

Summary of changes observed in HET and KO mice as compared to wild-type (WT) mice. Changes observed in the brain during development and in
adulthood (A). Upper part, timeline of axonal development and myelination in mouse. Changes observed in the sciatic nerves and in the grid test
performance (B). Arrows indicate increase (↑) or decrease (↓) in the parameters; ns, non-significant changes. The colors of the boxes underline the
nature of the differences between HET and KO (color code at the bottom of the figure). The P-values are indicated when HET mice present an
intermediate phenotype or tend to be more affected than KO mice (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001). Corpus callosum (CC) E17.5,
P-values for coronal sections; posterior branch (ACp) myelin P30, P-values for G-ratios.

transport, and microtubule stability (Zhou et al., 2022). We
previously showed that Caspr2 presents the capacity to interact
with actin/spectrin-associated proteins of the 4.1 family (Denisenko-
Nehrbass et al., 2003). So, it is tempting to speculate that Caspr2

could participate in the regulation of axon diameter by interacting
with the MPS through a 4.1 protein, although it cannot be
excluded that Caspr2 could also regulate neurofilament and/or
microtubule organization.
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Morphological modifications at the ultrastructural levels
undoubtedly contribute to the alterations of the gross morphology
of the CC and the ACa observed in HET and KO mice during
development and at adulthood, but no strict correlation can be
established. This is probably due to the fact that, at late development
stages, myelinated axons represent only a small percentage of all
the axons composing the tracts. In addition, at all developmental
stages, the morphology of the tracts may not be dependent on axon
diameters only, but also on the compaction of unmyelinated axons.
A close observation of the electron micrographs of the CC and AC
at P7 seems to show that the organization of the contacts between
the axons could be different between WT, HET, and KO conditions
(see Figure 6A, compare for example ACa WT and KO), suggesting
that Caspr2 could also participate in the regulation of axon-axon
contacts. Dedicated image analyses and in vitro cellular approaches
will have to be developed to investigate this hypothesis. We didn’t
analyze the ultrastructure of the CC and AC at E17.5 because their
morphology was not sufficiently well-defined to ensure confident
measurements. However, it is very likely that the enlargement of
the tracts at this stage is also due to an increase in axon diameter
and/or modifications in axon-axon contacts, possibly combined with
perturbations in the mechanisms guiding growing axons across the
midline at early embryonic stages (Nishikimi et al., 2013; Suarez
et al., 2014; Fenlon et al., 2021).

The changes in the morphology of the CC and ACa in HET
and KO mice during development are interesting with regard to
the neurodevelopmental disorders in which CNTNAP2 alterations
have been identified, notably ASD. This disorder is characterized by
atypical brain connectivity associated with neural alterations in white
matter production and myelination in diverse brain regions (Galvez-
Contreras et al., 2020). Numerous structural MRI studies indicate
that transient CC overgrowth could be among the earliest neural
signatures of ASD in young toddlers (Wolff et al., 2015; Fingher et al.,
2017), while disproportionally small CCs relative to overall brain size
are among the most replicated imaging findings in older patients
(Frazier and Hardan, 2009). We intriguingly observed a similar trend,
with an increased thickness in HET and KO embryos at E17.5 and a
decreased thickness in KO juvenile and adult mice. Beyond that, our
observations support the possibility that the CNTNAP2 alterations
could contribute broadly to myelin defects in ASD patients. Of
interest, performing an integrative multi-omics analysis, Jang et al.
(2022) recently identified Cntnap2-associated ASD networks and
found a downregulation in the prefrontal cortex of KO mice of
proteins implicated in the formation of the myelin sheath, axon
growth, and axonal transport. These data are in line with our current
observations and support the role of Caspr2 in axon growth that
we described previously (Canali et al., 2018). In addition, they
strongly suggest that the increased percentages of myelinated axons
containing mitochondria that we observed in the CC and ACa of HET
mice could reflect defects in axonal transport.

Finally, we showed that the level of Caspr2 also modulates the
organization of peripheral myelinated fibers in adult mice. Cntnap2
heterozygosity and Cntnap2 null homozygosity impact the diameter
of the axons, the G-ratio, and the length of the nodes differentially.
The increase in axon diameters that we observed, notably in KO
mice, was not previously reported (Poliak et al., 1999), either
because only the diameters of the large-caliber fibers are increased,
or because the phenotype was masked in previous morphometric
analyses performed on fibers of wide range calibers. The decrease
in the nodal length was not previously detected either, although

a decreased tendency in the nodal length-to-axonal diameter ratio
was reported in KO mice as compared to WT mice (Gordon et al.,
2014). When calculating this ratio with our data, it turns out that the
decrease measured in KO mice is significant (WT 0.596 ± 0.008, KO
0.510 ± 0.008, Mann–Whitney test P < 0.0001), probably because
we analyzed a larger number of nodes. Similar to our observations in
central myelinated fibers, these abnormalities reveal that Caspr2 plays
previously unidentified functions in the development of peripheral
myelinated fibers as well. These functions might be similar but also
distinct from those in the CNS, since there are substantial differences
between the PNS and CNS in the intrinsic and extrinsic signals that
dictate axonal ensheathment, myelin thickness, and the formation of
the nodes of Ranvier (Nave and Werner, 2014; Salzer, 2015; Rasband
and Peles, 2021). Of great interest, we observed that the perturbations
of the peripheral functions of Caspr2 have functional consequences in
HET mice which present motor and coordination deficits, suggesting
that such perturbations in humans could lead to the development
of peripheral neuropathies, especially non-demyelinating Charcot–
Marie–Tooth disease type 2.

Conclusion

In conclusion, our study demonstrates that both Cntnap2
heterozygosity and Cntnap2 null homozygosity impact axon and
myelinated fiber development both in the CNS and the PNS, but
in a differential manner. It is a first step indicating that CNTNAP2
alterations may lead to multiple phenotypes. Further experiments
will have to be developed to evaluate the consequences on functional
connectivity, especially for HET mice. Another challenge will be
understanding how a decrease in Caspr2 level in HET mice
on one side, and a total absence of the protein in KO mice
on the other side, can eventually lead to different or opposite
effects. This will require the characterization of the molecular
and cellular mechanisms in which Caspr2 is implicated during
axon development and myelination. The switch in the level of
Caspr2 in whole brain extracts of HET mice from ∼35% at early
developmental stages to ∼50% at later development stages, when
compared to WT, supports the possibility that Caspr2 plays major
functions before and at the onset of myelination. However, it is
unlikely that this switch could be attributed to the functions of
Caspr2 in axon and myelin development only. On the contrary, it
strongly suggests that Cntnap2 heterozygosity probably impacts the
developmental functions of the protein more broadly. Active phases
of dendritic spine formation and synapse development occur from
the second week of post-natal development (Farhy-Tselnicker and
Allen, 2018). Therefore, our study raises the need to evaluate the
impact of Cntnap2 heterozygosity on the functions of Caspr2 in
these processes as well, to further assess the possible consequences
of CNTNAP2 alterations in neurodevelopmental disorders. It would
also be of great interest to conduct similar studies for other
members of the Contactin Associated Protein family, which have
also been associated with neurodevelopmental disorders such as
ASD, especially Caspr3/CNTNAP3 (Vaags et al., 2012; Turner et al.,
2017), Caspr4/CNTNAP4 (Wang et al., 2010; O’Roak et al., 2012;
Costa et al., 2022), and Caspr5/CNTNAP5 (Pagnamenta et al., 2010;
Aleo et al., 2020; Ludington et al., 2020). Little is known about the
functions of these three proteins compared to Caspr2. However,
Caspr3 and Caspr4 have been implicated in synapse formation and/or
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transmission. Very interestingly Caspr4 was shown to act in a gene
dose-dependent manner in the structural maturation of interneuron
synapses (Karayannis et al., 2014; Shangguan et al., 2018; Tong et al.,
2019), suggesting that the modulation of the biological functions by
protein levels could be a common feature to the Contactin Associated
Proteins.
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SUPPLEMENTARY FIGURE 1

Density of callosal projecting neurons in the somatosensory cortex and
cortex thickness of E17.5 embryos. Representative images (stacks of 10
confocal images) of the somatosensory cortex (coronal sections) of wild-type
(WT), HET, and KO E17.5 embryos immunostained with antibodies directed
against Satb2 (green), Ctip2 (red), and L1CAM (white) (A); IZ, intermediate
zone; SPL, subplate layer; CP, cortical plate; MZ, marginal zone. Density of
Satb2-positive (B) and Ctip2-positive (C) cells in the somatosensory cortex.
Cortex thickness measured at the same levels as corpus callosum (CC)
thickness (Figure 2G, levels 1 to 5) (D). (B,C) Four animals/genotype, average
of measurements on both hemispheres/animal, 25 confocal
1 µm-stacks/hemisphere; (D) Six animals/genotype, average of
measurements on both hemispheres on one section/animal. Statistical tests:
(B,C) One-way ANOVA; (D) Two-way RM ANOVA.

SUPPLEMENTARY FIGURE 2

Myelin protein levels in brain extracts. Representative immunoblots showing
MBP, MAG, PLP, and GAPDH levels in brain extracts of wild-type (WT), HET,
and KO mice at P30 and P90 (A). Levels of MBP normalized to GAPDH levels
and relative to mean WT (in %) in brain extracts of mice at P10, P15, P30, and
P90 (B). Levels of PLP and MAG normalized to GAPDH levels and relative to
mean WT (in %) in brain extracts of mice at P30 and P90 (C). Representative
immunoblots showing MBP, MAG, and GAPDH levels in extracts from the
neocortex and the corpus callosum (CC) of WT, HET, and KO mice at P30 (D).
Levels of MBP and MAG normalized to GAPDH levels and relative to mean WT
(in %) in extracts from the neocortex and the CC of mice at P30 (E). (A,D)
Molecular mass markers positions are shown in kDa on the left of the panels.
(B,C,E) 6 animals/genotype/age. Statistical tests: Unpaired t-test (E, CC-P30
MAG, Neocortex-P30 MBP and MAG) or Mann–Whitney test (B,E, CC-P30
MBP) to compare HET or KO mice to WT mice, and one-way ANOVA test
(B, P10, P30 and P90; E, CC-P30 MAG, Neocortex-P30 MBP and MAG) or
Kruskal–Wallis test (A, P15; B,E, CC-P30 MBP) to compare the three
genotypes; ∗P < 0.05, ∗∗P < 0.01.

SUPPLEMENTARY TABLE 1

Statistical tests and results (P-values for genotype effect).
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Alzheimer’s disease (AD) is the most common neurodegenerative disorder

with the majority of patients classified as sporadic AD (sAD), in which

etiopathogenesis remains unresolved. Though sAD is argued to be a polygenic

disorder, apolipoprotein E (APOE) ε4, was found three decades ago to pose the

strongest genetic risk for sAD. Currently, the only clinically approved disease-

modifying drugs for AD are aducanumab (Aduhelm) and lecanemab (Leqembi).

All other AD treatment options are purely symptomatic with modest benefits.

Similarly, attention-deficit hyperactivity disorder (ADHD), is one of the most

common neurodevelopmental mental disorders in children and adolescents,

acknowledged to persist in adulthood in over 60% of the patients. Moreover,

for ADHD whose etiopathogenesis is not completely understood, a large

proportion of patients respond well to treatment (first-line psychostimulants,

e.g., methylphenidate/MPH), however, no disease-modifying therapy exists.

Interestingly, cognitive impairments, executive, and memory deficits seem to

be common in ADHD, but also in early stages of mild cognitive impairment

(MCI), and dementia, including sAD. Therefore, one of many hypotheses is that

ADHD and sAD might have similar origins or that they intercalate with one

another, as shown recently that ADHD may be considered a risk factor for sAD.

Intriguingly, several overlaps have been shown between the two disorders, e.g.,

inflammatory activation, oxidative stress, glucose and insulin pathways, wingless-

INT/mammalian target of rapamycin (Wnt/mTOR) signaling, and altered lipid

metabolism. Indeed, Wnt/mTOR activities were found to be modified by MPH

in several ADHD studies. Wnt/mTOR was also found to play a role in sAD

and in animal models of the disorder. Moreover, MPH treatment in the MCI

phase was shown to be successful for apathy including some improvement in

cognition, according to a recent meta-analysis. In several AD animal models,

ADHD-like behavioral phenotypes have been observed indicating a possible

interconnection between ADHD and AD. In this concept paper, we will discuss

Frontiers in Neuroscience 01 frontiersin.org56

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2023.1104985
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2023.1104985&domain=pdf&date_stamp=2023-02-16
https://doi.org/10.3389/fnins.2023.1104985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnins.2023.1104985/full
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1104985 February 10, 2023 Time: 15:49 # 2

Grünblatt et al. 10.3389/fnins.2023.1104985

the various evidence in human and animal models supporting the hypothesis in

which ADHD might increase the risk for sAD, with common involvement of the

Wnt/mTOR-pathway leading to lifespan alteration at the neuronal levels.

KEYWORDS

Alzheimer’s disease, Wnt/mTOR, cognitive impairment, glucose/insulin, oxidative
stress, methylphenidate, attention-deficit hyperactivity disorder (ADHD), mild cognitive
impairment (MCI)

1. Introduction

The orchestration of brain development, maturation, plasticity,
repair, and survival is highly complex, in which any imbalance in
one or more of these processes may induce disruptions manifested
at different stages of life, from the neurodevelopmental disorders
at the early stages to neurodegeneration of the brain in late stage
(Feltes et al., 2015). These opposite ends of the timeline may appear
unrelated, as in the case of attention-deficit hyperactivity disorder
(ADHD) and Alzheimer’s disease (AD), which represent mental
disorders affecting the early and late ends of lifespan, respectively.
However, literature data indicates there are some overlaps between
ADHD and AD (Kakuszi et al., 2020; Zhang et al., 2022). In
this article, we will lay down the current evidence proposing the
involvement of important pathways, participating in many of the
above lifelong processes in the brain, i.e., the wingless-INT (Wnt),
and the mammalian target of rapamycin (mTOR) (Wnt/mTOR)
pathway, as a common link between ADHD and AD, and a target
for a drug that can therefore act therapeutically in both diseases
(Kovacs et al., 2014; Lee, 2015; Noelanders and Vleminckx, 2017;
Palomer et al., 2019; Marchetti et al., 2020; Ishikawa and Ishikawa,
2022).

Before delving deep into our hypothesis, some comparisons
between ADHD and AD are presented in Table 1. ADHD is the
most common neurodevelopmental mental disorder in children
and adolescents that presents as inattentiveness, hyperactivity,
impulsivity, and emotional dysregulation (Faraone et al., 2015).
Though considered a childhood disorder, in about 60% of the cases
it persists into adulthood (Franke et al., 2018; Di Lorenzo et al.,
2021; Song et al., 2021). ADHD is characterized by high heritability
(77–88%) (Faraone and Larsson, 2019), however, current evidence
suggests that the development of the disease is driven by complex
interactions of composite polygenic and multiple environmental
factors that undermine developmental processes resulting in altered
brain connectivity and structure (Castellanos and Tannock, 2002;
Faraone et al., 2015). On the other hand, AD is the most common
neurodegenerative disorder that poses a substantial socioeconomic
burden on society (Sontheimer et al., 2021; Velandia et al., 2022).
A fully penetrant autosomal dominant inheritance of amyloid
precursor protein (APP), presenilin-1 (PS1), or presenilin-2 (PS2)
mutations drives the development of the disease in a small fraction
of patients [0.5–1%; familial AD (fAD)], however for the remaining
99% classified as sporadic AD (sAD), the etiopathogenesis remains
unresolved (Reitz et al., 2020). Although, sAD seems to be a
polygenic disorder, the most prominent locus, apolipoprotein E
(APOE), found already three decades ago, was confirmed to have

the strongest genetic risk for sAD in the most recent and largest
genome-wide association meta-analysis study (meta-GWAS), with
APOE ε4 as the risk allele4 (de Rojas et al., 2021; Wightman
et al., 2021; Bellenguez et al., 2022). At first glance, no common
mechanism seems to link these two diseases together. However,
several recent overviews have discussed their complementary
phenomena (Feltes et al., 2015; Callahan et al., 2017), and possible
genetic overlaps (Garcia-Argibay et al., 2022; Leffa et al., 2022).

In the current paper, we present our hypothesis of the
Wnt/mTOR pathway playing a role both in ADHD and sAD
pathophysiology, which may explain the recent findings of ADHD
as a risk for sAD (Tzeng et al., 2019; Dobrosavljevic et al.,
2021; Zhang et al., 2022). Furthermore, we discuss the possible
therapeutic potentials of the psychostimulant methylphenidate
(MPH) which, by affecting the Wnt/mTOR pathway, might be
beneficial in both disorders.

2. Current knowledge of Alzheimer’s
disease pathology, insulin
resistance, and diabetes mellitus

Alzheimer’s disease is a neurodegenerative disorder and the
most common form of dementia with an estimated number of 55
million people currently suffering from AD worldwide, predicted
to reach 78 million in 2030 and 139 million in 2050 (Alzheimer’s
Disease International, 2022). The well-known neuropathological
hallmarks of AD are an accumulation of misfolded proteins,
amyloid β (Aβ) in the forms of extracellular plaques and
hyperphosphorylated Tau protein in the form of neurofibrillary
tangles, accompanied by synaptic loss (Sanabria-Castro et al., 2017;
Table 1). Less common early onset disease (predominantly fAD)
is associated with autosomal dominant missense gene mutations
in PS1 and PS2 or APP. On the contrary, the most common,
late-onset or sAD form (>95% of all AD cases) is of unknown
origin, and is considered polygenic (de Rojas et al., 2020; Wightman
et al., 2021; Bellenguez et al., 2022; Table 1). Though the sAD
etiopathogenesis is still unclear, several hypotheses in addition to
the most prominent, the amyloid hypothesis (Hampel et al., 2021),
have been suggested. Recently, sAD has been acknowledged as a
metabolic disease with characteristic neurodegenerative processes
possibly being caused by brain insulin resistance (BIR) and
metabolic dysfunction in the brain (De Felice et al., 2014; Bloom
et al., 2018; Kellar and Craft, 2020; Alves et al., 2021). Current
epidemiological and environmental studies suggest that type 2
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TABLE 1 Current knowledge in attention-deficit hyperactivity disorder (ADHD) and Alzheimer’s disease (AD)- A comparison.

ADHD AD

Definition Neurodevelopmental mental disorder American Psychiatric
Association (2013)

–

– Neurodegenerative mental
disorder

American Psychiatric Association
(2013)

Demographics Prevalence ca 5% world-wide in child
and adolescent

Sayal et al. (2018) Prevalence ca 0.7% old dementia
world-wide in old aged individuals

GBD 2019 Dementia Forecasting
Collaborators (2022)

Persisting into adulthood ca 60% of
pediatric ADHD

Fayyad et al. (2017);
Franke et al. (2018)

–

Childhood: male to female 3:1
Adulthood: male to female 1.6:1

Willcutt (2012); Sayal
et al. (2018)

–
Old age: male to female 1:1.67

Podcasy and Epperson (2016)

Genetics n.a. 1% Familial AD (APP, PS1 and
PS2)

Serretti et al. (2007)

Heritability (h2) ca 70% and polygenic Demontis et al. (2019,
2023); Faraone and
Larsson (2019)

Heritability (h2) ca 58–70% and
polygenic including APOEε4 as
risk allele

Sims et al. (2020); de Rojas et al.
(2021); Wightman et al. (2021)

Main clinical
phenotypes

Inattention, hyperactivity, impulsivity American Psychiatric
Association (2013)

–

– Cognitive decline American Psychiatric Association
(2013)

Executive dysfunction Pineda et al. (1998);
Willcutt et al. (2005)

Executive dysfunction Swanberg et al. (2004); Baudic
et al. (2006)

Comorbidity Depression
Anxiety
ASD
Bipolar in adulthood
Sleep disorder

Jensen and Steinhausen
(2015); Wajszilber et al.
(2018); Mayer et al.
(2021); Sandstrom et al.
(2021); Schiweck et al.
(2021)

Depression
Anxiety
–
–
Sleep disorder

Zhao et al. (2016); Kuring et al.
(2020)

T2DM
Metabolic syndrome
Hypertension

Chen et al. (2018);
Landau and
Pinhas-Hamiel (2019);
Wang et al. (2021); Ai
et al. (2022)

T2DM
Metabolic syndrome
Hypertension

Wang et al. (2018); Qin J. et al.
(2021); Zuin et al. (2021); Antal
et al. (2022)

Treatment Only reducing symptoms:
psychostimulants (e.g.,
methylphenidate,
dexmethylphenidate, amphetamine,
dexamphetamine,
lisdexamphetamine),
non-psychostimulants (e.g.,
atomoxetine, guanfacine)

Banaschewski et al.
(2018)

Only reducing symptoms:
acetylcholinesterase (AchE)
inhibitors and memantine

National Institute on Aging (2021)

n.a. Possible disease-modifying:
aducanumab

National Institute on Aging (2021)

Affected brain
regions

Cerebral cortex (forebrain)
Basal ganglia
Amygdala
Hippocampus

Hoogman et al. (2017) Cerebral cortex (medial and
superior frontal gyrus)
Putamen
Amygdala
Hippocampus

Li et al. (2012, 2015); Lupton et al.
(2016); Roe et al. (2021); Planche
et al. (2022)

Current hypothesis
to etiopathology

Neuronal maturation delays Shaw et al. (2007);
Hoogman et al. (2017)

–

– Pathological Amyloid-β Hampel et al. (2021)

Dopaminergic deficit theory Gonon (2009) –

– Pathological Tau forms and
neurofibrillary tangles

Hasani et al. (2021)

– Cholinergic neuronal damage Lyness et al. (2003)

– APOE cascade hypothesis Martens et al. (2022)

Excitatory/inhibitory imbalance
theory

Selten et al. (2018) Excitatory/inhibitory imbalance
theory

Shu et al. (2022); van den Berg
et al. (2022); Wood et al. (2022)

Oxidative stress and mitochondria
dysfunction

Corona (2020) Oxidative stress and mitochondria
dysfunction

Mittal et al. (2022)

Neuroinflammation Misiak et al. (2022) Neuroinflammation Kinney et al. (2018)

Energy metabolism- cerebral glucose
hypometabolism

Zametkin et al. (1990) Energy metabolism- cerebral
glucose hypometabolism; brain
insulin resistance

Kellar and Craft (2020); Strom
et al. (2022)

APOE, apolipoprotein E; ASD, autism spectrum disorder; n.a., not available; –, not relevant; T2DM, Type 2 diabetes mellitus.
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diabetes mellitus (T2DM) increases the risk of developing sAD
(Xue et al., 2019; Rebelos et al., 2021). Recently, a polygenic
risk score (PRS) for T2DM was found to predict the conversion
of amnestic mild cognitive impairment (MCI) to sAD, with
shared genes highly expressed in cortical neurons; neuronal
development and generation, cell junction and projection, and
phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt) and
mitogen-activated protein kinase (MAPK) signaling pathway (Yang
et al., 2022). There are many shared pathological findings in the
brain of sAD and T2DM patients that should not be overlooked.
These include impaired glucose metabolism, impaired insulin
signaling, the accumulation of advanced glycation end products,
mitochondrial dysfunction, increased inflammation and elevated
oxidative stress, which altogether support the hypothesis of sAD
as a specific form of metabolic brain disorder (Kubis-Kubiak et al.,
2019; Austad et al., 2022; Pakdin et al., 2022).

Brain insulin resistance is characterized by a reduced response
to insulin signaling downstream of the insulin receptor (IR)
in the brain, consequently leading to metabolic alteration,
neurodegeneration, and cognitive impairment (Kullmann et al.,
2017; Kellar and Craft, 2020). 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET), revealed that individuals with
reduced FDG-PET brain metabolism are prone to a much faster
cognitive decline and brain atrophy compared to individuals
without significantly impaired FDG-PET uptake (Ou et al.,
2019), indicating the importance of glucose hypometabolism
and BIR in sAD development. In postmortem studies, sAD
patients demonstrate decreased brain insulin levels, diminished
levels of IR protein and mRNA, as well as altered levels of
components downstream of the IR signaling cascade (Frölich
et al., 1998; Bartl et al., 2013a; Riederer et al., 2017). BIR
has been analyzed in the hippocampal fields CA1–CA3, the
dentate gyrus, and the subiculum, which develop marked AD
pathology starting in the early phase of the disease, and in the
cerebellar cortex, which develops limited pathology seen only
in the late phase of AD (Talbot et al., 2012). The markedly
reduced insulin signaling downstream of the IR→IR substrate-
1 (IRS-1)→ PI3K signaling pathway was found postmortem in
the hippocampal and cerebellar cortex in sAD patients without
diabetes (Talbot et al., 2012). The major finding was the elevated
Serine phosphorylation of IRS-1 on epitopes pS616 and pS636
in the hippocampal and cerebellar cortex, which is a feature
of insulin resistance in peripheral tissues (Talbot et al., 2012;
Yarchoan et al., 2014).

The state of BIR, clinically defined as failure of insulin
(delivered into the brain via the intranasal route to bypass
the blood-brain barrier) to elicit a neuroimaging (FDG-PET or
functional magnetic resonance imaging) or neurophysiological
(e.g., electroencephalography) appears to be an early and common
feature in human AD patients (Heni et al., 2015; Kullmann et al.,
2016; Kellar and Craft, 2020). BIR can lead to energy misbalance
manifesting as mitochondrial dysfunction and an increase in
oxidative stress (Reddy, 2014). This may shed new light on the
previously proposed hypotheses of sAD, which have emphasized
the involvement of oxidative stress and mitochondria dysfunction
as well as neuroinflammation in the disease etiopathogenesis
(Munch et al., 1998; Bachiller et al., 2018; Monterey et al., 2021).
As the mitochondria are the power suppliers of the cell, their
damage observed in sAD can be deleterious for neurons, astrocytes,

and microglia. The decrease in functionality and changes in
the morphology of mitochondria is observed postmortem in the
brains of AD patients (Moreira, 2012; Macdonald et al., 2018).
Altogether, different studies found a decrease in complex I, III,
and IV, as well as the decreased expression of subunits from all
complexes in the entorhinal cortex of AD patients postmortem
(Kim et al., 2000; Armand-Ugon et al., 2017; Macdonald et al.,
2018; Holper et al., 2019). All of the above leads to impaired
oxidative phosphorylation, decreased production of ATP, and an
increase in oxidative stress, features well documented in AD (Wang
et al., 2014; Flannery and Trushina, 2019). Additionally, changes
in the mitochondrial turnover (fusion and fission) were detected,
causing the irregular distribution and function of mitochondria in
neurons and microglia (Wilkins et al., 2017). BIR and consequent
mitochondrial dysfunction lead to energy deprivation and oxidative
stress, causing neuronal damage and activation of astrocytes and
microglial cells (Wilkins et al., 2017). Dysregulated microglial
and astrocyte function and alterations in their morphology have
been related to inflammatory changes observed in sAD (Damani
et al., 2011; Mosher and Wyss-Coray, 2014; Monterey et al.,
2021). Moreover, aged astrocytes and microglia show altered
responses to extracellular ATP signals compared to young cells
(Damani et al., 2011; Monterey et al., 2021). Degenerated neurons
appear to be surrounded by activated astrocytes and microglia
in aging and neurodegenerative diseases (Bachiller et al., 2018;
Monterey et al., 2021). Eventually, damaged astrocytes and
microglia also undergo metabolic reprogramming due to glucose
deprivation, shifting their glucose preference to fatty acids for
energy production. This profound metabolic change can be directly
linked to oxidative stress and inflammation (Flowers et al., 2017;
Monterey et al., 2021).

So far, the anti-Aβ antibodies aducanumab and lecanemab
are the only clinically approved disease-modifying drugs for the
treatment of AD. Both were recently granted accelerated approval
by the U.S. Food and Drug Administration (U.S. Food & Drugs
Administration, 2021, 2023). This procedure allows for earlier
approval of drugs to treat serious conditions and highlights the
unmet medical need for AD treatment options. Thus, there is still
the demand for further effective therapies for sAD and involvement
of BIR, together with the integration of all of these changes found
in sAD, might be crucial in developing novel prevention and
treatment strategies.

3. Attention-deficit hyperactivity
disorder current genetic and
etiology hypothesis

As indicated in the introduction, ADHD is a highly
heritable neurodevelopmental disorder (Faraone and Larsson,
2019), currently known to be associated with a polygenetic
predisposition. In the most recent GWAS, including a total of
38′691 ADHD patients and 186′843 controls, 27 genome-wide
significant loci were found to associate with ADHD risk (Demontis
et al., 2023). As found previously using neuroimaging meta-
analysis (Hoogman et al., 2017), frontal cortex and midbrain
dopaminergic neurons were highly associated with ADHD genes
(Demontis et al., 2023). Indeed, ADHD was found to be highly
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polygenic, with around seven thousand gene variants explaining
90% of the single nucleotide polymorphism (SNP) heritability
(h2) (Demontis et al., 2023). Moreover, gene enrichment analysis
found enrichment in genes upregulated during early embryonic
brain development as well as genes of cognition-related phenotypes
(Demontis et al., 2023). As found in the previous GWAS results
(Demontis et al., 2019), as well as in the current large meta-
GWAS, several genes (e.g., DUSP6, SEMA6D, ST3GAL3, FOXP1
and FOXP2, and SORCS3) linked to the Wnt pathways (canonical
and non-canonical) were found to be associated with ADHD
(Demontis et al., 2023). Interestingly, some of these genes were
also found to associate with dementia or/and with pathological
hallmarks of sAD (Liao et al., 2018; Balabanski et al., 2021; Blue
et al., 2021; Tang et al., 2021).

Although the etiopathology of the disorder is still unknown,
several hypotheses have been suggested (Table 1), proposing
factors leading to neurodevelopmental delays observed in
ADHD patients (Shaw et al., 2007; Hoogman et al., 2017).
As psychostimulants (first-line ADHD treatment; e.g., MPH,
amphetamine) (Banaschewski et al., 2018), demonstrate large effect
sizes, the dopaminergic deficit theory has been studied for many
years (Gonon, 2009). However, the paradoxical calming effects of
psychostimulants in ADHD have still not been fully understood
(Robbins and Sahakian, 1979; Harris et al., 2022). Recently,
the excitatory/inhibitory imbalance theory has gained interest
(Selten et al., 2018), in which GABAergic and parvalbumin-
interneurons are hypothesized to play a role in some of the
circuits (Bakhtiari et al., 2012; Morello et al., 2020; Sousa et al.,
2022). Two hypotheses, extensively studied, are the involvement
of oxidative stress (Corona, 2020), particularly mitochondrial
dysfunction, and the neuroinflammatory hypothesis (Corona,
2020; Misiak et al., 2022). Both may be a result of long-lasting
alterations in neurodevelopmental processes, but may also be one
of the etiopathogenic factors. Partially linked with mitochondrial
dysfunction, the energy metabolism imbalance in ADHD has
been discussed as a possible source of neurodevelopmental delays
(Cannon Homaei et al., 2022; Foschiera et al., 2022; Radtke
et al., 2022). Cerebral glucose hypometabolism has been found
in childhood-onset adult ADHD patients (Zametkin et al.,
1990), however, this may also be a consequence of deficits in
impulse control leading to metabolic syndrome (di Girolamo
et al., 2022). Indeed, a recent meta-analysis found a bidirectional
association between ADHD and T2DM (Ai et al., 2022), pointing
to long-lasting BIR effects. Interestingly, some significant genetic
correlations with insulin-related phenotypes were found for
ADHD and AD that provide the foundations for the hypothesis
of insulinopathies in the brains of such disorders (Fanelli et al.,
2022). Lastly, the involvement of Wnt/mTOR pathways in ADHD
has been hypothesized (Yde Ohki et al., 2020), with evidence
at the genetic, molecular, and pharmacological levels. This
hypothesis will be discussed in more detail in the Wnt/mTOR
chapter.

In summary, although an effective treatment exists for ADHD,
the long-term effects of drug treatment, the consequences of
persistent ADHD in adult patients, as well as the etiopathology
of the disorder are not fully understood. Nevertheless, metabolic
and Wnt/mTOR pathway alterations may be a common factor in
ADHD and AD, and a potential target for preventive measures
in both diseases.

4. Epidemiological evidence for
attention-deficit hyperactivity
disorder risk for dementia

Epidemiological studies on the link between ADHD and
dementia face several prominent methodological challenges – e.g.,
the required duration of the follow-up in prospective cohorts from
childhood to very old age and substantial spatiotemporal variability
in diagnostic criteria and therapeutic guidelines (particularly for
ADHD). Nevertheless, although there are only a handful of
studies investigating the association between ADHD and AD in
humans, some evidence point to a possible link suggesting that
ADHD might increase the risk for AD. Earlier clinical research
on the frequency of ADHD in the aging population suggested that
attentional deficits in geriatric subjects with cognitive impairment
might not necessarily imply the existence of an underlying
neurodegenerative disorder (Ivanchak et al., 2011). However, recent
epidemiological and genetic studies indicate that ADHD is a
potential risk factor for sAD and MCI (Fluegge and Fluegge,
2018; Tzeng et al., 2019; Dobrosavljevic et al., 2021). A recent
multi-generation nationwide cohort study from Sweden provided
strong evidence that ADHD is associated with AD (and other
dementias) across generations (Zhang et al., 2022), indicating that
elucidation of the overlapping molecular pathways in models of
ADHD and AD may uncover relevant etiopathogenic mechanisms
and reveal novel drug targets. Literature data on factors that
might reduce this risk indicates that adjustment for psychiatric
disorders (depression, anxiety, substance use disorder, and bipolar
disorder) substantially attenuated the associations (Dobrosavljevic
et al., 2021). Conversely, there is inconsistency regarding metabolic
disorders like T2DM, obesity, and hypertension reported to have
both a limited impact (Dobrosavljevic et al., 2021) and a strong
risk-increasing effect (Fluegge and Fluegge, 2018). A recent study
(Kakuszi et al., 2020), provided findings consistent with the “last
in, first out” hypothesis, which refers to a mirroring pattern of
brain development and aging, i.e., relatively late-developing brain
regions with age become the early degenerating ones, indicating
that, in addition to delayed neurodevelopment, ADHD may also be
associated with a premature age-related deterioration. On the other
hand, in a very small longitudinal study of 6 ADHD adults with
an average of 135 months of follow-up data, no memory decline
was observed, however, this might be due to the small sample
size and the effect of medication (3/6 participants were taking
MPH and 5/6 were taking unspecified antidepressants) not taken
into account (Callahan et al., 2021). The same group conducted
cognitive and neuroimaging assessments of adults (age 50–85 years)
with ADHD (n = 40), MCI = (n = 29), and controls (N = 37)
(Callahan et al., 2022). In the study, the authors reported memory
impairment in both ADHD and MCI groups, however, the first was
due to an encoding deficit (frontal lobe thinning) while the second
was due to a storage deficit (smaller hippocampi). The authors
concluded that the resembling phenotype was caused by distinct
pathophysiological factors (Callahan et al., 2022). However, some
limitations should be taken into account—namely the significant
age differences between ADHD and MCI (mean age was 64
and 73.7, respectively), as well as sex differences with a greater
proportion of females in the MCI group (72.4% in comparison with
52.5% in the ADHD group), which might play a role in the current
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findings. Mendonca et al. (2021) reported in a cross-sectional study
of older patients with ADHD (n = 26), MCI (n = 40) and controls
(n = 41), that ADHD individuals have poorer performance than
controls in episodic memory and executive function. These findings
were comparable between MCI and ADHD for all domains,
which, for clinicians, may result in misdiagnosis (Mendonca et al.,
2021). Then again, the study by Leffa et al. (2022) in which
212 cognitively healthy controls were followed up for 6 years,
including baseline and longitudinal AD biomarkers assessment
(e.g., amyloid-β PET, MRI, cognitive assessments etc.), showed
an association between higher ADHD-PRS and cognitive decline.
Interestingly, a combined effect of brain Aβ deposits and a high
ADHD-PRS [that predicted longitudinal increases in cerebrospinal
fluid (CSF) phosphorylated-Tau131] score demonstrated a larger
effect on cognitive dysfunction than each did individually.

The current epidemiological and clinical association studies on
ADHD, MCI, and AD, provide some evidence that those suffering
from ADHD may be at an increased risk for the development
of MCI and, thereafter, AD, possibly mediated by a common
mechanism. However, there is still a great need for studies that
may elucidate common pathways and provide an explanation for
the temporal pattern of occurrence of ADHD, MCI, and AD in
long-lasting longitudinal prospective cohorts.

5. Wnt/mTOR pathways evidence in
Alzheimer’s disease and
attention-deficit hyperactivity
disorder

Recent evidence suggests the dysregulation of the Wnt/mTOR
signaling pathways as a potential common mechanism in the
etiopathogenesis of both ADHD and AD (Boonen et al., 2009;
Inestrosa and Varela-Nallar, 2014; Tramutola et al., 2015; Tapia-
Rojas and Inestrosa, 2018; Yde Ohki et al., 2020; Perluigi et al.,
2021; Nagu et al., 2022; Narvaes and Furini, 2022). Based on the
involvement of β-catenin, Wnt signaling can be generally divided
into the canonical (β-catenin-dependent) and non-canonical (β-
catenin-independent) pathway, activated by binding of different
Wnt proteins to their receptors (Wan et al., 2014), which all
play an important role in modulation of physiological processes
crucial for both developing and mature brain (Jia et al., 2019).
During development, Wnt signaling regulates the balance between
the proliferation and differentiation of neuronal progenitor and
precursor cells (Noelanders and Vleminckx, 2017). In the mature
brain, it affects neuronal stem cell proliferation and differentiation
(Bengoa-Vergniory and Kypta, 2015). The Wnt pathway has a
positive developmental role in the maturation of dendrites and
dendritic spines (Hussaini et al., 2014) and an additional role in
neurotransmission. Interestingly, recent results also demonstrate
that at least some of the effects of Wnt on axonal and dendritic
growth may be mediated by APP (Liu et al., 2021). The mTOR
pathway plays a key role in maintaining energy homeostasis by
regulating nutrient availability and cellular stress information,
both intracellularly and extracellularly (Mannaa et al., 2013). Both
signaling pathways have some common effectors, like glycogen
synthase kinase-3β (GSK3β), which independently participates

in both signaling cascades regulating different cellular processes
(Kaidanovich-Beilin and Woodgett, 2011). In addition, Wnt
ligands can regulate mTOR and insulin signaling pathways (Ackers
and Malgor, 2018). The involvement of the aforementioned
pathways in ADHD and AD is discussed in the following text (see
overview Figure 1).

5.1. Canonical Wnt pathway

A pivotal role of Wnt signaling in physiological processes
implies that its imbalance may be significant in the pathophysiology
of both neurodevelopmental disorders including ADHD (Yde
Ohki et al., 2020) and neurodegenerative disorders such as
AD (Boonen et al., 2009; Inestrosa and Varela-Nallar, 2014).
Therefore, the downstream components of Wnt signaling might
be important candidates in both disorders. In the Wnt canonical
signaling, activation of the pathway occurs by the binding of Wnt
glycoproteins to Frizzled receptors and the lipoprotein receptor-
related protein 5 (LRP5) or LRP6 co-receptor, which determine
the downstream signaling cascade by the intracellular level and
phosphorylation status of β-catenin, modulated by GSK3β (Liu
et al., 2002; Jia et al., 2019). In the presence of Dickkopf-1 (Dkk1), a
Wnt-inhibitor, GSK3β phosphorylates β-catenin and thus targets
it for rapid ubiquitin-dependent degradation by a “destruction
complex,” consequently resulting in a low cellular level of β-
catenin (Wu and Pan, 2010). On the other hand, activation of
Wnt signaling leads to inhibition of GSK3β, disassembly of the β-
catenin-containing “destruction complex,” and release of β-catenin,
which consequently accumulates and stabilizes in the cytosol, and
is then translocated into the nucleus triggering expression of target
genes crucial for neuronal survival, neurogenesis, and synaptic
plasticity (Jia et al., 2019).

Increased activity of GSK3β has been found in the brain of
sAD patients (Llorens-Martin et al., 2014) and increased activation
of GSK3β is inversely associated with a significant decrease in
β-catenin levels in the prefrontal cortex of AD patients (Folke
et al., 2019). Decreased β-catenin levels are unable to suppress
the transcription of the β-site APP cleaving enzyme (BACE1),
consequently promoting Aβ production and aggregation (Parr
et al., 2015), while accumulation of Aβ stimulates the activation
of the endogenous Wnt pathway inhibitor, Dkk1, contributing
to the decreased β-catenin-dependent triggering of various genes’
expression (Caricasole et al., 2004). Furthermore, since GSK3β

is the main kinase involved in the phosphorylation of the Tau
protein (Hernandez et al., 2013), a convincing body of evidence
indicates that hyperactivity of GSK3β is linked to pathological
Tau hyperphosphorylation (Llorens-Martin et al., 2014), thus
supporting a link between dysfunctional Wnt/β-catenin signaling
with the two major AD hallmarks (Jia et al., 2019). Several AD
susceptibility genes are linked to aberrant Wnt signaling, such as
APOE ε4, a major genetic risk factor for late-onset sAD, which
inhibits canonical Wnt signaling in cell lines (Caruso et al., 2006).
Liu et al. (2021) recently reported a direct interaction between
Wnt (Wnt3a and Wnt5a) with the cysteine-rich domain in the
extracellular portion of APP, a genetic risk factor for fAD. Binding
of Wnt3a promoted APP stability, while Wnt5a reduced APP
by stimulating lysosomal degradation (Liu et al., 2021). It was
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FIGURE 1

Overview of the Wnt/β-catenin/mTOR signaling pathway hypothesized to be involved in attention-deficit hyperactivity disorder (ADHD) and
Alzheimer’s disease (AD) over the lifespan. The two pathways work in a concomitant manner with some common molecules, including energy
metabolism and insulin signaling. In the short term, disruption in the pathways may influence growth, differentiation, and synaptic plasticity, while in
the long-term, accumulation of p-Tau and amyloid plaques may lead to cell death and decreased neurogenesis. Aβ, amyloid β; Akt, protein kinase B;
AMP, adenosine monophosphate; AMPK, adenosine monophosphate-activated protein kinase; APC, adenomatous polyposis coli; APOE,
apolipoprotein; APP, amyloid precursor protein; ATP, adenosine triphosphate; DKK1, Dickkopf WNT signaling pathway inhibitor 1; GDP, guanosine
diphosphate; GSK3β, glycogen synthase kinase-3β; GTP, guanosine-5′-triphosphate; IDE, insulin-degrading enzyme; LRP, LDL receptor related
protein; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase; Tau, tubulin
associated unit; TCF/LEF, T cell factor/lymphoid enhancer factor family; TSC1/2, tuberous sclerosis proteins 1 and 2; Wnt, wingless-INT. The figure
was created using BioRender (https://biorender.com/).

shown that both Frizzled1 and Frizzled7 are downregulated in
early human AD stages, as well as in the hAPPNLGF/NLGF mouse
model (depicting a knock-in of the hAPP Swedish mutation of a
fAD), and concomitantly increase Sirtuin2-induced deacetylation
(Palomer et al., 2022). Inhibiting Sirt2 in vivo and in vitro rescued
Frizzled expression and synaptic loss (Palomer et al., 2022). The
Wnt pathway plays an important role in the regulation of brain
insulin signaling. Activation of Wnt upregulates brain-derived
insulin in the hypothalamus (Lee et al., 2016) and restores insulin
sensitivity in insulin-resistant neurons (Tian et al., 2021). In the rat
model of sAD induced by intracerebroventricular streptozotocin
(STZ-icv), dysregulation of the IR-PI3K-Akt signaling pathway
is associated with increased activity of GSK3β (Barilar et al.,
2015). In the STZ-icv mice, increased activity of GSK3β in
the hippocampus was accompanied with increased β-catenin (Qi
et al., 2021) and decreased Wnt3a and β-catenin (Salem et al.,
2021). Furthermore, a recent study modeling sAD using induced
pluripotent stem cell (iPSC)-derived cortical neurons from sAD
patients and controls, and comparing them to postmortem brain
samples from sAD and controls, found at the transcriptomic
level, after mapping the findings to the Kyoto Encyclopedia
of Genes and Genomes (KEGG) AD map, that pathways of
the PI3K and the Wnt-mediated activation of Disheveled, a
key component of Wnt signaling, are altered (Verheijen et al.,
2022). This provides further support for the involvement of the
IR and Wnt pathways in sAD even at an early stage of sAD

as iPSC-derived neurons usually represent less mature aging
neurons.

Dysregulation in the canonical Wnt signaling pathway in
ADHD and its alteration after MPH therapy was confirmed
by various researchers as reviewed elsewhere (Yde Ohki et al.,
2020). In a mouse model overexpressing the thyroid hormone-
responsive protein with defining characteristics of ADHD, a
proteomic analysis of the hippocampus found an altered network
of proteins involved in Wnt signaling; catenin β1 was found
to be upregulated, and hippocampal gene expression of Wnt
ligands, inhibitors, receptors, and co-receptors: i.e., significant
reductions of the Wnt7a gene, as well as upregulation of Wnt
inhibitors Dkk4 and Igfbp5 and enhanced Lrp6 expression was
found (Custodio et al., 2023). In humans, a significant association
was found between sex-specific genetic variations of LRP5 or
LRP6 co-receptors and child and adolescent ADHD (Grünblatt
et al., 2019). As already mentioned in the previous chapter, in a
large meta-GWAS, several genes (e.g., DUSP6, SEMA6D, ST3GAL3,
FOXP1 and FOXP2, and SORCS3) linked to the Wnt-pathways
(canonical and non-canonical) were found to be associated with
ADHD, further supporting a role of this pathway (Demontis et al.,
2023). In a study of Chinese families with a child diagnosed
with ADHD, analysis of whole-genome sequencing data showed
an increased frequency of single nucleotide variants in several
ADHD-susceptible genes, including LRP6 (Li et al., 2022). Recent
comprehensive analysis of mononuclear blood transcriptomic data
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of 270 ADHD and 279 controls, revealed enrichment of genes
involved in the β-catenin-T-cell factors (TCF) complex assembly,
AD as well as insulin signaling pathways (Cabana-Dominguez
et al., 2022). Interestingly, the FZD1 gene was significantly down-
regulated in ADHD patients compared to controls, similarly to
the reported reduction in sAD [internal communication with
Cabana-Dominguez et al. (2022)]. Finally, it was also found that
MPH enhances neuronal differentiation and reduces proliferation
in human SH-SY5Y-cells through activation of the Wnt/β-catenin
pathway (Grünblatt et al., 2018). On the other hand, differential
regulation by prolonged MPH treatment was found in GSK3β

signaling responses in different brain regions (Mines and Jope,
2012; Mines et al., 2013).

5.2. mTOR pathway

The serine/threonine kinase mTOR is present in two
structurally and functionally distinct protein complexes referred
to as mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). mTORC1 integrates signals from multiple growth
factors, nutrients, and energy supply, to promote cell growth when
energy is sufficient, and catabolism in the absence of nutrients. The
mTOR pathway has been found to hold a central role in a variety
of cell processes, ranging from promoting protein synthesis to
determining the extent of autophagy, and is consequently largely
implicated in disease; dysregulation of the pathway has been
confirmed in the aging process, cancer, and metabolic disorders
like diabetes (Saxton and Sabatini, 2017). mTORC1 is composed
of mTOR, the scaffolding protein raptor (regulatory associated
protein of TOR), the GTPase β-subunit-like protein (GβL/mLST8)
and deptor (Dowling et al., 2010). mTORC2 mainly controls cell
proliferation and survival and is comprised of mTOR, Rictor,
GβL, Proline Rich 5 (PRR5/Protor), deptor, and mammalian
stress-activated protein kinase interacting protein (SIN1) (Zou
et al., 2020). mTOR is involved in many signaling pathways in the
body and coordinates or interacts with several upstream signal
components, including insulin, growth factors, 5-AMP-activated
protein kinase (AMPK), PI3K/Akt, and GSK3 (Cai et al., 2015).
Due to its extensive presence in different cellular processes, changes
in the function of the mTOR pathway activity significantly alter
cell homeostasis. On the one hand, decreases in protein synthesis
rates driven by inhibition of the mTOR pathway governing
mRNA translation may allow for improved cellular proteostasis,
whereas increases in the activity of the autophagy-lysosomal
pathway due to mTOR inhibition leads to degradation of damaged
organelles and macromolecules (Johnson et al., 2015). Indeed,
diminished activation of the PI3K/Akt/mTOR pathway was
found to augment longevity in mice. Likewise, increased insulin
sensitivity in centenarians has been associated with decreased
mTOR activity (Sharp and Bartke, 2005). Therefore, longevity
appears to be associated with the reduced activity of insulin
or insulin-like growth factor (IGF)-mediated PI3K/Akt/mTOR
pathway, suggesting that these signaling cascades may be important
targets for pharmacological manipulation (Blagosklonny, 2006).
However, since insulin and IGF-1 activate mTOR through the PI3K
pathway, ultimately regulating cell growth and proliferation in
neuronal progenitor cells and neuronal differentiation (Han et al.,

2008), as well as synaptic plasticity, glucose, and lipid metabolism,
and protein homeostasis (Bedse et al., 2015), chronic inhibition
of the pathway is bound to result in deleterious effects, including
carcinogenesis and metabolic dysfunction (Ali et al., 2022).
Therefore, finely balanced activation of mTOR is of equal interest,
e.g., in the context of neurodegeneration, intact mTOR signaling is
vital for long-lasting forms of synaptic plasticity and hippocampal
memory consolidation and maintenance, by supporting protein
synthesis in dendrites and their synapses (Querfurth and Lee,
2021).

Abnormal regulation of the mTOR-pathway is seen in the brain
of individuals affected by AD as well as various tissues of patients
with T2DM (Mannaa et al., 2013). Although many antidiabetic
drugs can affect the mTOR pathway (and introduce bias), current
evidence supports the hypothesis that its hyperactivation plays
the role in the etiopathogenesis of the disease (Jia et al., 2014;
Ong et al., 2016; Ali et al., 2017; Guillen and Benito, 2018).
Furthermore, increased levels of pIRS1Ser636 and pGSK3βSer9, and
hyperactivation of the Akt/mTOR/p70S6K pathway was reported
in neuronal-derived extracellular vesicles from patients with Down
syndrome (Perluigi et al., 2022) with an increased risk of AD
(Zigman and Lott, 2007). Hyperactivation of the mTOR pathway
in the brain of AD patients was shown in a number of studies
(Uddin et al., 2020), however on the contrary, reduced mTOR
signaling was also reported in patients as well as animal models
and cell cultures (Lafay-Chebassier et al., 2005). In sAD, neuronal
resistance to insulin and IGF-1 is promoted by the over-activation
of the PI3K/mTOR axis via a negative feedback mechanism
that inhibits IRS1 (Tramutola et al., 2015). Moreover, neuronal
insulin resistance is also associated with neuroinflammation via the
tumor necrosis factor-α (TNFα) /c-Jun N-terminal kinases (JNK)
pathway, which, in AD, is activated by Aβ oligomers and misfolded
Tau that consequently alter the IRS1/mTOR signaling pathway
(Liang et al., 2019).

Animal models provide further evidence of the ambiguous
role of mTOR activation/inhibition in neurodegeneration and AD.
Brain gene expression of several components of the mTOR complex
was found to be downregulated in both transgenic (3xTg-AD)
and non-transgenic (STZ-icv rat and mice) AD models (Chen
et al., 2012; Qin G. et al., 2021). Downregulation of mTOR
signaling was found to mediate impairment in synaptic plasticity
of the Tg2576 mouse model and increasing mTOR signaling was
found to be protective against Aβ-related impairment in long-term
potentiation (Ma et al., 2010). In pre-symptomatic and middle-aged
APPSwe/PS11E9 (APP/PS1) mice, generation of reactive oxygen
species was found to lead to oxidative modification of Akt1 in
the synapse resulting in reduction of Akt1-mTOR signaling and
deficiency in activity-dependent protein translation; moreover, a
similar attenuation of synaptoneurosomal protein translation was
found in postmortem AD brains (Ahmad et al., 2017). In cell
cultures, STZ-injured oligodendrocytes showed significantly lower
expression of PI3K, Akt, p-Akt, mTOR, and p-mTOR proteins than
the control group (Liu et al., 2020).

Conversely, inhibition of mTOR was studied for the mitigation
of AD symptoms in different AD models. Improvement of
cognitive functions and reduction of cortical Aβ levels were found
in hAPP(J20) mice after rapamycin (canonical mTOR inhibitor)
treatment, along with restoration of neurovascular coupling (Van
Skike et al., 2021). Increased hippocampal expression of p-mTOR
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was reported in the STZ-icv model of AD (El Sayed et al., 2021),
while mTOR inhibition by everolimus showed improvements in
cognition, as well as lowered TNFα levels in the brain accompanied
by increases of insulin and IGF-1 levels and correction of STZ-
icv-induced alterations of mRNA expression of PI3K/Akt/mTOR
pathway genes (Bansal et al., 2021).

The mTOR pathway’s ubiquitous presence in cell processes
implies a role in other disorders, including ADHD. Large-scale
computational analysis of the S-nitrosylation proteome pointed to
the mTORC1 signaling pathway as one of the shared molecular
mechanisms between the autism spectrum disorder (ASD) animal
model (InsG3680) and P301S AD mouse model (Mencer et al.,
2021). As ADHD is the most common comorbidity in ASD
patients (Hours et al., 2022), and ADHD is associated with sAD
and any dementia across generations (Zhang et al., 2022), the
mTOR pathway may be one of special interest in linking these
two disorders. A meta-analysis of GWAS data by Rovira et al.
(2020) identified nine new loci indicating a common genetic
basis for ADHD in childhood and persistent ADHD in adults,
among which was also the FRAT1/FRAT2 gene regulating the
Wnt signaling pathway. In a multi-step analysis aimed to identify
and characterize modules of co-expressed genes associated with
ADHD using data from peripheral blood mononuclear cells,
both RICTOR and MTOR genes were found to be significantly
upregulated in ADHD patients compared to controls further
internal discussion with authors regarding data presented in
Cabana-Dominguez et al. (2022). In addition, it has been shown
by Schmitz et al. (2019) that the Akt-mTOR pathway was affected
by MPH treatment in PC12 cells. Short-term MPH treatment
decreased pAkt(Thr308)/Akt, p-mTOR/mTOR, and pS6K/S6K
ratios, as well as pFoxO1 levels, although long-term treatment
increased pAkt(Thr308)/Akt, pmTOR/mTOR and pGSK-3β/GSK-
3β ratios (Schmitz et al., 2019). A study of ADHD-susceptible
variants by Li et al. (2022) identified genes corresponding to
single-nucleotide variants labeled as possibly or probably damaging
including CACNA1H, PKD1, DYNC2H1, LRP6, and RGS11. The
CACNA1H gene encodes for the α1-subunit of the T-type low
voltage-dependent calcium (Ca2+) channel Cav3.2 (Leresche and
Lambert, 2017), and mTORC1 pathway regulation may be driven
by intracellular Ca2+ levels (Li et al., 2016). Other than ADHD,
voltage-gated calcium channels have also been implicated in
other neuropsychiatric disorders, like schizophrenia, ASD, anxiety,
etc. (Nanou and Catterall, 2018; Andrade et al., 2019). Only
a few studies investigated the mTOR pathway in ADHD, but
both the mTOR and Wnt pathways are implicated in cellular
metabolism and energy balance, and emerging data suggests a
positive association between ADHD, obesity, and T2DM (Landau
and Pinhas-Hamiel, 2019).

Therefore, a growing body of evidence points to a harmful
vicious cycle in which impaired Wnt/mTOR-signaling is
intertwined with the major AD and ADHD pathophysiology
hallmarks at the protein and gene level for each of the pathways
and individual diseases, respectively. However, searching for the
alterations of those Wnt/mTOR signaling-related parameters
found both in AD and ADHD, might reveal a common point of
weakness in their respective etiopathogenesis and thus not only
help clarify the overlap of sAD and ADHD pathophysiology at
the molecular level but also offer possible shared target(s) for
disease-modifying drug intervention in their therapy. Elucidation

of the Wnt/mTOR signaling dysfunction underlying ADHD-
AD overlapping pathophysiology is very important also as a
contribution to understanding its role in the pathophysiology of
other neurodegenerative disorders like Parkinson’s disease (Huang
et al., 2022; Serafino and Cozzolino, 2023).

6. Evidence of the link between
attention-deficit hyperactivity
disorder and Alzheimer’s disease in
the context of animal model
phenotypic traits

Although most animal models of ADHD and AD do
not fulfill all the validation criteria [face, construct, and
predictive validity (Willner, 1986)], they are invaluable in
elucidating pathomechanism in these disorders. The face validity
criteria of both models seem to be satisfied as they relatively
faithfully reflect the key symptoms of ADHD (inattention,
hyperactivity, and impulsivity) and AD (progressive cognitive
deficits). Nevertheless, both models frequently also demonstrate
additional phenotypic traits that may or may not reflect the
comorbidity/complex presentation in humans. The construct
validity of the models is often challenging to determine considering
that the etiopathogenesis of ADHD and AD is still not fully
understood. In this regard, some pathological and molecular
correlates suggest some models may be valid, e.g., most
animal models of AD demonstrate accumulation of Aβ and
tau hyperphosphorylation. Additionally, a low attentive, low
vigilance, and high response disinhibition model of ADHD
shows improved vigilance and reduced probability of false alarms
upon administration of an agonist of the dopamine D4 receptor
(Hayward et al., 2016) associated with adult ADHD (Franke et al.,
2012). However, the models also seem to present with features that
do not reflect the natural course of AD and ADHD in humans,
e.g., Tg2576 animals -fAD model, overexpress a mutant form of
APP with a Swedish mutation (KM670/671NL) throughout their
life (representing at best ∼1% of familial AD cases) and do not
show signs of neuronal loss and neurofibrillary tangles (Irizarry
et al., 1997). Similar to that, dopamine transporter (DAT)-knockout
mice (ADHD model), show solid face and predictive validity,
however, DAT seems to be increased, and not decreased in ADHD
patients (Rahi and Kumar, 2021). Finally, ADHD and AD models
demonstrate variable positive and negative predictive validity as
many drugs that work in animal models (McKean et al., 2021;
Dougnon and Matsui, 2022; Kantak, 2022), unfortunately, show
little benefits in humans, while some drugs that are successfully
used in patients, fail to improve symptoms in some animal models.

Regardless of the aforementioned limitations, animal models
sometimes offer unexpected insight into diseases with shared
molecular pathobiology offering the opportunity for a better
understanding of genetic and environmental risk factors and co-
morbidities, as well as the development of new working models and
identification of novel (shared) drug targets. Here we propose that a
careful evaluation of ADHD and AD models, particularly from the
perspective of face validity, provides evidence for potentially shared
pathomechanisms and risk factors.
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6.1. Evidence for Alzheimer’s disease-like
behavioral traits in animal models of
attention-deficit hyperactivity disorder

As the etiopathogenesis of ADHD remains largely unknown
(construct validity), most animal models focus on replicating
the symptomatology (face validity), which classically consists of
hyperactivity, impulsivity, and inattention (Sontag et al., 2010), i.e.,
executive dysfunction.

A link between ADHD and AD may be found in the
dysfunction of working memory as one of the core executive
functions (Roth and Saykin, 2004; Diamond, 2013). In 2000,
Baddeley suggested the working memory’s “episodic buffer” as
a stage in long-term episodic learning (Baddeley, 2000). A key
component of AD symptomatology is the loss of long-term episodic
memory (Salkovic-Petrisic et al., 2021), which seems to arise
from a deficit in the encoding of new memories (Germano and
Kinsella, 2005), implicating a working memory deficit antecedent
to long-term memory dysfunction [confirming the “hypothesis
1” by Callahan et al. (2017)]. However, longitudinal studies are
necessary. Even though they are sorely lacking in animal models,
there is some evidence that the above is precisely the case in at
least two different models of ADHD: Sprague–Dawley rats selected
for high impulsivity, and the spontaneously hypertensive rat (SHR)
model.

In Dellu-Hagedorn et al. (2004) divided 3-month-old Sprague–
Dawley rats by impulsivity–at this point, no differences in
working memory among groups could be observed (radial arm
maze). At middle age (15 months), the difference in impulsivity
between groups was retained, but impulsivity decreased overall.
In the working memory assessment, the highly impulsive group
performed worse in the training phase up until the last day, when
it reached the non-impulsive group’s performance. Two years later,
Dellu-Hagedorn again divided 3-month-old rats by impulsivity and
reproduced these results (Dellu-Hagedorn, 2006). While rats in
the hyperactive group made more errors in training, after 6 days
they managed to reach the same level of performance as the
hypoactive group, indicating a surmountable working memory
deficit among the hyperactive animals in this scenario. Another
ADHD model, the SHR (Sagvolden and Johansen, 2012), has
originally been developed as a model for studying hypertension
in 1963 by selectively breeding Wistar-Kyoto rats (Okamoto and
Aoki, 1963). The increased locomotor activity of these animals
seems to be highly age-dependent, peaking in a juvenile phase
around 8 weeks of age (van den Bergh et al., 2006), and again
in an older age of 45 weeks (Hendley et al., 1985). Most ADHD
research using this model, therefore, focuses on this juvenile period,
when no cognitive deficits seem to be present (Langen and Dost,
2011). Young, 7–8-week-old male SHR rats exhibiting increased
locomotor activity do not seem to show cognitive impairments
in the novel object recognition test (Langen and Dost, 2011).
It seems that, in older SHR rats, the hyperactive (in terms of
increased locomotor activity) phenotype diminishes as cognitive
deficits begin to appear, and spatial memory dysfunction has been
observed in 3-month-old SHR rats (Sontag et al., 2013). Another
study examining 3- and 7-month-old SHR rats links these deficits
to brain IR dysfunction, a phenomenon linked to AD (Grünblatt
et al., 2015). A third study working with older (26–30 weeks)
SHR rats describes a similar phenotype accompanied by vascular

dysfunction in the hippocampus (Johnson et al., 2020), another
neuropathology commonly found in AD (Govindpani et al., 2019).
While there is also evidence of neuropathology less specific to AD
in particular, such as neuroinflammation (Tayebati et al., 2016;
Cohen et al., 2019) and increased oxidative stress (Corona, 2020),
parenchymal Aβ formation, a hallmark of AD, has also been
observed in this model at 20–44 weeks of age with conventional
histology and immunohistochemistry, showing an age-dependent
increase in parenchymal β-amyloid load (Schreiber et al., 2014).

The aforementioned cognitive deficits developing at a later age
provide face validity to the hypothesis that, with age, an ADHD
model may serve as a sAD model, and the neuropathological
markers found therein thought to be closely related to AD,
lend construct validity. Unfortunately, there is little data on
therapies in older ADHD model animals to provide a statement on
predictive validity.

6.2. Evidence for attention-deficit
hyperactivity disorder-like behavioral
traits in animal models of Alzheimer’s
disease

Accumulating evidence suggests that animal models of AD
demonstrate some phenotypic traits resembling ADHD. van
Swinderen (2007) has shown that mutations in genes involved
in short and long-term memory formation (van Swinderen
et al., 2009), and memory consolidation (van Swinderen and
Brembs, 2010) all result in deficits in attention-like processes
in Drosophila melanogaster. Furthermore, the attention deficits
were accompanied by well-defined behavioral hyperactivity and
phenotypic alterations were successfully alleviated by MPH
treatment (van Swinderen and Brembs, 2010) providing evidence
for both face and predictive validity (in the context of ADHD-
like symptoms). The results from Zhang et al. (2015) illustrate the
presence of phenotypic traits of ADHD in AD even more clearly
as they observed clear ADHD-like behavior in flies generated as
a model of AD. Zhang et al. (2015) generated flies with inducible
expression of low levels of human APP and BACE1 to overcome
methodological problems associated with the overexpression of
AD-associated transgenes. Unexpectedly, inducing low levels of
human APP and BACE1 resulted in a phenotype resembling
ADHD with: (i) a marked increase in overall motor activity;
(ii) male predominance; (iii) carbohydrate-induced aggravation of
symptoms; (iv) the phenotype mitigated with age; (v) delayed,
but a steep reduction in nocturnal activity; (all strongly indicative
of high face validity of the model for ADHD) and; (vi) a
reversible reduction in hyperactivity by dextroamphetamine (with
the absence of the effect in non-ADHD-like fly controls)—strongly
indicative of good predictive validity of the model (Zhang et al.,
2015). The construct validity of the proposed model for ADHD
remains to be explored, however, based on strong evidence in
support of both face and predictive validity, the authors proposed
its use for elucidation of the etiopathogenesis of ADHD. The
presence of ADHD-like symptoms has also been reported in other,
more complex, animal models of AD. For example, Tg2576 mice
demonstrate locomotor hyperactivity (Gorman and Yellon, 2010;
Bardgett et al., 2011) and increased exploratory behavior (Babic
Perhoc et al., 2019) providing some evidence for face validity.
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Locomotor hyperactivity has also been reported in other transgenic
models of AD—e.g., Swedish-APP (Bedrosian et al., 2011), 3xTg-
AD (only in male mice) (Pietropaolo et al., 2008; Sterniczuk et al.,
2010), Swedish APP on a 129 genetic background (Rustay et al.,
2010), TgCRND8 (Walker et al., 2011), APP+PS1 (Arendash et al.,
2001), and APP23 (Van Dam et al., 2003) models. Unfortunately,
data on ADHD predictive validity in AD models is scarce as most
studies utilizing ADHD drugs in AD models focused on cognitive
rather than ADHD symptoms. Nevertheless, some reports suggest
that treatments that show beneficial effects in ADHD models [e.g.,
an H3 antagonist ciproxifan (Fox et al., 2002)] also attenuate
hyperactive behavior in some models of AD (Bardgett et al., 2011).

Pronounced locomotor hyperactivity of AD animal models
has been reported by different groups, as it was recognized as
an important confounder precluding valid behavioral analysis.
For example, Jankowsky et al. generated a tetracycline-responsive
transgenic APP mouse model to study the effects of Aβ

production arrest expected from the treatment with inhibitors of
secretases. However, mice overexpressing APP throughout their
development demonstrated severe locomotor hyperactivity (with
100% penetrance), incompatible with cognitive testing (Jankowsky
et al., 2005). Interestingly, the same model has been used to
elucidate the effects of the APP overexpression onset on behavioral
phenotype, showing that overexpression during early postnatal
development resulted in the most pronounced hyperactivity
(Rodgers et al., 2012). In contrast, delaying the overexpression
of APP until adulthood resulted in a substantial attenuation of
the hyperlocomotor phenotype (Rodgers et al., 2012). The latter
provides indirect evidence that ADHD and AD may represent
two points along a single pathophysiological continuum [i.e.,
“hypothesis 1” proposed by Callahan et al. (2017)] and suggests
that similar noxious stimuli may result in the development of either
ADHD or AD depending on the developmental period during
which they occur.

Behavioral alterations in the non-transgenic STZ-icv rat
model of sAD provide additional evidence in support of the
overlapping phenotype of ADHD and AD in animal models with
the advantage of the absence of altered gene expression during
brain development (as is often the case with transgenic models).
In the STZ-icv model, a complex phenotype characterized by a
combination of ADHD and AD-like symptoms develops after
icv administration of a diabetogenic compound (streptozotocin)
in the period in which neural circuits are already fully formed
(excluding the possibility of purely neurodevelopmental origin).
The STZ-icv model is characterized by a chronic and progressive
cognitive decline (Knezovic et al., 2015) (AD face validity)
accompanied by neuropathological and metabolic hallmarks of
AD [i.e., BIR state (Grünblatt et al., 2007), neuroinflammation
(Knezovic et al., 2017), accumulation of Aβ (Salkovic-Petrisic et al.,
2011), hyperphosphorylated Tau (Li et al., 2020), mitochondrial
dysfunction (Correia et al., 2011), oxidative stress (Sharma and
Gupta, 2001), and glucose hypometabolism (Knezovic et al.,
2018)] (AD construct validity) (Salkovic-Petrisic et al., 2021).
Interestingly, apart from symptoms and molecular alterations
resembling AD, the STZ-icv model also develops attentional
deficits and locomotor hyperactivity (ADHD face validity). The
development of the hyperlocomotor phenotype was first observed
by Mayer and Hoyer during the initial behavioral characterization
of the STZ-icv model (Mayer et al., 1990), and it was later (similarly

as was the case with the transgenic AD models) recognized as an
important confounder for behavioral analyses (Homolak et al.,
2021). The STZ-icv rats also demonstrate several common features
of ADHD: pronounced circadian dysrhythmia [present already
in the very early (24–48 h) post-induction period preliminary
data—Supplementary Figure 1A; (WASAD Congress, 2021)],
increased stress response (Virag et al., 2021), increased social
interaction preference [commonly reported in ADHD models—e.g.
(Hopkins et al., 2009; Robinson et al., 2012; Gauthier et al., 2015)]
(preliminary data—Supplementary Figure 1B), dysfunctional
attention dynamics and hesitancy/impulsivity (unpublished
preliminary results see Supplementary Figures 1C–F).

In summary, although a more thorough exploration of the
pre-cognitive ADHD-like behavioral phenotype of the STZ-icv
model is needed, it seems that non-transgenic models of AD
may also recapitulate the behavioral aspect of the hypothesized
ADHD-AD continuum (Callahan et al., 2017). Experiments testing
ADHD predictive validity (mainly the ability of ADHD drugs
to counteract ADHD-like symptoms) utilizing the early ADHD-
like pre-cognitive stage of the disease in the STZ-icv model may
provide critical information to support or reject the hypothesis.
Such experiments, planned to be performed in our lab in the near
future, will hopefully elucidate this open question. Furthermore, if
such experiments confirm the efficacy of ADHD drugs in treating
ADHD-like symptoms in the pre-cognitive stage of the disease,
they may also provide a platform for testing the hypothesis that a
timely introduction of ADHD therapy may delay or even prevent
neurodegeneration and cognitive decline in the context of the
proposed ADHD-AD pathophysiological continuum.

Altogether, data from both ADHD and AD animal models
support the hypothesis of overlapping pathophysiology and the
existence of the ADHD-AD continuum. In both cases, the strongest
evidence comes from the experiments reporting a complex
ADHD/AD phenotype (face validity), however, the data on
construct and predictive validity are still scarce. One of the reasons,
for the paucity of construct and predictive validity evidence, may
be a time-period restricted use of ADHD and AD models and
consequent failure to acknowledge the overlapping symptoms and
identify them as a rationale to explore molecular patterns of AD in
ADHD and vice versa (construct validity), and test ADHD drugs
in AD models and vice versa (predictive validity). The animal
models of ADHD are mostly examined when the animals are
relatively young to faithfully mimic human disease that usually
presents at a relatively young age in most patients. Accordingly,
most researchers use old animals to model the AD-like phenotype
in rodents. Consequently, most research on ADHD models is done
at a time point in which cognitive deficits are not yet evident, and
most animal studies with AD models fail to acknowledge a potential
early ADHD-like stage of the disease. The evidence supporting
this hypothesis comes from relatively rare longitudinal studies on
ADHD models with behavioral follow-up after dissipation of the
hyperactive phenotype (Dellu-Hagedorn, 2006), and the studies
on AD that focus on the developmental/early aspect of AD-like
pathophysiology that resembles ADHD e.g., overexpression of APP
during brain development (Rodgers et al., 2012). A more mindful
and less time-restricted approach to behavioral and molecular
patterns in models of ADHD and AD may provide additional
evidence in support of the overlapping phenotype and motivate
researchers to conduct experiments designed to address the lack
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of construct and predictive validity evidence for the ADHD-
AD continuum. Finally, animal research addressing the ADHD-
AD continuum hypothesis will inevitably have to deal with the
impact of sex on the etiopathogenesis and the progression of the

disease actively explored both in the context of ADHD (Ramtekkar
et al., 2010; Cortese et al., 2016; Greven et al., 2018) and sAD
(Li and Singh, 2014; Toro et al., 2019). In childhood, a great
number of females are undiagnosed for ADHD until reaching

TABLE 2 Wnt/mTOR pathway and behavioral alterations in rodent models of attention-deficit hyperactivity disorder (ADHD) and
Alzheimer’s disease (AD).

Animal model Wnt/mTOR alterations ADHD-like behavioral alterations AD-like behavioral
alterations

AD models

TgCRND8/APP J20 ↑DKK, GSK-3α/β, ↓Wnt, β-catenin (Rosi et al.,
2010)
↑DKK, ↓β-catenin (Tong et al., 2022)

locomotor hyperactivity (Walker et al., 2011)
circadian dysrhythmia, hyperarousal (Colby-Milley
et al., 2015)

+

APP/PS1 ↑GSK3β, ↓β-catenin (Xiang et al., 2021)
↓Wnt4 (Yan et al., 2022)
↓Wnt3a, β-catenin, ↑GSK3β (Zhu et al., 2018)
↓mTOR (Ahmad et al., 2017)
↓mTOR (Francois et al., 2014)
↑DKK-1 (Rosi et al., 2010)

locomotor hyperactivity (Arendash et al., 2001) +

APP23 ↓β-catenin, ↑GSK3β (cells isolated from APP23
mice) (He and Shen, 2009)

locomotor hyperactivity (Van Dam et al., 2003) +

Tg2576 ↓mTOR (Ma et al., 2010)
↑DKK-1 (Rosi et al., 2010)

locomotor hyperactivity (Gorman and Yellon, 2010;
Rustay et al., 2010; Bardgett et al., 2011; Bedrosian
et al., 2011)
increased exploratory behavior (Babic Perhoc et al.,
2019)

+

3xTg ↓mTOR (Chen et al., 2012)
↓active β-catenin, β-catenin mRNA, ↑inactive
β-catenin, GSK3β mRNA, GSK3β activity (Huang
et al., 2018)

locomotor hyperactivity (Pietropaolo et al., 2008;
Sterniczuk et al., 2010)
increased locomotor and exploratory activity (Chen
et al., 2013)

+

P301S ↑mTOR (Mencer et al., 2021)
↑non-canonical Wnt (Amal et al., 2019)
↑DKK-1 (Rosi et al., 2010)

increased locomotor activity and exploration
(Scattoni et al., 2010; Takeuchi et al., 2011)

+

5xFAD ↓mTOR, ↓β-catenin, ↑GSK3β (Avrahami et al.,
2013)

locomotor hyperactivity (Oblak et al., 2021; Sil et al.,
2022)

+

STZ-icv mice ↓mTOR (STZ icv 3 months) (Qin G. et al., 2021)
↑mTOR (STZ icv 3 weeks) (El Sayed et al., 2021)
↑β-catenin, ↑GSK3β (STZ 3 mg/kg bilateral
hippocampal injection) (Qi et al., 2021)
↓β-catenin, ↓Wnt3a; ↑GSK3β, ↑mTOR (Salem et al.,
2021)

decreased locomotor activity and exploration (Qi
et al., 2021)
increased locomotor activity and exploration (Chen
et al., 2013)

+

STZ-icv rats ↑GSK3β (Barilar et al., 2015)
↓mTOR (Chen et al., 2012)

locomotor hyperactivity (Mayer et al., 1990;
Homolak et al., 2021), Supplementary Figure 1
(WASAD Congress, 2021)
increased stress response (Virag et al., 2021)
circadian dysrhythmia [Supplementary Figure 1
(WASAD Congress, 2021)]

+

ADHD models

SHR ↑GSK3β activity, ↓β-catenin (Cheng et al., 2015)
↑GSK3β (Grünblatt et al., 2015)

+ spatial, object, and aversive
memory deficits (Sontag
et al., 2013; Grünblatt et al.,
2015; Johnson et al., 2020)

THRSP OE ↑β-catenin, Dkk4, Igfbp5, Lrp6;↓Wnt7a (Custodio
et al., 2023)

+ recognition memory deficits
(Custodio et al., 2018)

Neonatal MSG ↓Wnt3a, β-catenin, ↑GSK3β mRNA (Abu-Elfotuh
et al., 2022)

+ spatial memory deficits
(Abu-Elfotuh et al., 2022)

Standardly present cognitive alterations in animal models of AD and ADHD-like traits in animal models of ADHD were marked with a “+”. APP, amyloid precursor protein; APP23, B6-
Tg/Thy1APP23Sdz; APP/PS1, APP/PS1 double transgenic; DKK, Dickkopf; 5xFAD, APP/PS1, Tg6799, Tg-5xFAD [APP K670_M671delinsNL (Swedish), APP I716V (Florida), APP V717I
(London), PSEN1 M146L (A > C), PSEN1 L286V]; GSK3, glycogen synthase kinase 3; mTOR, mammalian target of rapamycin; Igfbp, insulin-like growth factor-binding protein; Lrp, low-
density lipoprotein receptor-related protein; MSG, monosodium glutamate; P301S, Tau PS19Tg (MAPT P301S mutation); PS1, presenilin 1; SHR, spontaneously hypertensive rat; STZ-icv,
streptozotocin intracerebroventricular; Tg, transgenic; 3xTg, 3xTg-AD, the Laferla mouse [APP K670_M671delinsNL (Swedish), MAPT P301L, PSEN1 M146V]; Tg2576, hsiao mice, App-Swe,
App-sw, APP(sw), APPSwe; TgCRND8, APP(swe/ind) CRND8; THRSP OE, thyroid hormone-responsive gene overexpression.
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adulthood which leads to the male prominence that disappears
in adult ADHD. Nevertheless, the latter must be acknowledged
in a broader context since the exact causes driving the apparent
sexual dimorphism of both diseases are yet to be understood and
it is possible that at least some of the factors are more cultural
and not biological. For example, there is evidence that female
children are underdiagnosed in the community setting resulting
in biased and overemphasized estimates pertaining to male
predominance (Ramtekkar et al., 2010). Furthermore, regardless
of the female predominance of sAD, some animal models of the
disease demonstrate the male predominance of some ADHD-like
phenotypic traits. For example, female 3xTg mice demonstrate less
circadian dysrhythmia in comparison with male transgenic animals
(Wu et al., 2018).

Summarizing the aforementioned, the analysis of behavioral
traits and phenotypes in animal models of ADHD and AD
provides additional evidence in favor of the hypothesis of shared
etiopathogenesis. Furthermore, considering molecular similarities,
primarily related to Wnt and mTOR pathways (described in detail
in chapters 5.1 and 5.2), data from animal models support the
existence of a common pathophysiological phenomenon involved
in the development of both AD and ADHD (Table 2). As studies
indicate that manifestation of primary phenotypic characteristics
(ADHD predominant—e.g., animal models of ADHD when tested
at a young age, some AD models when tested before the
development of cognitive deficits; AD-predominant—e.g., animal
models of AD in the late phase, some ADHD animal models
after locomotor hyperactivity subsides) is dependent on age.
Therefore, molecular alterations ensue, longitudinal studies with
animal models of both diseases focused on the temporal association
of molecular and behavioral alterations will be necessary to fully
entangle the association between ADHD and AD.

7. Methylphenidate in
attention-deficit hyperactivity
disorder and Alzheimer’s disease
and the link to Wnt/mTOR

Unlike for AD, pharmacological interventions for ADHD have
shown a high level of efficacy supported by decades of clinical
use and thousands of research studies (Banaschewski et al., 2018;
Cortese et al., 2018). In child and adolescent, the efficacy lowering
total symptoms following meta-analysis of total 22 studies with
1,603 patients treated with MPH vs. 1,251 placebo controls was
estimated to be 0.77 (Faraone and Buitelaar, 2010). For MPH
immediate release, the long-term effects of MPH following meta-
analysis of seven studies (444 patients) resulted in efficacy of 0.96
and 1.12 for inattention and hyperactivity/impulsivity, respectively
(Maia et al., 2017). Moreover, in a recent meta-analysis of 31 studies
(804 children), dose-dependent effect of MPH on neurocognitive
functioning in children with ADHD showed beneficial effects on all
neurocognitive functions (d = 0.20–0.73) with linear dosing effects
(Vertessen et al., 2022). In adults with ADHD, meta-analysis in
eight studies (2,036 patients) found that MPH treatment efficacy of
up to 0.58, with increase efficacy of 0.12 for every 10 mg increment
of MPH (Castells et al., 2011). MPH is the first-line treatment for

ADHD in children and adolescents according to the NICE and the
German guidelines (Banaschewski et al., 2018; Cortese et al., 2018).
Safety and efficacy have also been demonstrated in adults with
ADHD (Castells et al., 2011; Cortese et al., 2018; Solmi et al.,
2020), however, despite evidence based guidelines, only half of
the European countries have approved the use of MPH for the
management of adult ADHD (Chappuy et al., 2020). In AD, MPH
has been used as a treatment for apathy (Ruthirakuhan et al., 2018;
Kishi et al., 2020; Mintzer et al., 2021), and although it was shown to
be a safe and efficacious medication, this use is still off-label. Indeed,
in a very small meta-analysis of three double-blind, randomized,
placebo-controlled trials (RCTs) investigating MPH treatment of
apathy as a primary or secondary outcome in people with AD
(n = 145), it was shown that MPH treatment is associated with small
improvements (in apathy scores) in AD patients (Ruthirakuhan
et al., 2018). Interestingly, a slight improvement in cognition
measured using mini-mental state examination (MMSE) was
observed as well (mean difference of 1.98, CI 1.06–2.91), however,
due to a low number of studies, no conclusion could be made.
In another meta-analysis including modafinil as a psychostimulant
treatment of apathy in AD patients (3 MPH and 1 modafinil
study, n = 156), an increase in cognitive scores (MMSE) was found
alongside improvement of apathy (Kishi et al., 2020). In the recently
published RCT with a 6 month follow-up (n = 301), MPH improved
apathy scores compared to placebo, with improved Alzheimer’s
Disease Cooperative Study Clinical Global Impression at 6 months
(Mintzer et al., 2021). However, there was no apparent difference in
comparison with the placebo group in cognitive performance nor
the quality of life (Mintzer et al., 2021). The absence of the effects
on cognition in some AD trials may be due to timing, as a small
RCT with MCI patients (n = 15) demonstrated a beneficial effect of
MPH on memory tests (Press et al., 2021). The latter might be due
to the neurogenic capacity still available in MCI compared to AD
patients.

Despite its well-known clinical efficacy, the exact molecular
mechanisms responsible for the beneficial effects of MPH in ADHD
remain elusive (Yde Ohki et al., 2020). The effects of MPH are
usually attributed to its ability to block the reuptake of dopamine,
noradrenaline, and (in low affinity) serotonin to potentiate the
effects of monoamines in the synaptic cleft (Quintero et al., 2022).
Nevertheless, accumulating evidence suggests that the ability of
MPH to stimulate cortical maturation [responsible for its long-
term effects (Shaw et al., 2009; Walhovd et al., 2020)] may be
mediated by a separate mechanism not related to the inhibition of
monoamine transporters (Bartl et al., 2010, 2013b, 2017; Grünblatt
et al., 2018; Yde Ohki et al., 2020). It has been reported that MPH
can inhibit proliferation and enhance neuronal differentiation both
in vitro (Bartl et al., 2013b; Grünblatt et al., 2018) and in vivo
(Lee et al., 2012; Oakes et al., 2019) via an unknown molecular
mechanism. One possible molecular pathway hypothesized to be
responsible for these effects is the Wnt pathway (Yde Ohki et al.,
2020). MPH was demonstrated to activate Wnt signaling in three
distinct neuronal cell lines (murine stem cells, rat PC12, and human
SH-SY5Y cells), independently of its action on the dopamine
transporter (considering that the selective dopamine transporter
inhibitor GBR-12909 exerted opposite effects) (Grünblatt et al.,
2018). The ability of MPH to activate Wnt in vitro (Grünblatt
et al., 2018) is in line with the reports from in vivo studies
where the ability of low-dose MPH to promote cell proliferation
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and survival was associated with increased activity of the Wnt-
signaling pathway (Mines and Jope, 2012; Sadasivan et al., 2012;
Dela Pena et al., 2013; Oakes et al., 2019; Yde Ohki et al., 2020).
The signaling pathway revolving around the mTOR pathway
with complementary biological functions to Wnt was proposed
as another potential mediator of the effects of MPH on cortical
maturation (Yde Ohki et al., 2020). Although mechanisms by which
MPH regulates the mTORC1 signaling pathway remain elusive, its
ability to modulate the activity of its components (e.g., Akt, GSK3β,
p70S6K, 4E-BP1, CREB) has been demonstrated both in vitro
(Schmitz et al., 2019) and in vivo (Warren et al., 2011).

Briefly, MPH is beneficial in treating childhood ADHD while
showing beneficial effects in early AD patients, which, following
the current evidence, might be also due to its influence on the
Wnt/mTOR-pathway. However, longitudinal clinical studies will be
required to confirm this hypothesis.

8. Conclusion

Following the aforementioned evidence regarding ADHD-
AD being a continuum, with several overlapping pathways and
mechanisms, it would be of high urgency to move into research
over the lifespan in humans and animal models, as well as at
the molecular and cellular levels modeling both disorders in vitro
using e.g., iPSC-derived neural cells (2D and 3D). Moreover, the
common Wnt/mTOR pathways that have been altered both in
ADHD and AD, and the fact that some drug treatments may
influence them, should be studied more in-depth, to explore the
possibilities of prevention and/or rescue in these two frequent
neurological disorders. Although out of scope of the current
hypothesis paper, it should be noted that neurodevelopmental
disorders in general also were argued to be linked to sAD (Folsom
and Fatemi, 2013; Delhaye and Bardoni, 2021; Ebstein et al.,
2021) while neurodegenerative disease with cognitive decline have
some overlap to ADHD (Golimstok et al., 2011; Gehricke et al.,
2017; Prentice et al., 2021). In particular, keeping in mind all the
above and the recent literature proposing normalization of altered
Wnt/mTOR signaling as a novel mechanism of action for MPH
used as ADHD-treatment, the accumulated evidence provide a
convincing argument and an encouragement to explore the idea
that a timely introduction of ADHD therapy may delay/prevent
neurodegeneration and cognitive decline in AD.
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Microglia, the brain resident macrophages, are multifaceted glial cells that belong

to the central nervous and immune systems. As part of the immune system,

they mediate innate immune responses, regulate brain homeostasis and protect

the brain in response to inflammation or injury. At the same time, they can

perform a wide array of cellular functions that relate to the normal functioning

of the brain. Importantly, microglia are key actors of brain development. Indeed,

these early brain invaders originate outside of the central nervous system

from yolk sac myeloid progenitors, and migrate into the neural folds during

early embryogenesis. Before the generation of oligodendrocytes and astrocytes,

microglia thus occupy a unique position, constituting the main glial population

during early development and participating in a wide array of embryonic and

postnatal processes. During this developmental time window, microglia display

remarkable features, being highly heterogeneous in time, space, morphology

and transcriptional states. Although tremendous progress has been made in our

understanding of their ontogeny and roles, there are several limitations for the

investigation of specific microglial functions as well as their heterogeneity during

development. This review summarizes the current murine tools and models used

in the field to study the development of these peculiar cells. In particular, we focus

on the methodologies used to label and deplete microglia, monitor their behavior

through live-imaging and also discuss the progress currently being made by the

community to unravel microglial functions in brain development and disorders.

KEYWORDS

microglia, brain, development, models, tools

Introduction

Microglia, the central nervous system (CNS) resident macrophages remained poorly
studied until an exponential growth in interest during the last two decades led to fascinating
insights into the origin of microglia, their functions, as well as dysfunctions in pathological
conditions (Mosser et al., 2017; Hammond et al., 2018; Hoeffel and Ginhoux, 2018; Li and
Barres, 2018; Thion et al., 2018a; Prinz et al., 2019). Contrary to most brain cells, microglia
were shown to originate from mesodermal yolk sac (YS) macrophage progenitors that travel
to reach the CNS during early embryonic development, around Embryonic day (E)9 in mice
and gestational week 4/5 in humans (Monier et al., 2007; Ginhoux et al., 2010; Verney
et al., 2010; Menassa et al., 2022). As such, these brain invaders constitute the main glial
population before the emergence of other glial cells such as oligodendrocytes and astrocytes.
After closure of the blood brain barrier around E14 in mice, microglia are believed to be
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enclosed in the brain under steady-state conditions. These
pioneer microglia thus proliferate, seed the entire parenchyma
and progressively mature in symbiosis with the neural tissue
microenvironment (Matcovitch-Natan et al., 2016; Thion et al.,
2018b; Kracht et al., 2020) before self-renewing throughout life.
This situation is different in zebrafish where microglia are fully
replaced by another source of microglia by adulthood (Xu et al.,
2015; Ferrero et al., 2018). A key aspect of their development is
the high heterogeneity in their colonization patterns, morphologies
and molecular properties. In particular, microglial colonization
of the brain parenchyma is a long-lasting process that spans
embryogenesis until the end of the second postnatal week,
following a very stereotypical and uneven spatiotemporal pattern
(Swinnen et al., 2013; Squarzoni et al., 2014; Menassa et al., 2022).
These cells transiently accumulate at specific hotspots such as
the cortico-striatal-amygdalar boundary and are excluded from
others regions such as the cortical plate. In addition, they display a
variety of morphologies (ameboid, poorly ramified, and elongated)
associated with different brain localizations. Finally, owing to high
throughput approaches, microglia have been shown to exhibit
different transcriptomic states, specifically during development, in
both mice and humans (Hammond et al., 2019; Li et al., 2019;
Sankowski et al., 2019; Kracht et al., 2020). This high developmental
heterogeneity contrasts with a relatively uniform distribution
in the whole parenchyma alongside homogeneously ramified
morphologies and molecular signatures at adult stages. Finally,
sex-specific microglial features have been highlighted in postnatal
steady-state conditions but also in response to environmental
challenges (Schwarz et al., 2012; Lenz et al., 2013; Rebuli et al., 2016;
Hanamsagar et al., 2017; Guneykaya et al., 2018; Thion et al., 2018b;
Villa et al., 2018; VanRyzin et al., 2019).

Several seminal studies have demonstrated that, beyond their
immune functions, microglia also perform a wide array of cellular
functions that relate to the normal functioning of the brain
and importantly to its development. In particular, they interact
with synapses to mediate remodeling, pruning and transmission
but have also been involved in synaptogenesis (Andoh and
Koyama, 2021). They further participate to neurogenesis and
oligodendrogenesis, partly through their regulation of cell death
and survival (Sierra et al., 2010; Cunningham et al., 2013;
Hagemeyer et al., 2017; Wlodarczyk et al., 2017; Nemes-Baran
et al., 2020; Sherafat et al., 2021; Cserep et al., 2022). They
also contribute to the refinement of axonal tracts (Pont-Lezica
et al., 2014; Squarzoni et al., 2014) and to the development of
cortical inhibitory circuits (Squarzoni et al., 2014; Thion et al.,
2019; Favuzzi et al., 2021; Yu et al., 2022). Besides, microglia
express various pattern recognition, purinergic, chemokine and
cytokine receptors, collectively described as the sensome (Hickman
et al., 2013), enabling them to detect and integrate environmental
changes. Importantly and consistently with their wide array of
cellular functions, microglial dysfunction has been associated with
the etiology of neurodevelopmental disorders, including autism
spectrum disorders and schizophrenia in humans and mouse
models (Lukens and Eyo, 2022). Therefore, during this crucial
period of development, it is key to better grasp their functions,
the regulatory mechanisms underpinning their heterogeneity and
how their molecular states may regulate their roles. Furthermore,
elucidating how external signals can impact on these fundamental
processes is a major challenge. This will be crucial to illuminate
specific and diverse microglial contributions to brain wiring as well

as shed light on pathological mechanisms of neurodevelopmental
disorders.

Beside microglia, other non-parenchymal macrophages called
Border-Associated Macrophages (BAMs) are present at the
interfaces of the brain: the meninges, choroid plexus and
perivascular space (Lee et al., 2021; Figure 1). Although microglia
and BAMs originate from yolk-sac derived progenitors and seed
the brain during embryogenesis, some of them are further replaced
by monocyte-derived cells, arising from hematopoietic stem cells
(Goldmann et al., 2016; Mrdjen et al., 2018; Van Hove et al., 2019;
Utz et al., 2020; Masuda et al., 2022). Moreover, while generally
referred to as BAMs, they display age- and tissue-specific signatures
(Kierdorf et al., 2019; Mildenberger et al., 2022). Most of the well-
recognized microglial markers, reporter mouse lines and models
that currently exist to label and deplete microglia can also target
a large part of macrophages such as the BAMs in the CNS but
also populations of peripheral macrophages (Green et al., 2020).
Consequently, despite intense research efforts, these limitations
prevent the identification and characterization of specific microglia
functions, especially during development. Herein, we discuss about
the current murine tools and models available to label or deplete
microglia and subsequently assess their developmental functions in
physiological and disease conditions.

From broad microglial targeting to
specific states labeling

Catch me if you can: Microglia and other
brain macrophages

Historically, microglia were mainly identified either through
Iba1 immunostaining or using the Cx3cr1GFP/+ (Jung et al., 2000)
that labels many macrophages, including microglia and BAMs.
Similarly, the well-established Cx3cr1creERT 2 mouse lines have been
very useful to inactivate genes in these cells (Parkhurst et al., 2013;
Yona et al., 2013). Nevertheless, they are not specific to microglia
and may trigger microglial reactivity in neonates upon tamoxifen
administration (Sahasrabuddhe and Ghosh, 2022). Recent studies,
including single cell RNA sequencing analyses, highlighted more
specific homeostatic microglia markers including p2ry12, Sall1,
Tmem119, Hexb, Siglech (Gautier et al., 2012; Buttgereit et al.,
2016; Satoh et al., 2016; Cserep et al., 2020; Masuda et al., 2020)
allowing the use of specific antibodies to label either microglia
(P2ry12, Tmem119, and SiglecH) or BAMs (CD206, Lyve1, and
Siglec1) (Mrdjen et al., 2018; Figure 1). Fluorescent In Situ
Hybridization (FISH) has also been used to circumvent the absence
of specific antibodies, particularly by taking advantage of the
RNAscope technique (Matcovitch-Natan et al., 2016; Hammond
et al., 2019). To specifically visualize, manipulate and assess
microglia functions, reporter and creERT2-expressing lines were
generated with minor recombination in BAMs: Tmem119eGFP and
Tmem119creERT 2 (Kaiser and Feng, 2019), Tmem119tdTomato (Ruan
et al., 2020), HexbtdTomato and HexbcreERT 2 (Masuda et al., 2020),
p2ry12creERT 2 (McKinsey et al., 2020), Sall1GFP, and Sall1creERT 2

(Buttgereit et al., 2016), the latter recombining in neurons and other
glia (Chappell-Maor et al., 2020; Table 1). Nonetheless, since most
of these genes start to be expressed as microglia mature (Bennett
et al., 2016), it is important to stress that there are so far no
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FIGURE 1

Diversity of CNS macrophages in steady-state conditions. During steady-state, microglia are localized within the brain parenchyma and are highly
heterogeneous in morphologies, localization and molecular signatures throughout brain development. In particular, axon tract-associated microglia
(ATM)/proliferative-region-associated microglia (PAM)/Cd11c-positive microglia have been described during early postnatal development in the
corpus callosum and other white matter regions. Border-associated macrophages (BAMs) reside at distinct interfaces of the CNS such as the
meninges, choroid plexus and perivascular space (Goldmann et al., 2016; Mrdjen et al., 2018; Van Hove et al., 2019; Utz et al., 2020; Masuda et al.,
2022). Non-parenchymal microglia-like Kolmer’s epiplexus BAMs (CPepi) reside in the apical surface of the choroid plexus facing the cerebrospinal
fluid (CSF) and share some transcriptional features with microglia and ATM signature (Van Hove et al., 2019). In particular, meningeal MHCIIlow and
MHCIIhigh macrophages are localized in the dura matter while subdural macrophages (SDM) are restrained to the subdural area. Finally, while
perivascular macrophages (PVM) are found in the perivascular space, between the vascular basement membrane and the glia limitans of the
parenchyma, choroid plexus contains MHCIIlow and MHCIIhigh BAMs. The insets depict the most commonly used markers for microglia (green),
BAMs (blue), and common markers to both populations (black). ATM, axon tract-associated microglia; BAMs, border-associated macrophages;
CPepi, Kolmer’s epiplexus; CSF, cerebrospinal fluid; MHCII, major histocompatibility complex class II; PVS, perivascular space; PVM, perivascular
macrophage; SDM, subdural macrophage.

alternatives to the Cx3cr1GFP/+ or Cx3cr1creERT 2 lines to efficiently
target early embryonic microglia.

Targeting microglia more specifically is crucial, since studies
often assign a variety of roles to microglia using depletion
models that target both microglia and BAMs. Kim et al. (2021)
took advantage of an elegant “split cre” binary genetic construct
to generate the Cx3cr1ccre:Sall1ncre and Cx3cr1ccre:Lyve1ncre, to
selectively target microglia and BAMs, respectively. Furthermore,
several mouse lines including the Siglec1cre (Utz et al., 2020), Pf4-
Cre (McKinsey et al., 2020), Lyve1creERT 2, and Mrc1CreERT 2 lines
(Masuda et al., 2022) have been shown to specifically label BAMs
during development and thereby enable to follow their trajectory
(Table 1). In addition, while no circulating cells are thought to enter
in the brain parenchyma during steady-state after BBB closure,
monocyte infiltration can occur in disease, aging and injury, and
can be monitored using bone marrow chimeras (Mills et al.,
2022). These new tools will be important to decipher the relative
contributions of microglia, BAMs or infiltrating myeloid cells, but
still require thorough characterization with regards to efficiency
and rate of spontaneous recombination at different timepoints
along development.

Finally, cell-specific viral gene delivery has been extensively
used to target different CNS population but robust transduction
in microglia remained quite inefficient until recently (Maes
et al., 2019). In a ground-breaking study, Lin et al. (2022)

successfully targeted 80% of microglia in vivo using adeno-
associated viruses without inducing microglia reactivity or changes
in gene expression, although it remains elusive to what extend
BAMs were also affected. Such approach opens new avenues to
study microglia but also have tremendous translational potential.

Looking with new eyes

Along with new markers, mouse lines and viral approaches
to target microglia, technical advances in diverse fields shed new
light on ways to study microglia, in particular going from fixed
immobile imaging in brain slices to dynamic and global approaches.
First, tissue clearing methods are constantly improving, with some
of them perfectly preserving the signal from reporter lines and
antibodies [reviewed in Eme-Scolan and Dando (2020)]. This
allows visualization of microglia in whole intact brains. However,
while these techniques are becoming well-established and easier
to use routinely, the difficulty lies in the analysis of the generated
data. Annotated 3D atlases of the developing brain will offer
many exciting possibilities toward a more comprehensive study of
microglia development.

Another revolution in the field of microglia came with
two-photon live-imaging experiments, which revealed never
resting microglia with their processes constantly surveilling their
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TABLE 1 Tools to label, target and deplete microglia and BAMs.

Tagging models Microglia BAMs Prenatal and early postnatal Adulthood Remarks References

Cx3cr1GFP/+ Yes Yes GFP expressed by E9.5 >99% Targets peripheral immune cells and myeloid BM
progenitors

Jung et al., 2000

Cx3cr1creERT2 (1,2) Yes Yes 40H-Tam. E9.0: 99% efficiency at E10.5 (2) >99% Spontaneous recombination reported Parkhurst et al., 2013 (1);
Yona et al., 2013 (2)

Tmem119eGFP Yes Few GFP expressed by P1 >99% Transiently labels blood vessels at P1
Kaiser and Feng, 2019

Tmem119creERT2 Yes Few Tam. P2, P3 and P4: 90% efficiency by P14 >99% Targets few CD45+ cells in blood

Tmem119tdTomat Yes Few N.A. >95% Ruan et al., 2020

HexbtdTomato Yes Few TdTomato expressed by E12.5 >99% Labels few meningeal and perivascular BAMs
Masuda et al., 2020

HexbcreERT2 Yes Few Tam. P1 and P3: 90% efficiency at P42 ˜80% Targets peripheral macrophages in kidney

P2ry12creERT2 Yes Few Tam. E13.5, E15.5 and E17.5: robust efficiency by E18.5 in
microglia and subsets of BAMs (40% in choroid plexus, 10% in
meninges, few PVM)

90–95% Targets 20–25% of BAMs in choroid plexus and meninges
McKinsey et al., 2020

Sall1GFP Yes No GFP expressed in 20% microglia by E12.5, 69% by E14.5, 90%
by P2

>95% Targets <10% other CNS cells

Buttgereit et al., 2016; Utz et al., 2020

Sall1creERT2 Yes No Tam. E14.5 and E16.5: 75% efficiency at E18.5 >95% Targets <10% other CNS cells

Cx3cr1ccre :Sall1ncre Yes No N.A. ˜90%
Kim et al., 2021

Cx3cr1ccre :Lyve1ncre No Yes N.A. 20% of Lyve1+ cells

Lyve1CreERT2 No Yes 40H-Tam. E16.5: 50% efficiency in meningeal and perivascular
macrophages at P14

N.A. Targets lymphatic endothelial cells Masuda et al., 2022

Siglec1cre No Yes Efficiently floxes gene in BAMs at E18.5 N.A. Siglec1 expressed by 60% BAMs at E14.5, 100% at E18.5 Utz et al., 2020

Pf4-Cre Few Yes N.A. >99% McKinsey et al., 2020

Mrc1CreERT2 No Yes 40H-Tam. E9.0: 10% efficiency in BAMs and 5% in microglia by
E18.5

>95%
Masuda et al., 2022

Adenoviruses Yes N.A. N.A. 80% Lin et al., 2022

(Continued)
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TABLE 1 (Continued)

Depletion
models

Microglia BAMs Prenatal and early postnatal Adulthood Remarks References

Killing by numbers

Cx3cr1CreER :R26iDTR Yes Yes N.A. >99% Fast repopulation Parkhurst et al., 2013

IBA1-tTA::DTAtetO/tetO Yes Yes Withdrawal of doxycycline from maternal diet from P5: 50%
depletion at P8

˜90% in retina Fast repopulation Miyamoto et al., 2016;
Takeda et al., 2018

SiglechDTR/DTR Yes No Injection at E10.5: 80% depletion at E12.5, 60% at E14.5 80–85% Fast repopulation Konishi et al., 2017; Li et al., 2021

CSF-1R inhibitors

Anti CSF-1R antibodies Yes Yes Injections at E6 and E7: >98% depletion at E14.5 No effect Fast repopulation MacDonald et al., 2010;
Squarzoni et al., 2014

Anti CSF-1 antibodies Yes No Injections at E6 and E7: >50% depletion at P0.5 60% in white matter
region

Dose-dependent efficiency

Easley-Neal et al., 2019

Anti IL-34 antibodies Yes No Injections at E6 and E7: no effect at P0.5. Injection at P0.5: 30%
depletion at P4

50% in grey matter
region

Dose-dependent efficiency

PLX5622 Yes Yes Chow PLX from E3.5: 99% depletion at E15.5 >95% within 7 days Fast repopulation Huang et al., 2018; Rosin et al., 2018;
Marsters et al., 2020

PLX3397 Yes Yes Chow PLX from E14 followed by s.c. injections in pups: 90%
depletion at P5 in spinal cord

>99% within 7 days Fast repopulation Elmore et al., 2014; Li et al., 2020

Genetic models

Pu.1−/− Yes Yes 100% 100% Homozygotes die shortly after birth McKercher et al., 1996

Csf1op/op Yes Yes N.A. 0–30% Abnormal brain development Michaelson et al., 1996

Il34LacZ/LacZ (1,2) Yes N.A. >80% decrease at P2 (1); normal colonization of the brain from
E10.5 to newborn (2)

50% (1; 2) Wang et al., 2012 (1);
Greter et al., 2012 (2)

Csf1r−/− Yes Yes >99% 100% Shortened lifespan and abnormal brain development Erblich et al., 2011

Sall1CreER ;Csf1rfl/fl Yes No N.A. 70–90% Spatial variability in efficiency Buttgereit et al., 2016

HexbCreERT2 ;Csf1rfl/fl Yes No N.A. 60% Masuda et al., 2020

Csf1r1FIRE/1FIRE Yes Few Absence of CPepi in the choroid plexus, other BAMs reduced 100% Rojo et al., 2019; Munro et al., 2020

Nestincre ;Csf1fl/fl Yes N.A. 60% decrease in E17.5 cerebellum ˜50% in cerebellum Kana et al., 2019

Nestincre ;Il34fl/fl Yes N.A. N.A. ˜85% in striatum Badimon et al., 2020

Table summarizing the main mouse lines and tools available to label, target and deplete microglia and BAMs, indicating their specificity and efficiency in development and adulthood. BAMs, border-associated macrophages; BM, bone marrow; CNS, central nervous
system; CPepi, Kolmer’s epiplexus; DTA, diphtheria toxin fragment A; DTR, diphtheria toxin receptor; iDTR, inducible diphtheria toxin receptor; i.p., intraperitoneal; N.A., non-applicable; PVM, perivascular macrophages; s.c., subcutaneous; Tam, tamoxifen; 40H-Tam,
4-hydroxytamoxifen.
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environment as well as rapidly reacting in case of injury (Davalos
et al., 2005; Nimmerjahn et al., 2005). In combination with other
markers, it is thus possible to monitor microglial interaction with
blood vessels (Csaszar et al., 2022), radial glia (Rosin et al., 2021),
neuronal populations as well as track microglial processes and
their specific contact with synapses (Wake et al., 2009) or nodes
of Ranvier (Ronzano et al., 2021). While some experiments are
performed on brain slices, inducing tissue damage and possibly
altering microglial behavior, most studies use cranial windows
or skull thinning that allows microglial observation in their
homeostatic environment. For pups, adapted approaches are being
developed taking advantage of the thinness of the embryonic skull
to perform ex utero live-imaging of microglia and macrophages
in the brain of intact embryos (Hattori et al., 2020, 2022; Munz
et al., 2022), that will probably be critical to better characterize key
aspects of microglia development such as their entry in the brain
parenchyma (Stremmel et al., 2018).

As a self-renewing population arising from a restricted pool
of pioneer cells, the questions of microglial expansion during
development, their migration and turnover were raised–and still
retain some mystery. The “Microfetti” mice developed by Tay
et al. (2017) in which microglia express randomly one out of
four fluorophores after tamoxifen induction, highlighted clonal
expansion of adult microglia in pathology. In addition, Ratz et al.
(2022) developed the new TREX technique, which combines single-
cell and spatial transcriptomic coupled to early (E9.5) in vivo
barcoding, in order to analyze the lineage relationships between
mature cells and progenitors. Thereby, they highlighted drastic
microglial expansion from a limited pool of progenitors. Though
not extensively used yet, these tools for clonal analysis and lineage
tracing will be valuable in the context of development to better
understand microglial expansion, migration and final distribution
in the brain.

Targeting the different flavors of
microglia

Historically, microglia were classified as displaying either
a neurotoxic pro-inflammatory M1 or neuroprotective anti-
inflammatory M2 phenotype but this binary perspective has
been largely revisited (Paolicelli et al., 2022). The development
of high throughput technologies such as single cell and single
nucleus RNA sequencing (sc/snRNA-seq), cytometry by time-
of-flight (CyTOF), or multiplex error-robust fluorescent in situ
hybridization (MERFISH) revealed a richer heterogeneity in
microglial profiles. While microglia constitute a relatively
homogeneous population in adulthood, they display a striking
heterogeneity during prenatal/early postnatal development, aging
and neurodegeneration (Deczkowska et al., 2018; Hammond
et al., 2019; Li et al., 2019; Masuda et al., 2019; Sankowski et al.,
2019; Kracht et al., 2020; Marschallinger et al., 2020; Safaiyan
et al., 2021; Stogsdill et al., 2022). Nevertheless, we should not
underestimate the experimental bias introduced by cell dissociation
and sorting-strategies, sequencing technologies and subsequent
analyzes selected to characterize microglial heterogeneity (Marsh
et al., 2022; Paolicelli et al., 2022; Sankowski et al., 2022). To avoid
extensive confusion in the field, it remains crucial to be cautious
about the semantic implication of microglial heterogeneity and the

subsequent functional diversity associated with it (Paolicelli et al.,
2022).

Specific developmental microglial states are thus starting
to be described such as the Axon Tract-associated Microglia
(ATM), also known as Proliferative-region-Associated Microglia
(PAM), Cd11c-positive microglia, and Youth-Associated Microglia
(YAM). They are characterized by the expression of several
genes such as Spp1, Itgax, Gpnmb and were initially identified
in the postnatal white matter as regulators of the development
of oligodendrocyte precursors and of subsequent myelinogenesis
(Hagemeyer et al., 2017; Wlodarczyk et al., 2017; Hammond
et al., 2019; Li et al., 2019; Silvin et al., 2022). Interestingly,
there are remarkable similarities in transcriptomic signatures
between ATM and Disease Associated Microglia (DAM), initially
characterized in mouse models of Alzheimer’s disease (Keren-
Shaul et al., 2017; Krasemann et al., 2017), raising the question
of their potential similarities, differences–and relationship. Apart
from the use of specific antibodies or in situ hybridization
probes, the field lacks genetic tools to specifically label and target
microglia states. So far, only a CD11ccre line has been used to
target ATM (Wlodarczyk et al., 2017), but was unsuccessful in
depleting ATM in combination with Diphtheria Toxin strategies.
In addition, a novel Spp1tdTomato mouse line has been generated
and used to monitor SPP1 from perivascular macrophages (De
Schepper et al., 2022), and could constitute an interesting tool
for ATM-lineage studies. Based on their emerging molecular
characterization, novel mouse lines or viral approaches will
enable specific depletion or inactivation of microglial states
to further assess their fates and functions. Moreover, in-depth
characterization of transcriptomic, epigenomic, and metabolomic
landscapes in microglia would enable to better understand their
regulatory mechanisms, the transientness of these states and to
which extent they can be induced by the microenvironment at
different stages of life. Along these lines, the progress of spatial
transcriptomics toward increased structural resolution should
lead to a tremendous breakthrough to characterize microglial
heterogeneity (Stogsdill et al., 2022), in particular at hotspots
of accumulating microglia during development. Altogether, the
field is moving onto a specific targeting of developmental
microglial states which should shed new light on their regulatory
mechanisms, their plasticity and functions in steady-state and
disease conditions.

En route for specific depletion
approaches

Microglial functions in brain development, homeostasis and
diseases were historically assessed using in vivo depletion strategies
summarized in Table 1. Though a lot of techniques have been
developed, their diversity illustrates the difficulty to obtain a
specific, efficient and long-lasting depletion of microglia while
limiting its off-target effects.

Killing by numbers

The first strategies employed were aiming to directly trigger
microglial apoptosis by administration of clodronate liposomes,
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that are specifically phagocytosed by microglia and BAMs and
induce cell death upon cytoplasmic release (Green et al., 2020).
This approach is efficient in the early post-natal brain and in
adults, but the inability of the clodronate liposomes to cross the
blood brain barrier requires an intracerebral injection, inducing
an injury and possible release of inflammatory cytokines (Han
et al., 2019). Another approach uses the diphtheria-toxin (DT)
based systems, either with direct expression of the DTA or with DT
receptor, the latter needing administration of DT. The first studies
were performed in Cx3cr1CreER:R26iDTR and Iba1-tTA:DTAtetO/tetO

targeting both microglia and BAMs (Parkhurst et al., 2013;
Miyamoto et al., 2016; Takeda et al., 2018). On the contrary,
the use of the Siglechdtr/+ mice led to specific and transient
depletion of embryonic microglia, without affecting BAMs (Li et al.,
2021). Thus, the constitutive or inducible DTR/DTA expression,
combined with specific microglial lines provides a better temporal
control as well as selective effect, though their efficiency remains
variable.

CSF-1R inhibitors

The CSF-1 receptor (CSF-1R) is expressed by microglia,
macrophages and their progenitors and its signaling is essential for
their survival and proliferation. It thus became a preferential target
in the quest for microglial depletion methods. Injections of an anti-
CSF-1R antibody performed at E6.5 and E7.5 lead to a drastic
depletion of myeloid progenitors, macrophages and microglia,
while repopulation spans the first postnatal week (Squarzoni et al.,
2014; Hoeffel and Ginhoux, 2015; Thion et al., 2019). On the
other hand, embryonic targeting of CSF-1, one of the two CSF-1R
ligands, through anti-CSF-1 antibody, leads to a drastic depletion
of forebrain microglia (Easley-Neal et al., 2019), with possible
off-target effects of the circulating antibodies. Pharmacological
inhibitors of the CSF-1R injected or delivered non-invasively via
food pellets have been broadly developed to deplete adult microglia,
such as PLX3397 and PLX5622, the latter having a higher specificity
and improved brain penetrance (Elmore et al., 2014; Green et al.,
2020) while it efficiently depletes embryonic microglia, enabling a
temporal control of the depletion during gestation (Rosin et al.,
2018; Marsters et al., 2020). Nevertheless, as this treatment can
affect lactation by depleting maternal macrophages essential for
mammary gland development (O’Brien et al., 2012), it can impact
pup survival following birth. For early postnatal depletion, direct
subcutaneous injections of PLX3397 or PLX5622 during the first
post-natal week allows for an efficient depletion of microglia (Li
et al., 2020; Favuzzi et al., 2021; Gesuita et al., 2022). Although
beyond the scope of this review, CSF-1R inhibitors are also used
in other species including humans, bringing novel therapeutic
approaches [reviewed in Han et al. (2022)]. Overall, targeting the
CSF-1R pathway has proven to be efficient and convenient, but
also affects peripheral macrophages and BAMs, preventing the
identification of specific microglial functions.

Genetic models

Different genetic models, including constitutive knock-outs
of fundamental transcription or survival factors, like Pu.1−/−

(McKercher et al., 1996) and Csf1r−/− (Erblich et al., 2011), fail
to develop microglia as well as most macrophages (Green et al.,
2020). This results in many off-target effects and early death in
Pu.1−/− and Csf1r−/−. On the other hand, the Csf1rfl/fl allows for a
more specific targeting of microglia, thanks to the microglia specific
mouse lines now available and their possible temporal induction.
This strategy has been used with Sall1CreER;Csf1rfl/fl (Buttgereit
et al., 2016) and HexbCreERT 2;Csf1rfl/fl mice (Masuda et al., 2020),
with a respective efficiency varying across brain regions from 70%
to 90% and of 60%.

An additional important model is the Csf1r1FIRE/1FIRE mice,
in which a Csf1r enhancer is deleted (Rojo et al., 2019; Munro
et al., 2020). This leads to the absence of microglia from the brain
parenchyma, and of resident macrophages of the skin, kidney,
heart and peritoneum; while other macrophages and monocytes
are unaffected. Importantly, these mice are healthy and fertile
in a mixed B6CBAF1/C57BL/6J background, and do not display
strong developmental defects described in the Csf1r−/−. So far,
they were used to investigate the role of resident microglia in
Alzheimer disease mice (Kiani Shabestari et al., 2022) and they
will provide a more specific and long-lasting model to explore
microglial functions.

Finally, full inactivation of CSF-1R ligands, Csf-1 (Chang et al.,
1994; Kondo and Duncan, 2009) or Il34 (Greter et al., 2012;
Wang et al., 2012), expressed by the neural tissue, results in
time- and region-dependent partial depletion of microglia albeit
there are still some controversies amongst studies and major
impact on peripheral macrophages (Green et al., 2020; Table 1).
Nevertheless, under the pan neuronal driver Nestincre that restricts
depletion to the nervous system, thus mainly affecting microglia,
the Nestincre;Csf1fl/fl and Nestincre;Il34fl/fl are respectively deprived
of microglia in the white matter and cerebellum or in the gray
matter highlighting region-specific dependency (Kana et al., 2019;
Badimon et al., 2020). On the other hand, macrophages are
unaffected in the yolk sac, fetal liver and fetal limbs. Last, because
the CSF-1R ligands are differentially expressed and required from
microglia through development, these lines provide promising
models to investigate local microglial functions.

Concluding remarks

Microglia now appear as key actors of brain development,
interacting with most brain cells and regulating several crucial
developmental processes. Nevertheless, these exciting advances
were done in models affecting both microglia and BAMs. Thus,
dissecting their respective contributions thanks to new specific
tools will be key to the field. In addition, further understanding
microglial diversity during development and the functions played
by specific states should bring new light on their importance
in neurodevelopmental pathologies and open new avenues for
therapeutic intervention.
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Purpose: FINCA disease (Fibrosis, Neurodegeneration and Cerebral Angiomatosis,

OMIM 618278) is an infantile-onset neurodevelopmental and multiorgan disease.

Since our initial report in 2018, additional patients have been described. FINCA

is the first human disease caused by recessive variants in the highly conserved

NHLRC2 gene. Our previous studies have shown that Nhlrc2-null mouse embryos

die during gastrulation, indicating the essential role of the protein in embryonic

development. Defect in NHLRC2 leads to cerebral neurodegeneration and severe

pulmonary, hepatic and cardiac fibrosis. Despite having a structure suggestive of

an enzymatic role and the clinical importance of NHLRC2 in multiple organs, the

specific physiological role of the protein is unknown.
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Methods: The clinical histories of five novel FINCA patients diagnosed

with whole exome sequencing were reviewed. Segregation analysis of the

biallelic, potentially pathogenic NHLRC2 variants was performed using Sanger

sequencing. Studies on neuropathology and NHLRC2 expression in different

brain regions were performed on autopsy samples of three previously described

deceased FINCA patients.

Results: One patient was homozygous for the pathogenic variant c.442G > T,

while the other four were compound heterozygous for this variant and two other

pathogenic NHLRC2 gene variants. All five patients presented with multiorgan

dysfunction with neurodevelopmental delay, recurrent infections and macrocytic

anemia as key features. Interstitial lung disease was pronounced in infancy but

often stabilized. Autopsy samples revealed widespread, albeit at a lower intensity

than the control, NHLRC2 expression in the brain.

Conclusion: This report expands on the characteristic clinical features of

FINCA disease. Presentation is typically in infancy, and although patients

can live to late adulthood, the key clinical and histopathological features

are fibrosis, infection susceptibility/immunodeficiency/intellectual disability,

neurodevelopmental disorder/neurodegeneration and chronic anemia/cerebral

angiomatosis (hence the acronym FINCA) that enable an early diagnosis

confirmed by genetic investigations.

KEYWORDS

NHLRC2, whole exome sequencing, FINCA disease, neurodevelopmental disorder,
macrocytic anemia

1. Introduction

FINCA is an infantile-onset disease characterized by severe
interstitial pulmonary fibrosis, progressive neurodegeneration,
recurrent infections and chronic hemolytic anemia (Uusimaa
et al., 2018). Previously, we reported two Finnish families with
three affected patients with a novel early-onset multiorgan disease
associated with biallelic pathogenic variants in the NHLRC2 gene
(Uusimaa et al., 2018). All had infantile-onset severe progressive
disease with tissue fibrosis and progressive neurodegeneration and
leptomeningeal and cerebral revascularisation on autopsy. Based
on the clinical manifestations of fibrosis, neurodegeneration and
cerebral angiomatosis, we proposed the acronym FINCA for the
name of the disease. The defect of NHLRC2 leads to cerebral
neurodegeneration and severe pulmonary, hepatic and cardiac
fibrosis. However, the physiological role of the NHLRC2 protein
is unknown.

Since our initial report, more FINCA patients have been
diagnosed worldwide (Brodsky et al., 2020; Rapp et al., 2021;
Badura-Stronka et al., 2022). Interstitial lung disease and
recurrent infections are pronounced in almost all patients during
infancy and can lead to death before the age of 2–3 years.
Alternatively, in some cases, the progressive disease stabilizes
and the neurodevelopmental disorder (NDD) evolves as the key
clinical finding (Rapp et al., 2021; Badura-Stronka et al., 2022).
FINCA is the first human disease known to be caused by recessive
variants in the highly conserved NHLRC2. The protein has a

structure suggesting an enzymatic role (Biterova et al., 2018) with
three domains: an N-terminal thioredoxin-like (Trx-like) domain,
followed by a six-bladed NHL repeat containing a β-propeller
domain and a C-terminal β-stranded domain. The N-terminal Trx-
like domain contains an unusual CCINC motif at the position
of the CXXC motif, which is characteristic of oxidoreductases
of the thioredoxin superfamily and commonly involved in thiol–
disulfide exchange. However, no classical thioredoxin activity has
been detected for NHLRC2 (Uusimaa et al., 2018; Yeung et al.,
2019).

Our studies have shown that Nhlrc2 knockout (KO) mouse
embryos die during gastrulation, indicating an essential role for
the protein in embryonic development (Hiltunen et al., 2022).
This gastrulation or early neurulation defect is consistent with
the anatomic malformations called development duplications (DD,
OMIA 002103-9913)1 that have been observed in association with
the NHLRC2 variant p.Val311Ala in Angus cattle, highlighting
its function in the development of the central nervous system
(Polkoff et al., 2017). Our previous findings from the compound
heterozygote FINCA knockin and Nhlrc2 KO mouse model
associated hnRNP C2 and RNA metabolism with the FINCA
disease pathology, suggesting that NHLRC2 plays an important role
in the hippocampus (Hiltunen et al., 2020). FINCA/KO mice had
increased hnRNP C2 in embryonic cortical neuronal precursor cells

1 https://omia.org/OMIA002103/9913/
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FIGURE 1

Schematic representation of the NHLRC2 domain composition and amino acid substitutions identified from the FINCA patients. The patients
reported here harbored variants presented above the corresponding domain; the variants presented in gray boxes have been described previously
(Uusimaa et al., 2018; Brodsky et al., 2020; Rapp et al., 2021; Badura-Stronka et al., 2022).

FIGURE 2

Multiple sequence misalignment of NHLRC2 spanning aa 79–128. p.L113R has been highlighted with a red box. Generated by MUSCLE (Edgar, 2004)
version 3.6 (using option: -maxiters2) (Edgar, 2004).

and in the adult hippocampus, suggesting a role for dysregulated
RNA metabolism in FINCA disease.

Altered NHLRC2 or NHLRC2 levels have been detected not
only in association with FINCA disease, but also with idiopathic
pulmonary fibrosis (IPF) (Boon et al., 2009; Kreus et al., 2022),
lung adenocarcinoma (Ye et al., 2019), Parkinson’s disease (van
Dijk et al., 2012), Alzheimer’s disease (AD) (Long et al., 2016), and
sporadic amyotrophic lateral sclerosis (Andrés-Benito et al., 2020),
suggesting that NHLRC2 may indeed play a role in more common
pathologies. Interestingly, increased levels of NHLRC2 have been
detected in the serum samples of AD patients, proposing NHLRC2
as a potential serum biomarker for the disease (Long et al., 2016).

Here, we present clinical data on five new FINCA patients
and expand the phenotype of the disease. Furthermore, we present
data on neuropathology and NHLRC2 expression in different brain
regions in autopsy samples. We also provide pertinent details on
hematological findings. Based on these data, we further delineate
the clinical characteristics of FINCA disease.

2. Materials and methods

2.1. Patients and patient-derived samples

The clinical, laboratory and radiological data of five patients
from three centers was collected (Clinic for Children and
Adolescents, Oulu University Hospital, Oulu, Finland; St. Anna

Children’s Hospital; Department of Paediatrics, Medical University
of Vienna, Austria; and Starship Children’s Hospital, Auckland,
New Zealand). The patients were initially identified after whole
exome sequencing (WES) revealed biallelic potentially pathogenic
NHLRC2 variants and with the clinical details suggestive of FINCA
disease (Uusimaa et al., 2018); the respective clinicians contacted
the corresponding author (J.U.). Studies on neuropathology and
NHLRC2 expression in different brain regions were performed
on the available autopsy samples of three previously described
deceased FINCA patients (Uusimaa et al., 2018). Written informed
consent was obtained from all the parents or guardians of the
patients participating in the study. The study was approved by the
ethics committees of the participating centers.

2.2. Molecular genetic studies

Genomic DNA was extracted from peripheral blood or tissue
samples of the probands, their affected siblings and available
parental samples using standard methods. WES was performed at
the Broad Institute of MIT and Harvard, Cambridge, MA, USA,
for patient four (family three; post-mortem Sanger sequencing
was performed from DNA extracted from the tissue sample
of patient five), at the Department Medical Genetics, Medical
University of Vienna for patient six (family four; post-mortem
Sanger sequencing of DNA was performed from tissue sample
for patient seven), and for patient eight (family five) as a part of
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the Northern Finland Intellectual Disease project led by Professor
Aarno Palotie (Kurki et al., 2019). The segregation of identified
NHLRC2 variants within families three and four was confirmed,
whereas parental DNA was not available in family five. More
detailed data are provided in the Supplementary material on the
case histories.

2.3. Histopathological analyses of brain
autopsy samples

Autopsy samples were obtained from the brains of three
previously described FINCA patients (Uusimaa et al., 2018). The
tissue was fixed in buffered 4% formaldehyde, routinely processed
into paraffin blocks and cut into 4.0 µm sections. The autopsy
samples of the patients and controls were prepared within a day
after death. The control patient was 7 months old at the time of his
death.

2.4. Histopathological analyses and
immunohistochemistry of brain autopsy
samples

Brain sections were stained with antibodies against NHLRC2
(Atlas antibodies, HPA038493, Bromma, Sweden). Samples were
stained with a Flex-kit from Dako (Dako, Glostrup Denmark).
Before application of the primary antibody, sections were heated
in a microwave oven with Tris-EDTA, pH 9.0, for 15 min. After
overnight incubation in +4◦C with the primary antibody (1:500),
a biotinylated secondary HRP Rabbit/mouse-antibody (Dako) was
used. Negative control stainings were carried out by substituting
non-immune rabbit or mouse primary antibody isotype control
(Zymed Laboratories Inc. South San Francisco, CA, USA) and PBS
for the primary antibody.

Whole-slide images were acquired with a NanoZoom S60
scanner (Hamamatsu, Hamamatsu City, Japan) in the Transgenic
and Tissue Phenotyping core facility, Biocenter Oulu, University of
Oulu at 40 × magnification.

3. Results

3.1. NHLRC2 variants in five novel FINCA
patients

One patient was homozygous (patient eight), while the other
four were compound heterozygote for the pathogenic variant
c.442G > T (NM_198514.4), leading to p.D148Y (rs201701259,
NP_940916.2) in the thioredoxin-like domain of NHLRC2.
Patients four and five had a frameshift variant c.601_602del
(NM_198514.4), leading to p.R201fs (rs757267294, NP_940916.2),
which is similar to the first FINCA patients reported by Uusimaa
et al. (2018). Patients six and seven had a novel c.338T > G
(NM_198514.4) variant leading to p.L113R (NP_940916.2) in the
thioredoxin-like domain. The variant alters the highly conserved
leucine amino acid residue and has been predicted as affecting

the function of NHLRC2 (SIFT 0.0) and possibly be damaging
with a PolyPhen-2 score of 0.999 (sensitivity: 0.14; specificity: 0.99)
(HumDiv, PolyPhen-2 v2.2.3r406). The identified variants and their
location in the protein are illustrated in Figure 1 and protein
alignment in Figure 2. The genetic findings are described in
Table 1.

3.2. Clinical, laboratory and radiological
findings of the five novel FINCA patients

We identified five novel FINCA patients [these patients
are numbered here chronologically as patients 4–8 based on
our initial report on the first three FINCA patients (patients
1–3) described in Uusimaa et al. (2018)]. The clinical features
of the new FINCA patients are summarized in Table 1, with
laboratory and radiological findings in Table 2. All five patients
presented at birth or during the first months (range from
birth to 2 months) and their clinical phenotypes resembled
the phenotypes of the first previously published FINCA
patients (Uusimaa et al., 2018). The clinical features seen in
all the patients included axial hypotonia, developmental delay,
visual problems (including poor visual contact, decreased
vision or strabismus), feeding problems, recurrent infections,
respiratory symptoms, diarrhea/other intestinal symptoms and
macrocytic anemia. The majority of the patients manifested
poor weight gain and failure to thrive (4/5, 80%), epileptic
seizures (3/5, 60%), and irritability (3/5, 60%), while transient
liver dysfunction, transient kidney dysfunction, plexus paresis,
Horner syndrome and abnormal carotenemia skin color were
seen in individual patients. The eldest patient (currently
61 years old, patient eight) also has progressive muscular
atrophy leading to neuromuscular scoliosis, pectus excavatum,
ataxia and spastic diplegia. He had drug-resistant epileptic
seizures and behavioral problems, including aggressive outbursts.
Two patients with compound heterozygous NHLRC2 variants
(patients five and seven) died because of progressive respiratory
and multiorgan failure at the age of 10–11 months, whereas
their siblings were alive, with current ages of 6 (patient
six) and 19 years (patient four) and were relatively stable
with fewer respiratory problems and infections since the age
of 2.

Laboratory investigations (Table 2) revealed macrocytic
anemia in all five patients, with the bone marrow aspirates
in two patients (patients five and six, Table 2) showing
increased erythropoiesis or dyserythropoiesis, marked bi- and
multinuclearity of erythroblasts and increased eosinophils
suggestive of congenital dyserythropoietic anemia (CDA type II)
(Figures 3A, B). Four out of five patients needed several red blood
cell transfusions in infancy. Furthermore, immunodeficiency with
decreased immunoglobulin levels was detected in two patients.

Chest X-ray (Figure 4) and chest computed tomography
demonstrated acute respiratory distress syndrome (ARDS)
in patient six (at 4 months of age), widespread variable
infections/pneumonitis in patient five and several pneumatoceles
in patient four at the age of 17 years. Lung biopsy of patient
six during infancy showed severely distorted lung architecture
with severe septal thickening, foamy macrophages and markedly
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TABLE 1 Genetic findings and clinical features of the five novel FINCA patients.

Patient number 4 5 6 7 8

Study center
(Country)

New Zealand New Zealand Austria Austria Finland

NHLRC2 variant p.Asp148Tyr,
p.Arg201GlyfsTer6

p.Asp148Tyr,
p.Arg201GlyfsTer6

p. Asp148Tyr,
p. Leu113Arg

p. Asp148Tyr,
p. Leu113Arg

p.Asp148Tyr,
p.Asp148Tyr

Gender Female Female Female Male Male

Ethnicity Dutch/NZ Dutch/NZ Slovakian Slovakian Finn

Kinship Siblings Siblings

Age at disease onset 1–2 months 5 weeks 2 months At birth At birth

Irritability Yes Yes n.a. n.a. Yes, behavioral problems

Axial hypotonia/
muscle weakness, muscle
atrophy

Yes Yes, truncal hypotonia,
generalized muscle
weakness and atrophy

Yes Yes Yes, facial, truncal and
proximal limb and shoulder
muscle atrophy

Movement disorder No No No No Yes, dystonia, ataxia, spastic
diplegia

Developmental delay Yes, since 3 years Yes, since 6 months Yes Yes Yes, since 3 years

Intellectual disability Yes, profound intellectual
disability

Yes, progressive
encephalopathy

Yes Yes Yes, profound intellectual
disability

Poor visual contact/decreased
vision, strabismus

Yes Yes Yes n.a. Yes, variable eye contact,
autistic features

Feeding problems Yes Yes Yes, PEG since the age of
5 years

Yes Yes, at birth

Poor weight gain, failure to
thrive

Yes Yes Yes Yes No

Epileptic seizures Yes No Yes No Yes, since 4 years

Respiratory symptoms Yes, chronic infantile
pneumonitis,
tracheomalacia

Yes,
chronic infantile
pneumonitis,
tracheomalacia

Yes, ARDS in infancy Yes, ARDS as part of
multiorgan failure

Yes, recurrent pneumonias

Recurrent infections Yes, respiratory infections Yes, respiratory infections Recurrent pneumonias, but
no severe pulmonary
problems since infancy after
initiation of antibiotic
prophylaxis,
transient IgG deficiency

Yes, recurrent severe
infections (2x E. coli
meningitis) at birth and in
infancy

Yes, respiratory and urinary
tract infections

Diarrhea/other intestinal
symptoms

Yes, chronic diarrhea Episodic diarrhea Yes, recurrent episodes of
diarrhea and vomiting

Febrile gastroenteritis
before septic death

Ileal occlusion, appendicitis

Chronic anemia Yes, several blood
transfusions in infancy,
CDA type II

Yes, several blood
transfusions in infancy,
CDA type II

Yes, hemolytic, macrocytic
anemia, CDA type II like,
several RBC transfusions in
infancy

Yes, CDA type II like
anemia, several RBC
transfusions

Yes, transient macrocytic
anemia

Hepatomegaly/liver
dysfunction

No Yes No No No

Transient kidney dysfunction No Yes No Yes, renal failure as part of
the multiorgan failure

No

Other symptoms/signs Abnormal skin, carotenemia
appearance

No Progressive microcephaly
(OFC 35 cm/+1 SD at birth,
and 43 cm/-3.5 SD at the
age of 2.5 years)

Plexus paresis, Horner
syndrome

Pectus excavatum,
neuromuscular scoliosis,
recurrent accidents

Overall progressive disease
course

Relatively stable, pulmonary
problems improved and no
severe infections since
2 years

Yes, progressive respiratory
and multiorgan failure

Relatively stable,
drug-resistant seizures

Yes, progressive respiratory
and multiorgan failure

Yes,
slight neurological
progression

Current age/age at death Alive
19 years

Deceased
11 months

Alive
6 years

Deceased
10 months

Alive
61 years

NZ, New Zeland; n.a., not available; PEG, percutaneous endoscopic gastrostomy; ARDS, acute respiratory distress syndrome; CDA, congenital dyserythropoietic anemia; RBC, red blood cell;
OFC, occipitofrontal head circumference; SD, standard deviation.
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TABLE 2 Laboratory and imaging findings of five FINCA patients with the NHLRC2 variants.

Patient number 4 5 6 7 8

Study center
(Country)

New Zealand New Zealand Austria Austria Finland

Blood analyses

B-hemoglobin 88–130 g/l
(ref. 117–155 g/l)

65–111 g/l
(ref. 90–130 g/l)

65–109 g/dl
(ref. 100–143 g/l)

88–130 g/l
(ref. 100–155 g/l)

120–130 g/l
(ref. 134–167 g/l)

E-MCV 95–105 fl
(ref. 82–98 fl)

105–115 fl
(rf. 71–87 fl)

85–108 fl
(ref. 75–85 fl)

85–91 fl
(ref 74–106 fl)

101 fl
(ref. 82–98 fl)

E-MCH 24–38 pg
(ref. 27–33 pg)

28–40 pg
(ref. 23–31 pg)

29–37 pg
(ref. 25–35 pg)

29–32 pg
(ref. 27–34 pg)

35 pg
(ref. 27–33 pg)

E-MCHC – – 33–38 g/dl
(ref. 30–37 g/dl)

33–36 g/dl
(ref. 28–31 g/dl)

341 g/l
(ref. 320–355 g/l)

Immunoglobulins

IgG n.a. 3.5 g/l
(ref. 3–10 g/l)

2.29 g/l
(ref. 2.44–11.8 g/l)

4.92 g/l
(ref. 2.9–7.7 g/l)

n.a.

IgM n.a. 0.05 g/l
(ref. 0.1–1.2 g/l)

0.14 g/l
(ref. 0.4–1.8 g/l)

0.35 g/l
(ref. 0.11–0.76 g/l)

n.a.

IgA n.a. 0.92 g/l 0.5 g/l
(ref. 0.48–3.45 g/l)

0.37 g/l
(ref. 0.33–1.25 g/l)

n.a.

Imaging

X-rays/CT CT chest at 17 years:
a number of pneumatoceles
especially in right lower lobe

Chest X-rays: widespread
variable infections/
pneumonitis

ARDS at 4 months n.a. –

Brain MRI At 17 years: severe
generalized atrophy with
fronto-temporal prominence,
but affecting also parietal and
occipital lobes and
cerebellum; the corpus
callosum is severely
atrophied

At 11 months: generalized
atrophy with mild
hyperintensity of the
parieto-occipital white matter

At 2 years: arachnoidal cyst
in the left temporal region
and atrophy of the left
temporal lobe

At 2 months: hydrocephalus,
mesiotemporal atrophy

–

Tissues biopsy analyses n.a. Bone marrow aspirate:
markedly increased
erythropoiesis, marked
binuclearity of erythroblasts.
Marked increase in
eosinophils >15%-suggestive
of CDA type II
Muscle biopsy: normal–mild
type II atrophy. Normal EM
Liver biopsy: normal apart
from some vacuolated cells,
no fibrosis, cirrhosis
Lung biopsy: severe
distortion lung architecture,
severe septal thickening,
foamy macrophages,
markedly hyperplastic type II
pneumocytes (dx chronic
pneumonitis of infancy)
Normal ciliary biopsy

Bone marrow aspirate at age
of 6 weeks: dyserythropoiesis,
marked binuclearity (>15%)
and a few multinuclear
erythroblasts; suggestive of
CDA type II

n.a. –

Ref, reference limits; n.a., not available; CT, computed tomography scan; ARDS, acute respiratory distress syndrome; CDA, congenital dyserythropoietic anemia; EM, electron
microscopy; dx, dexter.

hyperplastic type II pneumocytes (chronic pneumonitis of
infancy). Brain magnetic resonance imaging (MRI) revealed
an arachnoid cyst in the left temporal region and atrophy
of the left temporal lobe in patient six at 2 years of age
(Figure 5), hydrocephalus and mesiotemporal atrophy in

patient seven at 2 months of age and severe generalized
atrophy with fronto-temporal prominence, but also affecting
the parietal and occipital lobes and cerebellum, and severely
atrophied corpus callosum in patient four at the age of 17 years
(Figure 6).
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FIGURE 3

Peripheral blood smear of the patient six shows anisocytosis,
poikilocytosis, fragmentocytes and binucleated normoblast
(arrowhead). Bone marrow aspirates of the patient six show
multinucleated erythroid precursors and dyserythropoiesis.

FIGURE 4

Chest X-ray of patient six at 4 months of age shows lung infiltrations
and development of acute respiratory distress syndrome (ARDS,
pneumocystis carinii and streptococcus pneumonia).

3.3. Histopathological findings in the
brains of FINCA patients and NHLRC2
expression in humans

Immunohistochemical NHLRC2 expression was detected
broadly in all the studied cells, excluding endothelial cells, where
the expression was not seen in any tissues (Table 3). Expression
was cytoplasmic in the neuronal, glial and meningothelial cells
and in cells of the choroid plexus. In ependymal cells, the
expression was apical. The strongest intensity of staining was
found in neurons. In glial cells, the intensity was lower, but in
both types of cells, the expression was widespread in different
regions of the brains. Supplementary Figure 1 demonstrates
the NHLRC2 expression in the patients’ brain autopsy samples.

FIGURE 5

Brain MRI of patient six at the age of 2 years. T2 sagittal and coronal
MRIs show an arachnoidal cyst in the left temporal region and
atrophy of the left temporal lobe.

The intensity of the expression varied between the patients
and between the patients and the control. Overall expression
was wider and slightly stronger in the tissues of the control,
but interestingly, it was the opposite in Purkinje cells, in
which expression tended to be lower (Table 3). Furthermore,
stronger expression in neuropil was occasionally observed in
the control’s tissues, particularly in the temporal and parietal
lobes of the brain. A comparison of NHLRC2 expression in
patient and control samples is demonstrated in Supplementary
Figures 2, 3.

4. Discussion

We have reported on five novel patients from three unrelated
families with FINCA disease. Furthermore, we present further data
on neuropathology and, for the first time, NHLRC2 expression in
different human brain regions in the autopsy samples of one control
and the deceased FINCA patients originally described by Uusimaa
et al. (2018).

4.1. Clinical phenotypes of novel FINCA
patients compared with previously
published cases

Based on the literature and novel FINCA patients described
in the present study, all the patients with the NHLRC2
gene variants presented with developmental delay, along with
variable axial hypotonia, muscle weakness, progressive muscular
atrophy (leading to scoliosis), eating problems, poor eye contact,
strabismus, seizures, behavioral problems and various types of
movement disorders (ataxia, dystonia, cerebgral palsy, tremor and
stereotypic hand movements). Thus, NHLRC2 is clearly essential
for normal human nervous system function.

The present study, together with the so far reported
FINCA cases, underlines how chronic macrocytic anemia,
immunodeficiency, recurrent infections and pneumonias causing
respiratory distress are the key clinical features of FINCA
disease. Notably, recent work has identified NHLRC2 as a potent
regulator of phagocytosis and filopodia formation (Haney et al.,
2018). Furthermore, NHLRC2-deficient macrophages have been
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FIGURE 6

Brain MRI of patient five at the age of 17 years. T2 axial and coronal
MRIs show general atrophy with normal white matter signal. Sagittal
T1 and T2 brain MRIs show supra- and infratentorial cerebral
atrophy, with marked thinning of the corpus callosum.

shown to undergo morphological changes and are resistant to
certain bacteria in vitro (Yeung et al., 2019). Our patients
suffered from chronic, partly lethal infections, but if this is
related to the above-identified defect in macrophages, it has to
be investigated further. In addition, NHLRC2 associates with
p190RhoGAP and alters the activation levels of the cytoskeleton
regulator RhoA (Haney et al., 2018). Erythroid-specific deletion
of RhoA in mice was embryonic lethal because of severe
anemia, and the primitive red blood cells were macrocytic,
poikilocytes and frequently multinucleated (Konstantinidis et al.,
2015). Binucleated and multinucleated erythroid cells are the
key features in certain types of CDAs (King et al., 2022).
Interestingly, we observed an erythroid lineage phenotype similar
to congenital dyserythropoietic anemia type II (CDA II) in the
two patients who had undergone bone marrow examinations
(patients five and six) (Figure 3). Moreover, there was marked
anisocytosis and poikilocytosis in the peripheral blood smear
observed in patient six. It is also notable that four out of five
patients required RBC transfusions because of severe anemia
during infancy. Clearly, further investigations are necessary to
elucidate the role of NHLRC2 in RBC development and membrane
stability. In patient six, the initial lead-pathologies were severe
anemia associated with feeding problems, failure to thrive and
muscular hypotonia; hence, hematologists should keep ultra-
orphan diseases like CDAs, FINCA syndrome and CAD-associated
uridine responsive epileptic encephalopathy in the differential
diagnostic repertoire.

Combining the clinical features of our five novel patients
with the previously described 13 patients (Uusimaa et al.,
2018; Brodsky et al., 2020; Rapp et al., 2021; Badura-Stronka
et al., 2022) reveals the following: 10 patients have been
reported as being alive (age between 4 and 61 years at the
time of the publication), while eight were deceased (age at

death between 10 months and 2 years, 5 months). Eight of
the 18 patients were male. All presented with axial hypotonia
and developmental delay, usually severe. Most had recurrent
infections, including recurrent pneumonias. Common presenting
features included irritability (including impulsive behavior
and aggressivity in older patients), movement disorders
(dystonia/ataxia/tremor or stereotypic movements), failure to
thrive, visual problems, feeding problems, episodic diarrhea or
other intestinal problems, macrocytic anemia and an increased risk
for respiratory distress and respiratory support during pneumonia.
Epileptic seizures and immunodeficiency were also common
features. Epilepsy phenotypes, electroencephalography (EEG)
characteristics and brain MRI findings of FINCA patients have
been presented in Supplementary Table 1. Furthermore, some
patients exhibited transient liver dysfunction, hepatomegaly,
transient kidney dysfunction and cardiac manifestations. Other
features included hypothyroidism in two patients, pectus
excavatum in two patients, tracheomalacia in one patient,
cholelithiasis in one patient and an abnormal color of the
skin in one patient. Chest radiography showed ARDS and
chronic pneumonitis, with brain MRI revealing atrophy of
the corpus callosum. A severe general cerebral and cerebellar
atrophy in a patient at the age of 17 years suggested progressive
neurodegeneration.

In previous publications, four patients were identified with
homozygosity for the p.D148Y variant, as in our patient with
the current age of 61 years (patient eight). All five patients were
alive, and the ages of 4 previously reported cases varied between
7 and 14 years at the time of the publication (Rapp et al.,
2021; Badura-Stronka et al., 2022). Thus, the phenotype could be
differentially affected, depending on the loci of the rare damaging
variants within the NHLRC2 gene. On the other hand, there was
significant heterogeneity in the clinical presentation and outcome,
even between the siblings with the same variants. Therefore, we
conclude that the severity of disease seems to be modified by
additional genetic and environmental factors, including exposure
to infections and those related to developmental biology that need
to be studied further.

4.2. Neuropathology of FINCA patients
and NHLRC2 expression in the human
brain

Autopsy samples of three previously described FINCA patients
showed brain atrophy, white matter neuronal degeneration and
angiomatosis such as vascularization and congestion (Uusimaa
et al., 2018). The NHLRC2 expression data revealed that the
control samples showed overall stronger NHLRC2 expression
in neuronal and glial cells than in the patients (Table 3). On
the other hand, we identified a clearly higher expression of
NHLRC2 in the Purkinje cells of FINCA patients compared with
the controls (Supplementary Figure 2). This finding is very
interesting because Purkinje cells play a central role in cerebellar
development and all cerebellar circuits. Because FINCA disease
is a neuroimmunological disease, one hypothesis could be based
on the link between progressive neurodegeneration and impaired
peripheral immune responses, as exemplified by a recent study
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demonstrating that the selective loss of Purkinje cells induces
specific peripheral immune alterations by attracting leukocytes
toward and into the cerebellum of a Purkinje cell degeneration
mouse model (del Pilar et al., 2021). In their study, del Pilar et al.
(2021) also suggested that this phenomenon could serve as an
early biomarker of cerebellar degeneration and be responsible for
an increased susceptibility to infections. Furthermore, the authors
referred to several previous studies that have shown that the
progression of neurodegenerative diseases has been reciprocally
associated with impairments in peripheral immune responses
and responsible for an increased susceptibility to infections,
as exemplified by multiple sclerosis, AD, Huntington’s disease,
Parkinson’s disease and amyotrophic lateral sclerosis (Scherzer
et al., 2007; Björkqvist et al., 2008; Ciaramella et al., 2016; Fakhoury,
2016; Liu and Wang, 2017), and the identification of increased
amounts of proinflammatory cytokines in cerebrospinal fluid and
blood of patients with Alzheimer’s and Parkinson’s (Boyko et al.,
2017; Chen et al., 2018).

The role of NHLRC2 in the function of the normal
central nervous system and other organs remains unclear, but
it is known to be involved in cytoskeletal organization and
vesicle transport and has an important role in the maintenance
of multiorgan homeostasis (Paakkola et al., 2018; Uusimaa
et al., 2018). Additionally, NHLRC2 dysfunction contributes
to the evolving neurodegeneration observed in the previously
published FINCA patients and was clearly demonstrated in
the current study. Our findings indicate that the pathological
variants of NHLRC2 influence protein expression in various
regions of the human brain, hence causing variable neurological
symptoms.

4.3. NHLRC2 variants associated with
FINCA disease and disease models

In previous studies on NHLRC2, the thioredoxin-like domain
was found to interact with a proenzyme form of caspase-8,
and caspase-8 cleaves NHLRC2 in vitro. Excess reactive oxygen
species (ROS) production led to a caspase-8-mediated decrease in
NHLRC2 protein levels, leading to apoptotic cell death in colon
cancer cells, suggesting an important role for NHLRC2 in the
regulation of ROS-induced apoptosis (Nishi et al., 2017). NHLRC2
has been indicated as being a key regulator in phagocytosis
and is suggested to act through controlling actin polymerization,
cytoskeletal organization and filopodium formation (Haney et al.,
2018; Paakkola et al., 2018; Yeung et al., 2019). Several genes
involved in actin cytoskeletal arrangements were downregulated in
the NHLRC2 mutant macrophages, and a co- immunoprecipitation
experiment confirmed the interaction of NHLRC2 with FRY-like
transcription coactivator (FRYL), which is known to play a role in
actin cytoskeleton regulation (Yeung et al., 2019).

A knockin mouse model for FINCA with pathogenic missense
variant—c. G442T; p.D148Y—was generated in our research group
by using the CRISPR/Cas9 technique (Hiltunen et al., 2020). This
mouse line—C57BL/6NNhlrc2em1Rthl—has been crossed with the
Nhlrc2 KO mouse line to mimic the compound heterozygous
genotype of the FINCA patients. in situ hybridization (ISH) of
Nhlrc2 showed ubiquitous expression throughout the adult brain

of 32-week-old male mice, with the most prominent expression
in cerebellar granule cells, followed by granule cells in the dentate
gyrus and then by pyramidal cells in the hippocampal CA1 layer
and layer 2 of the piriform cortex. ISH of FINCA/KO mice brain
revealed a similar expression pattern of the mutated Nhlrc2 mRNA
to that of the wild-type (Hiltunen et al., 2020).

5. Conclusion

We report five new patients with FINCA disease,
demonstrating strikingly similar key phenotypic features with
the previously published FINCA patients (Brodsky et al., 2020;
Rapp et al., 2021; Badura-Stronka et al., 2022). Furthermore, our
data underline the importance of performing hematological
and immunological studies on all patients with biallelic
pathogenic NHLRC2 variants. Immunoglobulin treatment and
additional vaccinations (e.g., pneumococcal vaccine and varicella
immunoglobulin) and antibiotic prophylaxis (for pneumocystis
carinii, etc.) are recommended if immunodeficiency is detected.
Our results further demonstrate that biallelic NHLRC2 gene
variants cause infantile-onset FINCA disease, facilitate the early
diagnosis and eventually provide clues how to improve the
management of this severe multiorgan disease. Based on the
current knowledge on the phenotypic spectrum of FINCA disease,
we recommend considering WES analysis for patients with a
history of infantile-onset cerebropulmonary manifestations as well
as infantile-onset epileptic encephalopathies without pulmonary
manifestations.

The clinical and histopathological characteristics
of NHLRC2-related diseases, namely fibrosis, infection
susceptibility/immunodeficiency/intellectual disability, neuro-
developmental disorder/neurodegeneration, and chronic anemia/
cerebral angiomatosis can be summarized by the acronym FINCA.

Data availability statement

The original contributions presented in this study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Northern Ostrobothnia
Hospital District, Oulu, Finland. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

Author contributions

AT, HT, OK, JK, RK, RH, and JU contributed to the conception
and design of the study. AT, LK, GO’G, JK, OK, MF, CW, JB, FL,
KB, and JU collected and interpreted clinical, neuroradiological,

Frontiers in Neuroscience 10 frontiersin.org97

https://doi.org/10.3389/fnins.2023.1123327
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1123327 April 27, 2023 Time: 9:54 # 11

Tallgren et al. 10.3389/fnins.2023.1123327

and laboratory data on patients. AT and HT performed
neuropathological analyses. OK, EE, JB, FL, MK, and AP organized
and performed molecular genetic analyses. AT, RH, and JU
wrote the first draft of the manuscript. LK, GO’G, HT, and
MH wrote sections of the manuscript. All authors contributed
to manuscript revision, read, and approved the submitted
version.

Funding

This study was supported by the Academy of Finland Grants
266498, 273790, 303996, 317711, 311934, and 331436, the Sigrid
Jusélius Foundation, the Foundation for Pediatric Research,
Finland, the Emil Aaltonen Foundation, and the Alma and K. A.
Snellman Foundation. Sequencing and analysis were provided by
the Broad Institute of MIT and Harvard Centre for Mendelian
Genomics (Broad CMG) and was funded by the National Human
Genome Research Institute, the National Eye Institute, the National
Heart, Lung, and Blood Institute grant UM1 HG008900 and in
part by National Human Genome Research Institute grant R01
HG009141, and the Athlae Lyons Starship Research Trust and
Starship Foundation.

Acknowledgments

We thank all the families who participated in this study.
Written informed consent from the parents or guardians
was obtained. Furthermore, we acknowledge Pirjo Keränen,
Riitta Vuento, Biocenter Oulu sequencing core, and the
Biocenter Oulu Transgenic and Tissue Phenotyping Core
Facility, University of Oulu, Finland; a member of Biocenter
Finland and Infrafrontier-EMMA, for their excellent technical
assistance. We thank the Scribendi proofreading team for
the language editing. Some authors of this publication are
members of the European Reference Network on Rare
Neurological Diseases (ERN-RND), Rare and Complex Epilepsies
(EpiCARE), Neuromuscular Diseases (ERN-EURO-NMD), and
Rare Congenital Malformations and Rare Intellectual Disability
(ERN-ITHACA).

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.
1123327/full#supplementary-material

The Supplementary material includes case histories of five novel FINCA
patients, three figures on neuropathological findings in autopsy samples of
the three previously published FINCA patients and a table presenting
epilepsy phenotypes, EEG characteristics and brain MRI findings in novel
and previously published FINCA patients.

SUPPLEMENTARY FIGURE 1

Immunohistochemical NHLRC2 expression in brain autopsy samples of
patients. (A) Strong expression in thalamic neurons. (B) Medium strength
and widespread expression in the glial cells of the middle brain. Some glial
cells are weakly positive or negative for NHLRC2. (C) Cerebellar overview
and higher magnifications of the cell layers and Purkinje cells. Strong
expression in Purkinje cells. (D) Meningothelial cells are weakly positive for
NHLRC2. (E) Neurons of the inferior olivary nucleus have medium to strong
expression. (F) Ependymal cells had apical expression and were weakly
positive or negative for NHLRC2. (G) Dentate gyrus of the hippocampus
and mild expression in neurons. (H) Expression in choroid plexus cells and
periventricular neurons.

SUPPLEMENTARY FIGURE 2

NHLRC2 expression was compared in different brain regions between
patients and control. (Frontal lobe): Medium expression in neurons. There
was no significant difference between the patients and control. (Temporal
lobe): The intensity of the staining is stronger in the control compared with
the patients. Medium to strong expression in the neuropils of the control.
(Pons): Medium to strong expression in the neurons. The control group had
slightly stronger expression compared with the patients. (Cerebellum):
Strong expression in the Purkinje cells of the patients and mild in the cells
of the control. (Medulla oblongata): Stronger expression in the neurons of
the control group compared with the patients. (Basal ganglia): The
expression and intensity of the staining is stronger in the control compared
with the patients.

SUPPLEMENTARY FIGURE 3

NHLRC2 expression was compared in different brain regions between the
patients and control. (Frontal lobe): Mild-to-medium expression in the glial
cells of the patients and medium expression in the glial cells of the control.
(Occipital lobe): Mild to strong expression in the glial cells. Slightly stronger
expression in the control group compared with the patients. (Parietal lobe):
Stronger expression and more frequent occurrence of glial cells in the
control. (Spinal cord): Strong expression in neurons in both the patients
and control. (Ependymal cells): Negative to mild apical expression in the
ependymal cells of the patients and medium apical expression in the
ependymal cells of the control.
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The human brain through the lens 
of somatic mosaicism
Sara Bizzotto *
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Salpêtrière, Paris, France

Every cell in the human brain possesses a unique genome that is the product 
of the accumulation of somatic mutations starting from the first postzygotic 
cell division and continuing throughout life. Somatic mosaicism in the human 
brain has been the focus of several recent efforts that took advantage of key 
technological innovations to start elucidating brain development, aging and 
disease directly in human tissue. On one side, somatic mutation occurring in 
progenitor cells has been used as a natural barcoding system to address cell 
phylogenies of clone formation and cell segregation in the brain lineage. On the 
other side, analyses of mutation rates and patterns in the genome of brain cells 
have revealed mechanisms of brain aging and disorder predisposition. In addition 
to the study of somatic mosaicism in the normal human brain, the contribution of 
somatic mutation has been investigated in both developmental neuropsychiatric 
and neurodegenerative disorders. This review starts with a methodological 
perspective on the study of somatic mosaicism to then cover the most recent 
findings in brain development and aging, and ends with the role of somatic 
mutations in brain disease. Thus, this review underlies what we have learned and 
what is still possible to discover by looking at somatic mosaicism in the brain 
genome.

KEYWORDS

somatic mosaicism, human brain, neurodevelopment, brain aging, neurodevelopmental 
disorders, neurodegeneration

Introduction

We have long believed that the human genome is the same in each cell of the body, and that 
rare somatic mutations occurring during life often due to the exposure to external agents such 
as smoke and UV light, are the cause of cancer. However, more recently, we have learned that 
the human body carries as many different genomes as the number of cells it is composed of, a 
phenomenon referred to as somatic mosaicism. This is due to the accumulation of somatic 
mutations (or variants) starting with the first postzygotic cell division and continuing during 
the whole life at rates and patterns that are specific to each tissue and cell type.

Somatic mutations, once occurred, permanently mark the genome. For this reason, the 
study of somatic mutation has proven effective at elucidating organism and tissue development 
but also disease predisposition and pathology insurgence. Several recent efforts have focused on 
somatic mutations in the human brain, revealing unique insights into development, aging and 
pathology. This review covers the latest findings in brain somatic mutation, and put them in 
perspective to underlie the unique insights somatic mutation is providing into the human brain, 
and the future potential of this field.
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Methods and technologies to study 
somatic mutation

The study of somatic mutation requires specific technologies and 
analytic tools. The choice of sample, the library preparation method 
and the sequencing technology must be adapted to the question(s) of 
interest. Indeed, different methodologies present specific detection 
limits that go from somatic mutations with >2% mosaicism in the 
sampled tissue to somatic mutations present in single-cell genomes 
(Figure 1).

Some of the studies conducted until now on the human brain have 
used deep (>200X) sequencing of bulk DNA extracted from biopsies 
made of thousands of cells (Baldassari et al., 2019a,b; Bizzotto et al., 
2021; Fasching et al., 2021; Breuss et al., 2022). This approach allows 
detection of a wide range of variant allele frequencies (VAFs, 
calculated as the number of sequencing reads displaying the mutation 
over the total number of reads covering the mutant locus), and it is 
sensitive enough to detect somatic mutations present in >2% of the 
total cells in the biopsy (>1% VAF). However, the main limitation of 
this approach is the inability to detect extremely low (<1%) VAFs that 
represent rare mutations in the tissue, which might be relevant in 
polyclonal tissues such as the human brain, where many multiple 
progenitor cells contribute to a small tissue area. Bulk low-input 

sequencing technologies can overcome such limitation by sequencing 
DNA extracted from as few as 100–1,000 cells (Ellis et  al., 2021). 
However, these technologies require at least few cycles of DNA 
amplification, which can introduce DNA polymerase errors that can 
be difficult to discriminate from true somatic events during analysis. 
Duplex consensus sequencing technologies solve this problem by 
using a library preparation strategy that allows the recognition of the 
two strands of the same DNA molecule after sequencing (Schmitt 
et al., 2012; Kennedy et al., 2014; Abascal et al., 2021). By these means, 
PCR errors are recognized as those that are present in copies of the 
same strand. Furthermore, sequencing artifacts are discriminated as 
those present in individual reads associated with one strand. Such 
solutions allow to detect rare, low VAF somatic mutations, and can 
provide good measures of somatic variant rates and abundance in 
human tissues (Abascal et al., 2021; Coorens et al., 2021).

Bulk sequencing methods are used to identify mutations that are 
shared by multiple cells in the tissue (clonal somatic mutations). 
Although this is useful for studies that are interested in mutations that 
may have a bigger impact at the global tissue level, it is not sensitive 
enough to address the cumulative effect of somatic mutations in 
non-replicating differentiated cells such as neurons in the postnatal 
brain. For this, whole-genome amplification (WGA) methods have 
been developed for detection of somatic mutations at the single-cell 

FIGURE 1

Different approaches for the study of somatic mutation. Methodologies can be divided in two main categories: (1) bulk DNA-sequencing (including 
low-input) and (2) single cell DNA-sequencing. Classic bulk DNA strategies use biopsies made of >50,000 cells and usually present a detection limit of 
>2% mosaicism (clonal). Low-input bulk methods start from as low as ~100–1,000 cells and have a lower detection limit of <1% clonal. Finally, single-
cell technologies require genome amplification either through in vitro clonal expansion or through enzymatic genome amplification, and can detect 
non-clonal mutations present in single genomes. Figure created with BioRender.com.

101

https://doi.org/10.3389/fnins.2023.1172469
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://BioRender.com


Bizzotto 10.3389/fnins.2023.1172469

Frontiers in Neuroscience 03 frontiersin.org

level (Spits et al., 2006; Bae et al., 2018; Fasching et al., 2021; Gonzalez-
Pena et al., 2021; Xing et al., 2021; Luquette et al., 2022). The main 
WGA strategies applied until now in the brain include: (1) clonal 
expansion in culture (Bae et al., 2018) and (2) enzymatic genome 
amplification (Spits et al., 2006; Gonzalez-Pena et al., 2021; Xing et al., 
2021). The former can be applied to proliferating cells or embryonic 
stem cells after nuclear transfer from any other cell type however, it is 
subjected to cell culture somatic artifacts often associated with hypoxic 
conditions. Several methods exist for enzymatic genome amplification 
that can be applied to any cell type (Spits et al., 2006; Gonzalez-Pena 
et al., 2021; Xing et al., 2021). The main problem associated with these 
technologies is the introduction of artifact variants during 
amplification that need to be  filtered during data analysis. One 
limitation common to all single-genome sequencing approaches is 
that they are still difficult to apply to many multiple replicates. While 
clonal expansion in culture is experimentally elaborate, enzymatic 
methods still have elevated costs, which has limited existing studies to 
sample sizes of less than 200 single-genomes.

Although next-generation sequencing (NGS)-based methods are 
effective in the study of somatic single-nucleotide variants (sSNVs) 
and small (less than ~40 bp) insertion/deletions (indels), detecting 
somatic structural variants (SVs) such as large copy number variants 
(CNVs) in NGS data is still challenging and requires sophisticated 
computational solutions. For this, long-read third-generation 
sequencing methods represent a valid alternative. However, although 
studies have been successful in identifying germline SVs in long-read 
data, somatic SVs have not been explored enough yet. Thus, 
application of long-read sequencing to such purpose requires further 
investigation (Jenko Bizjan et al., 2020; Fujimoto et al., 2021).

In parallel to library preparation and sequencing methods, 
detection of somatic mutations requires computational tools 
specifically adapted to discriminate between low-frequency artifacts, 
germline mutations, and true somatic events. A plethora of pipelines 
are now available, and most of the studies privilege consensus between 
different methods applied to the same data. Recently, the Brain 
Somatic Mosaicism Network (BSMN) has published a consensus of 
best practices for calling sSNVs in brain bulk DNA deep sequencing 
data that has 65% genome-wide detection sensitivity, and relies on 
multiple filtering steps to get rid of library and sequencing artifacts 
and germline variants (Wang et  al., 2021). In non-cancer studies, 
where somatic mutations that are shared with other tissues are still 
relevant (e.g., lineage tracing of human development), the challenge 
is that there is no matched control available to filter non-somatic 
germline mutations. Several callers have recently been introduced that 
address this issue by using features obtained from raw data, machine 
learning or image-based representations coupled with convolutional 
neural network (CNN)-based classification to detect somatic 
mutations with high sensitivity and precision in the absence of a 
matched control (Huang et al., 2017; Dou et al., 2020; Yang et al., 
2023). Callers specifically designed to detect somatic mutations in 
single-cell WGS were also introduced that use either read phasing or 
leveraging of mutation signatures and allele balance to discriminate 
between true somatic mutations and artifacts introduced during 
WGA (Bohrson et al., 2019; Luquette et al., 2022).

Finally, a major challenge associated to somatic mosaicism 
remains the ability to identify somatic mutations in specific cell types 
populating the same tissue. This is especially relevant in the human 
brain, since it contains hundreds of different cell types that have 

specific developmental trajectories and properties. High-throughput 
single-cell transcriptomics and epigenomic data are now widely used 
to assign cell identities. However, genotyping of somatic mutations in 
such data is still limited by the sparse genome coverage given by these 
technologies (Bizzotto et al., 2021). Although identification of somatic 
mutations in specific cell types is now possible thanks to approaches 
such as cell-type sorting, G&T-seq (Genome and Transcriptome 
sequencing), PRDD-seq (Parallel RNA and DNA analysis after Deep-
sequencing), GoT (Genotyping of Transcriptomes), and single-cell 
transcriptomics coupled with long-read sequencing, all these 
approaches still present several limitations (Macaulay et al., 2015; 
Nam et al., 2019; Huang et al., 2020; Bizzotto et al., 2021; Koboldt 
et al., 2021; Breuss et al., 2022; Townsend et al., 2023). While sorting 
is limited to broad and abundant cell types that can be targeted by 
specific known markers, G&T and PRDD-seq are still costly, time-
consuming, low-throughput, or limited to targeted genes and genomic 
loci. GoT and long-read sequencing, on the other hand, have until 
now proven effective only for a subset of somatic mutations present in 
abundant transcripts. Thus, existing technologies are still very difficult 
to apply to low VAF somatic mutations and rare cell types, which 
underlies the need to develop more efficient high-throughput methods.

Somatic mosaicism and human brain 
development

Since the first studies in 2015, somatic mutations have been shown 
to function as a tool to identify and track cellular clones in the human 
brain (Evrony et al., 2015; Lodato et al., 2015; Bizzotto and Walsh, 
2022). The first study identified somatic endogenous retroelements in 
single-neurons and brain bulk DNA, and showed that spontaneous 
retrotransposition events that occur during human brain development 
can function as markers to analyze clone spreading in the cerebral 
cortex (Evrony et al., 2015). Retrotransposition events, however, are 
quite infrequent during development (<1 per terminally-differentiated 
neuronal genome), which limits their utility for the study of cell 
phylogenies (Evrony et al., 2012; Erwin et al., 2016). Indeed, more 
recent studies have focused on sSNVs that occur at a much higher 
frequency of at least 1–4 per genome per cell division (Bae et al., 2018; 
Ye et  al., 2018; Rodin et  al., 2021). sSNVs permanently label the 
genome of a cell and its descendance, except in the case of extremely 
rare events of somatic loss-of-heterozygosity. Furthermore, since the 
likelihood of the same rare mutation (excluding those frequent in the 
population) occurring twice in the same individual is extremely low, 
sSNVs act as unique markers. Thus, being frequent, unique, permanent 
and cumulative, sSNVs possess all the properties needed by a reliable 
lineage tracing tool. Since sSNVs label virtually every cell division of 
human brain development, they are ideal for studying cell phylogenies.

Studies conducted so far have managed to identify several clones 
and map their contributions to different brain regions and non-brain 
tissues, and have used this information to place in a temporal order 
some landmark steps of human brain development (Figure  2). 
We showed that ~50–100 founder progenitors of the human forebrain 
are produced by lineages that originate before gastrulation from the 
first cell divisions of the human embryo (Bizzotto et al., 2021; Bizzotto 
and Walsh, 2022). Another study suggested that brain lineage founder 
cells may segregate according to the antero-posterior axis of the 
central nervous system (CNS) primordium (formed by forebrain, 
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midbrain and hindbrain) at very early stages of embryonic 
development (Fasching et al., 2021). The forebrain subsequently gives 
rise to the most anterior telencephalon and the diencephalon, while 
the hindbrain splits into metencephalon and myelencephalon. 
Analysis of clonal sSNVs showed that the forebrain and cerebellar 
primordia (metencephalon), likely split before the formation of the 
midline that separates the left and right hemispheres of the forebrain 
(Breuss et al., 2022), which means that the left–right axis is established 
after the specification of the neural tube into the most anterior 
forebrain and the most posterior hindbrain. Finally, within the 
forebrain, a first clone diffusion barrier seems to be established along 
the midline, while along the anterior–posterior axis clones may be able 
to diffuse more freely until later stages (Coorens et al., 2021; Breuss 
et al., 2022) (Figure 2). Around 90–200 progenitors were estimated at 
the time of forebrain lateralization, consistent with the number of 
forebrain founder progenitors mentioned above (Breuss et al., 2022). 
sSNV distribution along the antero-posterior axis of the cortex 
showed that the frontal lobe and more posterior lobes constitute two 
broadly definable lineage clusters (Figure  2), probably due to the 
presence of the central sulcus and the Sylvian fissure, which may 
constitute a physical diffusion barrier limiting clonal spreading across 
regions (Bizzotto et al., 2021; Breuss et al., 2022). Finally, analyses of 
somatic mutations in sorted populations of glial cells (astrocytes, 
oligodendrocytes, and microglia) and excitatory and inhibitory 

neurons strongly suggested that ventral and dorsal regions separate 
after the formation of the left–right and anterior–posterior axes 
(Breuss et al., 2022). Despite these very interesting findings regarding 
the order in which different domains and axes are formed, our 
knowledge about segregation of progenitor cells in the brain lineage 
is still limited, and will require further, more in depth studies of 
somatic mutations across brain regions.

The human cerebral cortex is composed of ~170 billion cells and 
more than a 100 different cell types classified so far. This cellular 
complexity is reached through a huge number of cell divisions that 
involve different types of progenitor cells. For this reason, the clonal 
structure of the cortex is hard to decipher but somatic mutations are 
offering some interesting insights. Analyses of geographical 
distribution of clonal sSNVs in the cortex strongly suggested that 
younger clones arising later during development and presenting 
lower mosaicism distribute over narrower regions (Lodato et  al., 
2015; Bizzotto et  al., 2021; Breuss et  al., 2022). This observation 
suggests that each cortical region is a patchwork of cells that belong 
to independent intermingling clones. Although it has been difficult 
so far to reconstruct cell divisions of committed neural progenitors 
in the cortex due to the extremely low VAF (<1%) of somatic 
mutations that mark such divisions, few studies have managed to 
address how earlier, easier to identify, embryonic cell divisions 
contribute to the cortex. We  and others showed that lineages 

FIGURE 2

Lineage segregation during brain development. Schematic summarizing what we have learned so far about brain development from analyses of 
somatic mutation distribution patterns. Color gradients display the spatial distribution of separate (sub)-lineages in the developing central nervous 
system (CNS) over time. Trees in the bottom panels show the relationship between different (sub)-lineages. The antero-posterior axis is established first 
at early stages of embryonic development (left panel) and is represented by two lineages giving rise mostly to the anterior (light blue) or the posterior 
(light yellow) parts of the CNS primordium. As the CNS develops into more sub-regions, the left–right axis starts being established by sub-lineages of 
the blue and yellow clones (middle panel). Focusing on the forebrain (right panels), the left–right axis separating the two hemispheres (dark blue and 
purple) is established before the separation between the frontal lobe and more posterior lobes of the cortex (magenta and pink sub-lineages). Later on, 
the ventral-dorsal axis is established (not shown). Figure created with BioRender.com.
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generated in the early embryo contribute asymmetrically on average 
to the cortex, with a high inter-individual variability that suggests 
that individual clones may undergo differential expansions and/or 
bottleneck events (Bizzotto et al., 2021; Coorens et al., 2021; Fasching 
et al., 2021; Breuss et al., 2022).

The mammalian cerebral cortex contains two broad cell type 
categories that are neuronal and non-neuronal glial cells, and we and 
others showed that in humans these two classes of cells are generated 
in different percentages from early pre-neurogenesis embryonic cell 
divisions (Bizzotto et al., 2021; Breuss et al., 2022). If we split these two 
main categories further, we find several cell types that are produced by 
distinct progenitor niches and follow characteristic migratory patterns. 
In the mouse, excitatory neurons, astrocytes and some oligodendrocytes 
are born from dorsal ventricular zone progenitors, while inhibitory 
neurons and other oligodendrocytes are derived from ventrally located 
progenitors. Somatic mutations characterized until now in different cell 
type populations seem to confirm this general pattern also in humans 
(Huang et al., 2020; Breuss et al., 2022). However, we know from a 
recent study that in humans a small proportion of inhibitory neurons 
might share dorsal cortical progenitors with excitatory neurons 
(Delgado et  al., 2022), though this has not been confirmed yet by 
lineage tracing studies using somatic mutations in human tissue.

The cerebral cortex is a laminated structure composed of six 
identifiable layers that form in an inside-out manner. PRDD-seq 
studies managed to identify this inside-out order of formation of 
cortical layers in humans, showing at the same time that 10 or more 
excitatory neuron progenitors contribute to a specific cortical radial 
column. The same study also showed that medial, lateral and caudal 
ganglionic eminence (MGE, LGE, and CGE) interneurons are 
generated over the same developmental time window, except maybe 
for a proportion of CGE-derived LAMP5+ interneurons, and 
especially those co-expressing SST, that seem to be generated later. 
Similar to the mouse, PVALB+ and SST+ MGE-derived interneurons 
were enriched in infragranular cortical layers IV to VI and II to VI, 
respectively, while CGE-derived LAMP5+ and VIP+ interneurons 
tended to occupy upper layers (Huang et al., 2020). However, the study 
found no evidence for an inside-out pattern characterizing 
interneuron development, which is still debated in the mouse as well 
(Ang et al., 2003; Rudy et al., 2011; Huang et al., 2020). Future studies 
will need to characterize later more cell-type-restricted somatic 
mutations in order to reveal the finer properties of cell type production 
and distribution in the cortex.

The aging human brain

The process of aging is accompanied by an increase in the 
predisposition to certain disorders such as neurodegeneration and 
cancer. In the aging brain, somatic mutations accumulate linearly in a 
process called genosenium (Lodato et  al., 2018). The most recent 
estimates show that somatic mutations in aging human neurons 
accumulate at rates of ~16–17 sSNVs and 2–3 indels per genome per 
year such that while right after birth each neuron contains ~100–200 
sSNVs and ~10–30 indels, at more advanced ages (>70 years old), 
sSNVs are on the order of ~1,000–2,000, and indels on the order of 
~250–350 (Abascal et al., 2021; Luquette et al., 2022). Very recent data 
additionally characterized somatic mutations in aging oligodendrocytes, 
showing that these are surprisingly different from neurons and 

accumulate sSNVs 69% faster (~27 per genome per year) and indels 
42% slower (~1.8 per genome per year), probably due to different 
mechanisms of mutation (see below). Thus, oligodendrocytes in the 
brain of an 80 years old individual carry an order of 2,000–3,000 sSNVs 
and 150–200 indels, significantly different from the burden observed 
in neurons (Ganz et al., 2023).

The mechanisms of somatic mutation in the aging brain are not 
completely understood and vary between cell types. Recent studies 
have analyzed the genomic distribution of somatic mutations 
compared to several genomic co-variates (e.g., transcriptional 
activity, chromatin accessibility, replication timing, etc). 
Furthermore, mutation characteristics summarized in what are 
called signatures, were used to dissect mutation mechanisms. 
Signatures are spectra of somatic mutations obtained by the type of 
substitution and the trinucleotide context in the case of sSNVs, and 
the size, nucleotides affected and presence on repetitive and/or 
microhomology regions in the case of indels. Signatures are 
extracted and decomposed from a set of somatic mutations identified 
in tissue or single-cell genomes and can be  fitted to signatures 
identified in many types of cancer as reported in the Catalogue Of 
Somatic Mutations In Cancer (COSMIC) (Tate et al., 2019). Such 
analyses have provided a way to understand the processes underlying 
somatic mutation in the brain. Analyses of genomic distribution of 
sSNVs and indels in aging neurons showed that somatic mutation 
seems to be driven mostly by transcriptional activity. Indeed, both 
sSNVs and indels were enriched in transcriptionally active 
functional regions and brain-specific regulatory regions (Lodato 
et al., 2018; Luquette et al., 2022; Ganz et al., 2023). Furthermore, 
both sSNVs and indels show highly significant enrichment in 
neuronal enhancers (Luquette et al., 2022). Mutational signatures 
identified in neurons resemble COSMIC single base substitution 
(SBS)5 and SBS89, and indel ID5 and ID8 (Luquette et al., 2022; 
Ganz et al., 2023). SBS5, ID5 and ID8 are clock-like signatures that 
accumulate with age independently of cell division, while SBS89 has 
no clear etiology. Consistent with the idea of neuronal somatic 
mutation being driven by transcription, the transcription-associated 
signatures SBS16 and ID4 were also found in aging neurons (Ganz 
et al., 2023). Recently, we found that oligodendrocytes accumulate 
mutations due to strikingly different mechanisms compared to 
neurons in the same brains (summarized in Figure  3). In 
oligodendrocytes, cell division seems to play an important role, 
consistent with the replenishment of oligodendrocytes by their 
precursor cells (OPCs) during the whole postnatal life. 
Oligodendrocyte sSNVs and indels are overall enriched in inactive 
genomic regions and although oligodendrocytes display 
accumulation of signatures also found in neurons such as SBS5, 
SBS89, ID5 and ID8, signatures specific to oligodendrocytes were 
identified such as the cell division signature SBS1 and SBS32, and 
signature ID9, usually found in a large fraction of gliomas and other 
brain tumors. Coherent with this, oligodendrocyte mutation density 
profiles across the genome correlated with those of glial-derived 
tumors (Ganz et  al., 2023). Despite the association of neuronal 
somatic mutation with transcription levels, there is no data so far 
supporting the enrichment of somatic mutations in specific genes or 
gene networks and pathways. However, in our recent study we tested 
specifically cancer-associated genes in oligodendrocytes compared 
to neurons, and found that oligodendrocyte but not neuronal sSNVs 
were biased towards cancer-associated genes and even more towards 
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genes mutated in CNS tumors, with the top tumors being 
oligodendroglioma and pilocytic astrocytoma (Ganz et al., 2023).

Accumulation of somatic mutations in aging brain cells informs 
on cell-type-specific disease predisposition. As we will see more in 
depth in the next section, somatic mutation in neurons is linked to 
neurodegeneration (Miller et al., 2022). In glial cells, however, somatic 
mutation may play a role in predisposing to tumor insurgence as 
we become older. A study investigating the burden of clonal somatic 
mutations in normal human brains found no correlation with age 
(Ganz et al., 2021). However, another study found that the proportion 
of brains carrying >100 sSNVs (hypermutable brains) raised with age 
(Bae et al., 2022). Hypermutability seems to be due to expansions of 
single or very few clones due to driver mutations that hitchhike all 
other mutations belonging to the same lineage. Indeed, hypermutable 
brains were enriched for damaging mutations in genes implicated in 
cancer (Bae et al., 2022). Since there is very little neuronal turnover in 
the postnatal brain, such clonal expansions are either congenital or the 
product of postnatal expansions within the glia lineage. Indeed, an 
increase in clonal oncogenic somatic mutations was observed in the 
white matter of the normal human cerebral cortex compared to the 
adjacent grey matter (Ganz et al., 2021). Despite these observations, 
contrary to other tissues (Genovese et al., 2014; Martincorena et al., 
2015, 2018; Lee-Six et al., 2019; Yokoyama et al., 2019; Moore et al., 
2020), oncogenic mutations in the human brain do not seem to 
increase with age (Ganz et al., 2021), maybe reflecting the fact that 
brain oncogenic clonal expansions over time can easily result in 
disease, thus eliminating the individuals carrying such clonal 
expansions from the control cohorts. It seems however important to 
underlie that studies conducted until now focused on relatively high 
VAFs, thus the increase with age of micro-clones carrying oncogenic 
mutations cannot be excluded at this time.

Somatic mosaicism in neuropsychiatric and 
neurodegenerative disorders

Current estimates attribute 5–10% of the missing genetic 
heritability of more than 100 human disorders to somatic mutations 
(Yang et al., 2020). Somatic mutations are a known cause of, or have 
been implicated in several brain disorders from developmental 

neuropsychiatric disorders such as focal epilepsy, autism spectrum 
disorders (ASD) and schizophrenia (SCZ) to neurodegeneration and 
Alzheimer’s disease (AD) (Lim et al., 2015; D’Gama et al., 2017; Lim 
et al., 2017; Winawer et al., 2018; Baldassari et al., 2019a,b; Rodin 
et al., 2021; Sherman et al., 2021; Maury et al., 2022; Miller et al., 2022).

In the human genome, exons and areas of open chromatin are 
particularly vulnerable to somatic mutation during development 
(Rodin et  al., 2021). Pathogenic somatic mutations in the 
mechanistic target of rapamycin (mTOR) pathway genes can cause 
focal cortical dysplasia (FCD) spectrum disorders that are associated 
with pharmaco-resistant epilepsy, such as FCD Type 2, 
hemimegalencephaly (HME) and tuberous sclerosis complex (TSC). 
Mutations identified so far cause hyperactivation of the mTOR 
pathway either through monoallelic gain-of-function (GoF) of an 
mTOR activator (AKT3, PIK3CA, RHEB, and MTOR), or through 
bi-allelic loss-of-function (LoF) of a repressor (TSC1/2, NPRL2/3, 
and DEPDC5) often due to a germline mutation followed by a 
somatic mutation in the second allele of the same gene (Poduri et al., 
2012; Lim et  al., 2015; D’Gama et  al., 2017; Lim et  al., 2017; 
Baldassari et al., 2019a,b; Lee et al., 2021). The mTOR pathway is a 
main regulator of cell growth and proliferation and indeed its 
hyperactivation causes hallmarks of the disease such as cortical 
dyslamination and presence of dysmorphic cells of abnormal size in 
the brain tissue (Blumcke et al., 2021). FCD mutations are often not 
found in patients’ blood and are thus thought to occur in the brain 
lineage during cortical development. Although it has been shown 
that the size of the lesion correlates with the percentage of mutant 
cells, and that bigger lesions often involve both neurons and glial 
cells (D’Gama et al., 2017; Baldassari et al., 2019a,b), the exact time 
in development when FCD somatic mutations occur remains to 
be elucidated. Few studies have suggested that the excitatory neuron 
lineage, and especially outer radial glial cells (oRG) in the dorsal 
forebrain might be  majorly affected in FCD (Pollen et  al., 2019; 
Andrews et al., 2020; Chung et al., 2023) however, the exact cell 
types involved in the disorder pathophysiology remain unclear. 
Furthermore, even if a clear link between mTOR pathway genes and 
FCD spectrum disorders has been established, ~50–60% of cases 
have no clear genetic etiology. Recently, other genes and pathways 
have been implicated in focal brain malformations, such as genes 
involved in protein glycosylation (SLC35A2) or genes regulating 

FIGURE 3

Somatic mutation in different cell types in the aging human brain. The table summarizes what we have learned so far about somatic mutation in two 
different cell types (neurons and oligodendrocytes) in the aging human brain (Ganz et al., 2023). Figure created with BioRender.com.
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synaptic function and calcium dynamics (Winawer et  al., 2018; 
Bonduelle et al., 2021).

FCD lesions are often found in extra-temporal locations in the 
cortex, with FCD type 2 preferentially affecting the frontal lobe (Kabat 
and Król, 2012) however, mesial temporal lobe epilepsy (MTLE), 
which is the most common focal epilepsy subtype, originates in the 
hippocampus (Lamberink et al., 2020). A very recent study addressed 
somatic mosaicism in this pathology by deep whole-exome sequencing 
(WES), and found mutations increasing the activity of the Ras/Raf/
MAPK pathway in genes such as PTPN11, KRAS, SOS1, BRAF, and 
NF1. Such mutations were found in the hippocampus of lesional cases 
with visible mesial temporal sclerosis (MTS) but were undetectable in 
the adjacent temporal cortex and in non-lesional MTLEs. Low VAFs 
(0.8–3.3%) were found in cases without additional lesions such as 
low-grade epilepsy-associated tumors or FCD, suggesting later 
developmental occurrence (Khoshkhoo et al., 2022). These findings 
introduce the possibility of a pathway-specific susceptibility 
characterizing different brain regions, with the hippocampus being 
affected by mutations in the Ras/Raf/MAPK pathway and the frontal 
cortex by mutations in the PI3K/Akt/mTOR pathway. Although this 
remains purely speculative, we could hypothesize that this pathway-
specific susceptibility has to do with the differential transcriptional 
activity of the two pathways in different brain regions during 
development or at early postnatal stages.

While developmental focal epilepsies are often monogenic 
disorders and thus their genetic etiology easier to investigate, the 
genetics underlying other developmental neuropsychiatric disorders 
such as ASD and SCZ is more difficult to elucidate due to their 
complex multigenic nature. Recent studies have shown a contribution 
of somatic mutations to these disorders (Dou et al., 2017; Krupp et al., 
2017; Rodin et al., 2021; Sherman et al., 2021). Analyses of brain deep 
WGS data revealed an excess of mosaic sSNVs in ASD compared to 
neurotypical individuals in critical brain enhancers associated with 
genes specifically expressed in the brain (Rodin et  al., 2021). A 
separate study also showed a significant contribution of large (>4 Mb) 
CNVs to ASD risk in 0.2% of probands (Sherman et al., 2021). Somatic 
mutation contribution to SCZ has been explored through deep WGS 
of purified neuronal populations, which identified two mechanisms 
contributing specifically to SCZ compared to control neurons, referred 
to as “skiagenesis” (Maury et al., 2022). A significant increase in sSNVs 
proximal (+/−1 Kb) to the midpoint of active transcription factor 
binding sites (TFBS) was observed, with enrichment seemingly related 
to fetal development but not brain-specific. Indeed, sSNV enrichment 
was seen at sites for many individual transcription factors (TFs) 
essential for early embryonic, craniofacial, and nervous system 
development. Signature analyses suggested a first mechanism 
generating these mutations as a consequence of prenatal oxidative 
damage that does not get effectively repaired due to TF binding that 
hinders the DNA repair machinery. A second mechanism was 
revealed by a 61.8-fold enrichment of CpG > GpG in active TFBS at 
promoters compared to the expected C > G genome-wide rate. C > G 
and C > A transversions at CpG sites reflect a footprint of enzymatic 
demethylation involving the creation of an abasic site through 
resection of oxidated methyl-cytosine. TF binding may similarly 
obstruct the repair of abasic sites before replication, thus leading to 
CpG transversions (Maury et al., 2022).

While developmental neuropsychiatric disorders and/or disorder 
risk are both associated with somatic mutations shared by multiple 

cells (clonal mutations), non-clonal somatic mutations accumulating 
in aging neurons have been linked to neurodegenerative disorders 
such as Cockayne Syndrome (CS), Xeroderma Pigmentosum (XP) 
and AD (Lodato et al., 2018; Miller et al., 2022). CP and XP are caused 
by defects in DNA damage repair (DDR), and are associated with 
neurodegeneration and premature aging. Single neuron genomes 
from post-mortem brains of CS and XP individuals showed ~2.3-fold 
and ~2.5-fold excess of sSNV compared to age-matched neurotypical 
neurons, respectively (Lodato et al., 2018). A higher burden of sSNV 
accumulation during aging was also observed in PFC and 
hippocampal AD neurons compared to neurotypical controls. A 
signature showing a pronounced increase in AD compared to control 
included C > A substitutions associated with oxidative damage to 
guanine nucleotides and transcription-coupled nucleotide excision 
repair (TC-NER) deficiency (Jager et al., 2019; Kucab et al., 2019; 
Alexandrov et al., 2020; Miller et al., 2022). Thus, sSNVs in AD seem 
to increase due to the accumulation of high levels of inflammation-
associated reactive oxygen species (ROS) that overwhelm the 
TC-NER. Although the exact mechanisms remain to be fully clarified, 
these studies highlight a clear link that appears to exist between 
increased burden of somatic mutation in neuronal genomes 
and neurodegeneration.

Discussion

Somatic mutations in the human brain genome provide a record 
of each cell’s history that we have started deciphering. While mutations 
occurring in progenitor cells offer a retrospective forensic lineage tree 
that describes cell divisions and clone formation (Bizzotto et al., 2021), 
post-mitotic non-clonal mutations represent a linear timer of the cell’s 
life (Ganz et al., 2023). Recent studies have highlighted how different 
brain cell types accumulate somatic mutations with specific rates and 
patterns (Ganz et al., 2023). Further elucidating cell-type-specific rates 
of somatic mutation will greatly improve our understanding of human 
brain development but also postnatal cell phylogenies (e.g., glial cell 
replenishment or postnatal neurogenesis) by combining the unfolding 
of cell divisions with a temporal dimension of when any two cells split 
from a common ancestor (Ganz et al., 2023).

We now know that somatic mutations are linked to certain 
developmental brain pathologies such as FCD, ASD, and SCZ 
(D’Gama et al., 2017; Baldassari et al., 2019a,b; Rodin et al., 2021; 
Sherman et al., 2021; Maury et al., 2022). How somatic mutations 
impact development and brain function in these pathologies remains 
for the most part unclear. This is due to the limited knowledge of the 
normal developmental process of the human brain. Elucidating such 
aspects with further basic studies on the normal building of the clonal 
architecture of the human brain, including also cell type-specific 
patterns, will certainly contribute to clarify pathology insurgence. In 
addition to the developmental consequences of pathogenic mutations, 
the underlying causes of somatic mutation in these pathologies remain 
to be explored. Future studies will need to address this question. The 
same is true for the consequences of mosaic pathogenic mutations 
compared to their germline counterpart, and how different levels of 
mosaicism can impact brain function for distinct mutant genes and 
mutation types.

Recent studies have shown how certain pathological states are 
associated to increased somatic mutation rates in the human brain and 
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to disease-specific mechanisms (Lodato et  al., 2018; Miller et  al., 
2022). Although current knowledge seems to suggest that increased 
somatic mutation in AD is due to oxidative damage due to the 
disorder, the exact role of increased rates of somatic mutation in 
neurodegeneration remains unclear, as well as the limit beyond which 
somatic mutations are not tolerated, thus leading to cell death.

The speed at which new technologies are introduced in the 
genetics field promises to boost many future studies that will 
contribute to further decipher human cells and tissues by dissecting 
the genome at unprecedent resolution. Somatic mutations provide a 
way of studying directly the human brain starting from available 
tissue. These studies are nicely complementing what we learn from 
animal and in vitro models by providing information on human 
brain development, aging, and pathology that is not 
accessible otherwise.
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Opening the black box of
traumatic brain injury: a holistic
approach combining human 3D
neural tissue and an in vitro

traumatic brain injury induction
device

Céline Loussert-Fonta1, Luc Stoppini1, Yoan Neuenschwander2,

Ophélie Righini3, Denis Prim3, Cédric Schmidt2,

Marc O. Heuschkel1, Loris Gomez Baisac1, Milica Jović3,

Marc E. Pfeifer3, Jérôme Extermann2 and Adrien Roux1*

1Tissue Engineering Laboratory, HEPIA HES-SO University of Applied Sciences and Arts Western

Switzerland, Geneva, Switzerland, 2Micro-Nanotechnology Group, HEPIA HES-SO University of Applied

Sciences and Arts Western Switzerland, Geneva, Switzerland, 3Diagnostic Systems Research Group,

Institute of Life Technologies, School of Engineering, University of Applied Sciences and Arts Western

Switzerland (HES-SO Valais-Wallis), Sion, Switzerland

Traumatic brain injury (TBI) is caused by a wide range of physical events and

can induce an even larger spectrum of short- to long-term pathophysiologies.

Neuroscientists have relied on animal models to understand the relationship

between mechanical damages and functional alterations of neural cells. These

in vivo and animal-based in vitro models represent important approaches to

mimic traumas on whole brains or organized brain structures but are not

fully representative of pathologies occurring after traumas on human brain

parenchyma. To overcome these limitations and to establish a more accurate

and comprehensive model of human TBI, we engineered an in vitro platform

to induce injuries via the controlled projection of a small drop of liquid

onto a 3D neural tissue engineered from human iPS cells. With this platform,

biological mechanisms involved in neural cellular injury are recorded through

electrophysiology measurements, quantification of biomarkers released, and

two imaging methods [confocal laser scanning microscope (CLSM) and optical

projection tomography (OPT)]. The results showed drastic changes in tissue

electrophysiological activities and significant releases of glial and neuronal

biomarkers. Tissue imaging allowed us to reconstruct the injured area spatially in

3D after staining it with specific nuclear dyes and to determine TBI resulting in cell

death. In future experiments, we seek tomonitor the e�ects of TBI-induced injuries

over a prolonged time and at a higher temporal resolution to better understand

the subtleties of the biomarker release kinetics and the cell recovery phases.

KEYWORDS

traumatic brain injury, optical projection tomography, 3D neural tissue, multiplex protein

assays, biomarkers, electrophysiology, in vitromodel
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Introduction

Traumatic brain injury (TBI) is the leading cause of mortality

in young adults and a significant cause of death and disability

across all countries, especially in low- andmiddle-income countries

(Maas et al., 2017; Dewan et al., 2019; Schweitzer et al., 2019).

TBI occurs when an external mechanical force is applied to the

brain, possibly leading to permanent or temporary impairment

of cognitive and physical functions. The severity of the trauma

has been classified using the Glasgow Coma Scale (GCS). GCS

scores of 13–15 represent mild brain injuries, 9–12 are moderate,

and 3–8 are severe (Schweitzer et al., 2019). A recent report

estimated the global incidence of all-severity and all-cause TBI at

939 cases per 100,000 people, representing 69 million worldwide.

Mild TBI (mTBI) represents 740 cases per 100,000 people,

representing 55.9 million people annually (Dewan et al., 2019).

The spectrum of symptoms experienced by mTBI patients is

vast, ranging from a slight headache to loss of consciousness

(<30min) and even post-traumatic amnesia (<24 h) (Blyth and

Bazarian, 2010). At the brain tissue level, the impact leads to

short-term primary injuries characterized by structural damages to

blood–brain barrier (Cash and Theus, 2020), axonal injury (Tang-

Schomer et al., 2012; Johnson et al., 2013), andmicroglial activation

and microhemorrhages (Oppenheimer, 1968). Secondary injuries

might develop over minutes to months after the primary lesions

and are catalyzed by excessive excitatory neurotransmitter release

and calcium influx, leading to apoptotic cell death or/and even

early onset of neurodegenerative diseases, which can induce, in

the long term, neurodegenerative diseases (Bramlett and Dietrich,

2015; Ng and Lee, 2019; Jarrahi et al., 2020; Dodd et al.,

2022).

Despite the increasing awareness about the possible long-

term damaging effects of mTBI, improvements in diagnosis and

treatment are still insufficient. This concern is mainly due to

the limited understanding of the primary and secondary injury

mechanisms contributing to long-term sequels (Liaudanskaya et al.,

2020). Therefore, to better understand the physiopathology of this

type of trauma, various models have been developed, which mainly

involve rodents or rodent tissues and can be categorized based

on the type of injury sustained (focal or diffuse lesion) or the

technique used (such as closed-skull weight drop or lateral fluid

impact injury) (Kabadi et al., 2010; Arun et al., 2011; Morrison

et al., 2011; Osier and Dixon, 2016). However, these models’ lack

of control over internal tissue and cell-level biomechanics may

exacerbate animal-to-animal variability and do not fully illustrate

human physiopathology (Azkona and Sanchez-Pernaut, 2022).

Recent technological advancements have allowed the creation of

3D brainlike structures called cerebral organoids (Chiaradia and

Lancaster, 2020), which resemble the cellular and anatomical

composition of different regions of the human brain and can

mimic disease pathways (Lancaster et al., 2013; Mariani et al.,

2015; Garcez et al., 2016; Pollen et al., 2019; Velasco et al.,

2019). Human brain organoids are becoming an emerging tool

in TBI and mTBI as they provide a window into the injured

tissues after trauma (Jgamadze et al., 2020; Ramirez et al., 2021a,b)

and over time into the chronic phase of injury (Silvosa et al.,

2022).

In this study, we developed an in vitro platform, termed “in

vitro TBI,” inducing injury by a finely tunable (velocity and force)

expulsion of liquid using a microvalve onto bioengineered human

3D neural tissues. In addition, we propose a correlative workflow

to characterize in detail the traumatic area by combining electrical

monitoring, imaging [confocal microscopy and optical projection

tomography (OPT)], and circulating biomarkers analysis by

multiplex assays (Jović et al., 2022).

With this approach, we could evaluate the significant

changes occurring after the impact, such as electrophysiological

dysregulation, tissue damage and loss, and temporal releases of

multiple biomarkers. As a perspective, we hope to monitor TBI and

mTBI with a higher temporal resolution to understand better the

exact biomarker release kinetics and the tissue recovery processes.

The ultimate objective was to design a rapid and sensitive diagnostic

tool for mTBI and support the development of therapeutic and

potentially neuroprotective agents while identifying appropriate

dosing and toxicity levels.

Materials and methods

3D neural tissue generation

Neural stem cells derived from induced pluripotent stem cells

(NSChIPSC) (#A3890101 Thermo Fisher) were seeded with a

density of 25,000 cells/cm2 in six-well plates and processed for the

generation of 3D neural tissue according to the protocol previously

described in Govindan et al. (2021). For all the experiments, 1-year-

old 3D neural tissues were used.

TBI-induction platform: description and
parameters

The developed instrument platform is based on a microvalve

(#SMLD 300G, Fritz Gyger AG) that creates impacts on the

neural tissue with either sterile air or culture medium. The

microvalve is supplied with a continuous flow of compressed air

(5 bars). The microvalve is mounted on a manual translation stage

(#LT1, Thorlabs Inc.), which was fixed on an inverted microscope

(#Axiovert 25, Zeiss). The position of the targeted 3D neural

tissue, positioned on a Multi-Electrode Array (MEA) biochip or

24- or 96-well microplates, is reached due to an XY translation

stage that is attached to the microscope’s plate. This overall system

allows to perform precise injuries on the targeted sample (Figure 1

and Supplementary Figure 1). In addition, we have developed a

dedicated protocol to sterilize the entire system of the ejection of

culture medium allowing the follow-up of the traumatized neural

tissues during several days.

The microvalve is controlled by a programmable logic

controller (#VC Mini, Fritz Gyger AG), and software (#MVC, Fritz

Gyger AG) that allows the setting of the different parameters: Open

time = the amount of time the microvalve is open; Cycle time =

the total time required for one shot (ejection of culture medium

or air); number of cycles = number of shots; the peak current =

current that goes through the coil; and finally, the peak time =
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FIGURE 1

(A) Scheme of the Fritz Gyger microvalve (modified with the accord of Fritz Gyger AG) ejecting a drop of culture medium on a 3D neural tissue

placed onto a porous Multi-Electrode Array (MEA) biochip. (B) Picture showing the microvalve (white arrow) attached to an XYZ translation stage

mounted on an inverted microscope. The MEA is indicated with a white arrowhead.

time for which the valve is driven with an increased current for an

instantaneous opening and corresponds to the time taken for the

valve to open fully. For the experiments described in this work, we

have used the following parameters: the open time was set at 1ms

and the cycle time at 100ms with single shots.

Electrophysiology data acquisition system
and brain tissue interface

3D neural tissues used in this work were also monitored

electrically to track the functional effect of mTBI. To interface the

3D neural tissue with recording electrodes, proprietary 32-channel

MEA biochips and data acquisition systems have been used. MEA

biochips were specifically adapted to allow air–liquid interface

culture of the 3D neural tissue, providing optimal conditions for

long-term tissue survival. MEA biochips were made of porous

membranes incorporating thin film recording microelectrodes on

which the 3D neural tissues are placed onto. A fluidic chamber

below the membrane allows to feed the tissue with a culture

medium sucked by capillary forces, thus allowing the tissue to

remain supplied and humidified while staying at the air–liquid

interface on the top of the membrane.

The MEA biochips were made of four microfabricated

polyimide membrane strips (thickness of 8µm and an equivalent

porosity of 10% of the working area achieved by holes of ø 7.5µm

on a 20-µm grid) that incorporate eight low-impedance platinum

black electrodes (ø 30µm, located on a 200-µm grid, impedance

below 100 kΩ at 1 kHz) in each. These strips were mounted using

conductive glue onto a printed circuit board that allows connection

to external signal amplification and data acquisition electronics.

The fluidic chamber below the membranes was made of several

layers of laser-cut poly(methyl)methacrylate parts assembled using

adhesive transfer tape (#467MP, 3M). The MEA biochips have

been described previously (Ferlauto et al., 2018; Wertenbroek et al.,

2021).

The functional neural electrical activity was amplified using

two 16-channel Digital Electrophysiology Stimulator/Amplifier

Chips (#RHS2116, Intan technologies), and data were acquired,

displayed, and saved using the proprietary “Spike-on-Chip”

platform (Wertenbroek et al., 2021). Data pre-analysis was

performed using the Spike-on-Chip software, and home-made

software was used to generate spike raster plots and signal figures

from the acquired data.

Electrophysiology experimental protocol

The 3D neural tissues sitting on a perforated Sterile Hydrophilic

PTFE membrane of 2mm diameter (named as confetti) (PTFE-

005, HEPIA Biosciences) were plated onto porous MEA Biochips

comprising four independent recording areas (Figure 2). The

experiments were performed in triplicates to reach a total of 12

injured tissues analyzed. The selection of the 3D neural tissues was

based on the number of active electrodes showing spontaneous

activities with spike frequency > 0.1Hz before the induction of

the trauma (at least present on 20–25 electrodes out of the total

32 electrodes). In total, eight electrodes were in direct contact with
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FIGURE 2

(A) Photo of the porous MEA where the black arrowhead shows the position of the recording chamber. (B) Close-up view of an MEA biochip where

each of the four 3D neural tissues (black arrowheads) are placed onto four areas of eight recording electrodes (white arrowhead). The tissues are

stabilized by a perforated “confetti” (black arrow).

each 3D neural tissue, and continuous acquisition and analyses

of neural activities were performed using the Spike-on-Chips

software. Recording of the spontaneous activity was started after

2 or 3 days to allow the activity of the neural networks to be stable.

Control recordings were performed during 10-15min within the

incubator before the induction of the trauma. The MEA biochips

were then transferred within the TBI-induction platform, and a

single ejection of sterile culture medium was applied for each

3D neural tissue. MEA biochips were then put back into the

incubator, and post-trauma recording of spontaneous activities was

performed immediately and after 1 h, 24 h, and 48 h (10min per

recording). After the inductions of the traumas, we controlled

that the tissues were always in the same position on the MEAs.

Furthermore, to ensure that any changes in electrophysiological

activity were the result of the trauma induction, we conducted

“sham” experiments using the same protocol, e.g., the neural tissue

samples were removed from the incubator and allowed to rest on

the TBI-induction platform for 2min without inducing trauma. A

total of 12 control neural tissues were analyzed.

Protein multiplex immunoassay materials

Antigens and antibodies were purchased from HyTest Ltd.

Antigen GFAP human recombinant (#8G45); monoclonal

mouse anti-human glial fibrillary acidic protein (#4G25)

clone 83cc (capture antibody) and clone 81cc (detection

antibody); antigen FABP human (#8F65), monoclonal mouse

anti-human fatty acid-binding protein (#4F29) clone 28cc

(capture antibody) and clone 22 (detection antibody); antigen

S100BB homodimer and S100A1B heterodimer human

(#8S9h); monoclonal mouse anti-human S100 proteins

(#4S37) clone 8B10cc (capture antibody) and clone 6G1cc

(detection antibody).

Tau biomarker: Human Tau (total) Calibrator [#C018D-2,

Meso Scale Discovery (MSD)]; biotin human Tau Antibody

(#C21AGT-3, MSD) and SULFO-TAG anti-human Tau antibody

(#D21AGT-3, MSD) were employed as capture and detection

antibody, respectively.

Sample preparation for immunoassays

Before the injury, the 3D neural tissues were individually

placed inside the wells of a 24-well plate in a 200 µl

culture medium. Immediately before the injury and 2 h and

4 h after the injury, the conditioned culture medium was

collected and replaced by a fresh one. After collection, the

conditioned culture medium was frozen and stored at −20◦C until

further processing.
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Protein multiplex immunoassay method

Conditions of the immunoassays: The antigen biomarkers, the

samples, and the detection antibodies were diluted in 50mM Tris

with 0.1% BSA and 1mM CaCl2. The blocking solution for the

singleplex assay contained 1% BSA and 1mM CaCl2 in PBS 1X.

ProteinMultiplex assay: TheMSDU-PLEXDevelopment Packs

protocol was followed. The biotinylated capture antibodies of

h-FABP, GFAP, and S100β were diluted 10 times in the same

tube (0.286µg/ml) with the U-PLEX Stop solution. The U-PLEX

provided plate was coated with 50 µl of capture antibody mix

solution and incubated for 1 h at room temperature (RT) and

700 rpm. Then, the wells were washed with wash buffer (3x 300

µl of PBS 1x with 0.06% Tween-20), and the mixture of antigen

biomarkers or the samples or blank solutions (50 µL), respectively,

were added to the wells and incubated (1 h, RT, 700 rpm). After

the second washing step (3x 300 µL), 50 µl of the detection

antibody mixture was added and incubated (1 h, RT, 700 rpm).

After the final washing step (6x 300µL), 150µl of read buffer B was

added to initiate the signal generation and read-out process (MESO

QuickPlex SQ 120, MSD).

Singleplex assay: The MSD R-PLEX Antibody Set Single-

plex assay protocol was followed. The GOLD 96-well Small Spot

Streptavidin plate (Mesoscale, L45SA-1) was coated with 25 µl of

Tau biotinylated capture antibody (200 µl diluted in 3.3ml of PBS

1X) and incubated for 1 h at RT and 700 rpm. Then, the wells were

washed with wash buffer (3x 150 µl of PBS 1X with 0.06% Tween-

20), 150 µl of blocking solution was added to the wells, and the

plate was incubated (1 h, RT, 700 rpm). The Human Tau Calibrator

or the samples and blank solutions (50 µl) were added to the wells

and incubated (1 h, RT, 700 rpm). After the third washing step (3x

150 µl), 50 µl of the detection antibody was added and incubated

(1 h, RT, 700 rpm). After the final washing step (4x 150 µl), 150 µl

of read buffer T 2X was added to initiate the signal generation and

read-out process (MESO QuickPlex SQ 120, MSD).

Additional products description and methods are provided in

the Supplementary material “Multiplex immunoassay materials”

and “Multiplex immunoassay methods.”

Sample preparation for imaging

Before the injury, the 3D neural tissues were individually placed

inside the well of a 24-well plate in a 200 µl culture medium.

After the injury, the tissues were incubated for 2 h in a fresh

culture medium containing Hoechst 33342 (#H3570, Invitrogen)

and Propidium Iodide (PI) (#P5066, Invitrogen). After the staining,

3D neural tissues are fixed in 4% paraformaldehyde for 30 min

at RT then washed in phosphate-buffered saline. For optimal

imaging, all the samples are cleared by incubation in RapiClear

1.47 (SunJin Lab) for 2 days at RT. The samples were imaged

directly within fresh clearing solution by confocal microscopy

or embedded in 1% agarose aqueous solution within fluorinated

ethylene propylene tubes for OPT. For the latter, the agarose was

solidified on ice to limit the rehydration of the tissue and the

reversibility of the clearing process. Intact 3D neural tissue was

used as negative control and dead 3D neural tissue, e.g., chemically

killed by immersion in 4% paraformaldehyde for 12 h was used as

positive control. All control samples were processed identically as

described previously.

Confocal imaging

All confocal images of 3D neural tissue were acquired with a

TCS SPE microscope (Leica) equipped with an ACS APO 10X 0.3

NA dry objective using Leica LAS × software (Leica). A 405-nm

laser was used to excite Hoechst 33342 staining agent (all cell’s

nuclei), while a 532-nm laser was used to excite PI staining (dead

cell nucleus). Z stacks were acquired with a voxel depth of 2.4µm

and an average of 40 sections. In these conditions, the acquisition

time was approximately 650 s. All the images are processed using

Fiji software.

3D projection tomography and analysis

3D imaging was performed using OPT. The setup presented by

Schmidt et al. (2021) was adapted to distinguish dead from healthy

cells inside the 3D neural tissue. The optical lens was replaced

with a commercial telecentric lens (#63-738, Edmund) providing

8µm spatial resolution. Hoechst staining of all nuclei was excited at

415 nm and acquired between 480 nm and 520 nm using a bandpass

filter while PI staining of dead cells’ nuclei was excited at 530 nm

and acquired beyond 600 nm. The samples were imaged in the

water acting as a refractive index matcher using a CMOS camera

(#Chameleon3, Flir). Acquisition times for each sample were

shorter than 180 s per spectral channel. Supplementary corrections

have been implemented in the reconstruction algorithm to take

residual mechanical instabilities (Lu and Mackie, 2002) and

refractive index artifacts (Liu et al., 2022) into account.

3D visualization and data analysis were performed using the

open-source 3D ImageJ Suite software (Ollion et al., 2013). The

volumes of the 3D neural tissues were calculated by applying a

threshold at 2% of the maximum pixel value and counting the

number of voxels above it. Themean diameter of each organoid was

deduced from volume assuming spherical geometries. The ratios

of dead cells’ nuclei into the tissues were calculated for each 3D

neural tissue by isolating and counting the cells’ nuclei from the

two 3D images of the Hoechst and PI staining. We first applied

a 3D Gaussian blur filter with a two-voxel kernel to denoise the

signal and then used the 3D Maxima Finder plugin with a radius

parameter of three voxels to identify the nucleus coordinates. The

colocalization of peaks between the two channels was estimated

using the 3D Distance Closest plugin with an exclusion distance

parameter. This exclusion distance was adapted manually for each

acquisition, and the uncertainty on the number of dead neurons

was calculated by applying an (-5,+5) interval on this parameter.

Statistical analysis

Data are presented as means and standard deviations unless

indicated otherwise. Statistical differences comparing means were
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analyzed using a two-tailed Student’s t-test or ANOVA. Tukey’s

multiple comparisons test for ANOVA was used to determine the

difference between groups and is indicated by an asterisk and black

bar. All statistics were performed using GraphPad Prism 9.

Results

TBI-induction platform validation

We have developed an integrated platform for inducing

traumas on in vitro human neural tissues (Figure 1 and

Supplementary Figure 1). This platform has several main

functionalities, including the precise positioning of samples (via

X, Y adjustments) under the microvalve outlet (via Z adjustment),

the control of parameters for liquid ejection to induce traumas,

the visualization of tissues before, during, and after impact, and

the maintenance of sterility for both the microvalve and tissues

during injury.

Achieving a controlled induction of mTBI in 3D neural tissue

specimens ranging from 0.5 to 1mm requires precise dosing

of force. To determine the optimal parameters for the ejection

of culture medium onto 3D neural tissues, we performed a

series of tests at varying pressures and distances between the

sample and the microvalve nozzle (data not shown). The samples

were then incubated in a fresh culture medium containing cell-

permeant nuclear staining and cell-non-permeant nuclear staining

for 1 h before chemical fixation for live/dead cell analysis. Based

on preliminary results, we found that reproducible results were

obtained when the samples were positioned 10mm from the

microvalve nozzle, with an open time of 1ms for the ejection of

the culture medium.

We found that the combination of a box enclosure around

the TBI-induction platform and a protocol for sterilizing the

pneumatic and liquid ejection system was effective in preventing

contamination of the injured tissues and enabling analysis during

the post-trauma recovery period. Moreover, due to a continuously

supplied stock of culture medium in a 5 ml sterile syringe,

numerous neural tissues could be injured in succession.

Electrophysiology characterization of the
injured tissue

Figure 3A shows an example of action potentials recorded

from the same electrodes over a period of 30 s: before (control),

1 h, 24 h, and 48 h after the induction of the trauma. The

control tissue is characterized by a spontaneous activity with

amplitudes peak to peak around 200–250 µV. Just after the

induction of the injury, we observed a clear abolition of

the electrophysiological spontaneous activities, followed by a

progressive increase after 24 h, reaching nearly full recovery

levels after 48 h. To assess the electrophysiological activity,

we combined the number of MEA electrodes that exhibited

recorded signals with the number of electrodes that displayed

no detectable activity. This approach enabled the determination

of the overall activity of the electrodes and the identification

of potential alterations in electrophysiological activity (Figure 3B

and Supplementary Figure 2). A decrease in activity 1 h after the

induction of TBI was observed. Partial recovery was observed after

24 h, with a complete return to control levels obtained at 48 h. The

right panel of Figure 3B shows the number of active electrodes

recorded in the “sham” experiments. We did not measure any

significant decrease in electrode activity under this condition.

mTBI-related biomarkers released by
injured tissue

In this study, multiplex and singleplex

electrochemiluminescence immunoassays (ECLIA) were utilized

to examine the release kinetics of four protein biomarkers, namely,

h-FABP, GFAP, S100β, and Tau, associated with mild traumatic

brain injury. Our findings, shown in Figure 4, revealed that the

four protein biomarkers were detected in the culture medium

after mTBI induction and demonstrated a statistically significant

increase compared to the control samples that did not experience

any injury or samples before the injury. Specifically, GFAP, Tau, and

S100β exhibited a remarkable 15-fold increase at 2 h post-injury,

while h-FABP showed a moderate 2-fold increase. Furthermore,

4 h after the injury, there was a sustained release of these three

biomarkers into the culture medium, with levels eight times higher

than before the injury. Notably, h-FABP concentrations returned

to the original background level 4 h later. Additionally, it is worth

mentioning that even in the control samples, there was a constant,

yet significantly lower release of the four biomarkers into the

culture medium. It is also important to mention that even in the

control samples, there was a consistent, but significantly lower,

release of the four biomarkers into the culture medium. This

finding is not surprising since these circulating biomarkers can be

detected at sub-pathological concentrations under normal human

physiological conditions as well.

Characterization of the injured neural
tissue by optical microscopy

Figure 5 illustrates the comparison of 3D neural tissue imaged

by OPT and confocal microscopy after a clarity step as described

in the material sections. The sample was stained and chemically

fixed 2 h after the injury as described in the methods section. All

cell nuclei were stained using Hoechst staining (displayed in blue,

Figures 5A, B second row), while dead cells were stained using

PI staining (displayed in red, Figures 5A, B first row). Confocal

microscopy was used as a gold standard to compare the signal of the

OPT instrument. However, due to the penetration depth limitation

of this imaging method (Pawley, 2006), we were only able to resolve

virtual sections of tissue thinner than 200µm. OPT provided a

high spatial resolution of 8µm and a field of view that enabled

whole-tissue imaging. As a result, OPT allowed the identification of

individual nuclei, as illustrated on an interactivemodel (Figure 5C),

to calculate the ratio of dead cells, and to determine various

structural parameters of both control and injured 3D neural tissues

(see Table 1). Specifically, we estimated the mean volume and

diameter of the 3D tissues to be 0.15± 0.06mm3 and 0.7± 0.1mm,
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FIGURE 3

(A) Example of raw data during a TBI experiment of spontaneous activity recorded from one electrode 15min before the induction of the trauma

(Control), 1 h, 24 h, and 48h (top-down) after impact showing a progressive recovery of the electrophysiological activity. (B) Histogram of the total

active electrode in sham (n = 3) or TBI (n = 3) experiments in the control condition (before the induction of the TBI), 1 h, 24h, and 48h after the

trauma.

FIGURE 4

Measured relative signal amplitudes of four mTBI-related biomarkers (h-FABP, GFAP, S100β, and Tau) in injured (five bars, 1,000 µs) and control 3D

neural tissues at two discrete (left). Average of duplicates of three independent 3D neural tissues. Mean value (n = 8 for control 3D neural tissues, n =

6 for injured 3D neural tissues, and n = 4 for injured 3D neural tissues at 4h Tau biomarker) ± SD error bars. A significant increase in the release of all

biomarkers is observed during the first 2 h (t = +2h) after the pulse (t = 0h). The control neural tissues did not present such biomarker concentration

increases in the medium (right).

respectively. Additionally, the average nucleus density in the 3D

neural tissues was calculated to be 58 kcells/mm3, demonstrating

the ability of OPT to provide high-resolution imaging and accurate

quantification of cellular features in 3D neural tissues.

To validate the Hoechst/PI staining method, an analysis of both

positive and negative controls was performed. The positive control

consisted of 3D neural tissue chemically fixed prior to staining with

Hoechst/PI, while the negative control was intact tissue stained

before chemical fixation. Analysis showed a live/dead cell ratio of

0.938 ± 0.006 for the positive control, indicating that almost all

cells (5,728 of 6,107) were stained with PI. In contrast, the negative

control had a much lower ratio of 0.038 ± 0.005. When we imaged

the four impacted tissue samples, we observed a significantly higher

mean dead cell ratio of 0.07 ± 0.01, compared to the negative

control (Figure 5D). These results confirm the effectiveness of the

staining method in identifying dead cells in 3D neural tissue.

Qualitatively, the imaging analysis of PI-stained 3D neural

tissues revealed the presence of two denser regions, as shown in

Figures 5A, B and indicated by yellow arrows. One of these regions

was observed in the peripheral cell layer of the tissues, whereas the

other was localized deeper within the tissue. While the peripheral

signal of cell death was observed in all samples, including control,
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FIGURE 5

3D rendering of the human 3D neural tissues after TBI impacts. (A) Maximum intensity projection of the PI (top) and Hoechst (bottom) fluorescence

signals acquired by OPT after integrating the signal over a 100-µm-thick region. The color intensities are saturated to increase the ease of readability.

(B) Similar view as in (A) acquired by confocal microscopy. The yellow arrows show the regions with higher densities of dead cells at the periphery of

the tissue and around the main damaged area. (C) OPT 3D vectorized model representation of the identified cells. Dead cells are in red, whereas all

other cells are in gray. (D) OPT computed PI/Hoechst ratios for four injured 3D neural tissue samples. A negative control (NC) organoid was imaged

without TBI. A positive control (PC) was imaged after chemical fixation of PI.
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TABLE 1 3D neural tissue parameters measured with OPT microscopy.

Parameters Negative
control

Positive
control

Sample 1 Sample 2 Sample 3 Sample 4 Mean Std

Volume (mm3) 0.2106 0.1127 0.2324 0.1759 0.1213 0.0726 0.15 0.06

Mean diameter (mm) 0.7382 0.5994 0.7628 0.6951 0.6142 0.5177 0.7 0.1

Number of total nuclei 10495 6107 17271 9625 7636 3734 9k 5k

Number of PI positive nucleus 401 5728 1205 509 507 280

Nucleus density (nucleus/mm3) 49829 54169 74313 54729 62955 51412 58k 9k

Dead cells /total cells ratio 0.038 0.938 0.070 0.053 0.066 0.075 0.07 0.01

Both negative control and positive control were neither considered for ratio means nor for standard deviation (std).

positive control, and injured tissues, the deeper cell death area was

only visible in the injured samples. By isolating the two regions

from each other, it was possible to quantify the amount of PI

staining in each region. The analysis showed that the mean total

amount of signal coming from the main damaged area was nearly

equivalent to the amount of signal coming from the tissue border

(ratio 1/1.2).

Discussion

Several in vitro and in vivomodels have been developed to study

the cellular and molecular events associated with TBI. Although

2D-based culture models are helpful, they lack the brain’s complex

3D cellular organization and extracellular matrix composition. This

is a significant weakness as traumatic brain injuries typically involve

structural damage to the brain and affect different types of cells

and networks of cellular interaction. To overcome this limitation,

bioengineered tissues grown in 3D culture systems, mimicking

native brain anatomy and physiological responses, are emerging

as powerful in vitro models to investigate the pathophysiology of

TBI (Ramirez et al., 2021b; Silvosa et al., 2022). This led to the

development of a new in vitro model of TBI combining human

cells organized in a 3D neural tissue subjecting to fluid percussion

injury. During preliminary experiments, we calibrated the different

parameters controlling the microvalve to perform a mild injury

on the tissue. These parameters were kept constant for the entire

study, and the tissue’s response was analyzed with the different

read-out modalities.

The occurrence of spontaneous action potentials in mature

3D neural tissues was reported previously (Quadrato et al., 2017),

providing confidence in the utilization of electrophysiological

recordings for tracking the functionality of neural networks

following exposure to trauma. Although there was some variability

observed among the various injured tissues, a distinct reduction in

spontaneous activity recorded from most electrodes on the MEAs

was noted. These observations are in accordance with previous

studies carried out in vivo (Ding et al., 2011; Johnstone et al.,

2013) and in vitro (Silvosa et al., 2022). Gradual restoration of

spontaneous activity was also observed over time. Other authors

reported a loss of activity followed by a slow activity decay to

a stable, level plateau approximately 30–40% below reference

when working with embryonic cortical tissue from mice (Rogers

and Gross, 2019). For this work, we used MEA biochips made

of four areas incorporating eight electrodes each. Unfortunately,

this MEA design was not fully adapted to the size of the 3D

neural tissues. Therefore, different types of MEAs incorporating

32 recording electrodes adapted for a single tissue have been

designed to get amore precisemapping of the entire neural network

activity of the tissue. Those MEAs will provide the possibility

to analyze the neural activity of the directly impacted region

compared to activities frommore distant areas. Beyond the current

study, further electrophysiology experiments and data analysis

using these improved MEA biochips are needed to characterize

in more detail the effect of impacts on the whole neural network

activities (frequency, amplitude, bursts, etc.) and provide valuable

information regarding the functional impairment of neural tissue

by TBI.

Tissue response to TBI is a mixture of molecular and cellular

events. Biomarkers that can track these lesions and inflammatory

processes are being explored for their potential to provide objective

measures in the evaluation of the injury (Gutierre et al., 2021). In

this study, as a preliminary mTBI biomarker panel and based on

the cell’s distribution in the 3D neuronal tissues, we aimed to detect

four proteins known for their clinically relevant relation with mTBI

as previously described (Posti et al., 2019; Gutierre et al., 2021).

Glial fibrillary acid protein (GFAP) is a structural astrocyte protein

while S100β is a calcium-binding protein expressed in cardiac

muscles and astroglia among others. Axonal phosphoprotein Tau

is expressed in axons and organs like kidneys and liver and,

finally, heart fatty-acid-binding protein (h-FABP) is expressed in

the heart but also in the brain. To confirm the validity of the

presented in vitro TBI model, we conducted an analysis of the

four protein biomarkers in the culture medium of 3D neural

tissue both before and after injury. These biomarkers are not

expected to be detectable at a high concentration, which was

indeed confirmed in control experiments (Figure 4). Following a

TBI impact, the concentration levels of the biomarkers increased

and with a certain delay decreased again. So, at least qualitatively

a similar kinetic observation is made compared to human in vivo

TBI (Lagerstedt et al., 2018; Posti et al., 2019; Krausz et al., 2021).

In the absence of a blood–brain barrier and vascular circulation

(which would dilute/delay the release of biomarkers), a rapid

increase in biomarker concentration is expected. A decrease in

the concentration relatively soon after the injury, as shown in

this study, suggests a minor (or moderate) as opposed to a major

injury. However, this would have to be confirmed with more

measurement time points (to generate a concentration profile)
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and an extended observation period to characterize for instance

when post-injury also GFAP, S100β, and Tau return to baseline

concentrations. In fact, one would expect the slope of increase and

decrease as well as the area under the curve to be different as a

function of impact magnitude on the tissue. Repetitive vs. single

trauma may also show different release kinetics. It is important to

note that the high sensitivity of the ECLIA developed allows us to

measure more subtle concentration changes, thus monitoring less

significant injuries. It is also noteworthy that the injured 3D neural

tissues seemed to release lower quantities of neuronal biomarkers,

such as h-FABP, compared to glial ones (GFAP and S100β) and

axonal (Tau). Further investigations are necessary to improve the

quantification of these biomarkers and to find out whether these

observations are indeed due to the vulnerability of certain neuronal

structures, the relative number of corresponding cell types, or a

combination of both. The slight and steady rise of biomarkers in the

controls may be correlated with OPT results obtained. It is indeed

observed that, even in the absence of injury, a small fraction of the

cells is dead at the periphery of the 3D neural tissues that could

lead to the release of biomarkers and therefore increase the level of

our studied proteins in the culture medium. Some experiments are

ongoing to evaluate this effect.

Finally, to characterize the injured tissue, a mesoscopic imaging

method, OPT, that was recently developed (Schmidt et al., 2021)

to image millimetric tissue with a micrometric resolution, was

used. With the 3D images acquired by OPT, it was possible to

determine a mean 3D neural tissue diameter of 0.7 ± 0.1mm and

a mean cell density of 58 kcells/mm3. This latter parameter is in

good accordance with values found for the mouse brain organoid

(Keller et al., 2018). In addition, the measured ratio of damaged

cells 2 h after the impact (t =+2h) is significantly higher than what

was measured without injury (negative control). As PI staining

is membrane impermeant and should therefore be excluded from

viable cells, we can assume that the cells detected as dead by OPT

will not recover with time. Therefore, the extra dead cells ratio

measured in the injured 3D neural tissues with respect to the

negative control is attributed to the induced trauma. The spatial

distribution of injured cells throughout the 3D neural tissue also

allowed us to identify a main damaged area that is confined within

the tissue or to the periphery, but within a limited solid angle.

The observation of a permanent reduction of healthy cells after

a head injury is in some ways at odds with the other results,

which all show almost complete signal recovery over time. We

explain this behavior by the fact that OPT measures the state of

the entire sample at a specific time, whereas electrophysiological

characterization only reads the signal from cells in contact or close

to the electrodes and immunoassays measure protein diffusion

over time and through the entire tissue. A better understanding

of the diffusion process, in this case, requires more research

and simulations.

Conclusion

The in vitro TBI model we have developed in this study allows

not only to reproducibly induce injuries on human 3D neural

tissues but also a comprehensive characterization of injured tissue

during the acute and recovery phases. Due to the versatility of the

developed platform, it was possible to show a clear abolition of

electrophysiological spontaneous activities just after the induction

of the injury, followed by a progressive increase in activity

after 24 h and full recovery after 48 h. Additionally, four protein

biomarkers associated with mild traumatic brain injury exhibited

a statistically significant increase in their release into the culture

medium compared to the control samples. Finally, the optical

projection tomography provided images of injured areas with

cellular resolution and allowed an accurate quantification of cellular

features in 3D neural tissues.

In the next step, we plan to expand the range of data points

after TBI induction to cover immediate and long-term responses,

including data points that capture the first fewminutes post-trauma

and responses that occur over weeks or months. Finally, it is

planned to further improve the system by the development of a

more sophisticated biological model by the addition of different

types of membrane-like structures on the surface of the brain

parenchyma, to mimic the presence of a skull or meninges, which at

least partially protects the brain from external forces. Therefore, the

impacts of ejected culture medium will be more diffuse/distributed

(as opposed to focusing on a small area) and would thus recreate

more realistically concussion events such as the ones occurring in

in vivo experiments.
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Multiplex immunoassay materials

All chemicals were used as received without further purification

and all aqueous solutions were prepared with MQ water. U-

PLEX Development Pack, 6-Assay (#K15231N-2), GOLD 96-

well Small Spot Streptavidin Plate (#L45SA-1), GOLD SULFO-

TAG NHS-Ester lyophilized (#R91AO-1), Gold read buffer

B (#R60AM-2), read buffer T 4X (#R92TC), U-PLEX Stop

Solution (#R50AO-1) were purchased from MSD. Other materials

include Pierce Antibody Biotinylation Kit for IP (#90407,

Thermo Scientific, Waltham), bovine serum albumin fraction V

(#10735086001, Roche Diagnostics), PBS 10x pH 7.4 phosphate

saline buffer (#70011-036, Gibco), Tween-20 [#P1379-100mL,

Merck (Sigma-Aldrich)], CaCl2 x 2H2O (#223506, Fluka), Trizma

base (#1002134476, Sigma-Aldrich,), Zeba Spin desalting columns

7K MWCO, 0.5mL (#89882, Thermo Fisher).

Protein multiplex immunoassay
method

Capture antibody biotinylation and linker-coupled antibody

solutions: The capture antibodies (h-FABP, GFAP, and

S100β) were biotinylated with the EZ-Linker NHS-PEG4-

Biotin antibody Biotinylation Kit from the PierceTM. The

concentration of the antibody solutions was 1 mg/mL, and 3.14

µL of NHS-PEG4-Biotin solution was added to the diluted

antibodies. The final concentrations of the biotinylated capture

antibodies were measured at OD280 using the Nanodrop

OneC Microvolume UV-VIS Spectrophotometer (Thermo

Fisher Scientific). Each biotinylated capture antibody was

coupled with a determined linker from MSD to obtain a final

antibody-linker concentration of 2.86µg/mL following the

MSD protocol (MSD U-PLEX Development Pack). Tau capture

antibody was diluted (200 µL in 3.3mL of PBS 1X) and used

without further purification (MSD R-PLEX Antibody Sets

Singleplex Assays).

Detection antibody labeling: Detection antibodies of all

three biomarkers were conjugated with the Ru(bpy)2+3 -label

using the GOLD SULFO-TAG NHS-Ester reagent provided

by MSD (#MSD GOLD SULFO-TAG Conjugation Quick

Guide). A challenge ratio of 50:1 was used for all detection

antibodies (h-FABP, GFAP, and S100β), while the labeling

incorporation ratio was calculated by measuring the OD455

values using the NanoDrop OneC Microvolume UV-VIS

Spectrophotometer (Thermo Fisher Scientific). The calculated

label ratio for h-FABP, GFAP, and S100β detection antibodies

were 14:1, 13:1, and 19:1, respectively. The Tau detection

antibody was used 100-fold diluted without further modification

or purification.
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SUPPLEMENTARY FIGURE 1

Picture showing the microvalve (white arrow) attached to an XYZ translation

stage mounted on an inverted microscope. The 3D neural tissues are

disposed in a 24-well plate to perform the injury.

SUPPLEMENTARY FIGURE 2

Example of raster plots of 4 groups of eight electrodes. Each group of 8

electrodes, displayed in a di�erent color (red, green, blue, and black),

recorded one 3D neural tissue. The data were acquired during a TBI

experiment. On the first row, one can observe the spontaneous and

synchronous activity 15min before the trauma induction (Control). After the

trauma, e.g., 1 h, 24 h, and 48h (top-down) after impact, one can observe a

progressive recovery of the electrophysiological activity.
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Knockout of angiotensin 
converting enzyme-2 receptor 
leads to morphological 
aberrations in rodent olfactory 
centers and dysfunctions 
associated with sense of smell
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Priyadharshini Srikanth 1,2, Shruti D. Marathe 1,2, Karishma Shaw 1,2, 
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Neuronal morphological characterization and behavioral phenotyping in 
mouse models help dissecting neural mechanisms of brain disorders. Olfactory 
dysfunctions and other cognitive problems were widely reported in asymptomatic 
carriers and symptomatic patients infected with Severe Acute Respiratory Syndrome 
Coronavirus-2 (SARS-CoV-2). This led us to generate the knockout mouse model 
for Angiotensin Converting Enzyme-2 (ACE2) receptor, one of the molecular 
factors mediating SARS-CoV-2 entry to the central nervous system, using CRISPR-
Cas9 based genome editing tools. ACE2 receptors and Transmembrane Serine 
Protease-2 (TMPRSS2) are widely expressed in the supporting (sustentacular) 
cells of human and rodent olfactory epithelium, however, not in the olfactory 
sensory neurons (OSNs). Hence, acute inflammation induced changes due to viral 
infection in the olfactory epithelium may explain transient changes in olfactory 
detectabilities. As ACE2 receptors are expressed in different olfactory centers 
and higher brain areas, we studied the morphological changes in the olfactory 
epithelium (OE) and olfactory bulb (OB) of ACE2 KO mice in comparison with 
wild type animals. Our results showed reduced thickness of OSN layer in the OE, 
and a decrease in cross-sectional area of glomeruli in the OB. Aberrations in the 
olfactory circuits were revealed by lowered immunoreactivity toward microtubule 
associated protein 2 (MAP2) in the glomerular layer of ACE2 KO mice. Further, 
to understand if these morphological alterations lead to compromised sensory 
and cognitive abilities, we performed an array of behavioral assays probing their 
olfactory subsystems’ performances. ACE2 KO mice exhibited slower learning 
of odor discriminations at the threshold levels and novel odor identification 
impairments. Further, ACE2 KO mice failed to memorize the pheromonal locations 
while trained on a multimodal task implying the aberrations of neural circuits 
involved in higher cognitive functions. Our results thus provide the morphological 
basis for the sensory and cognitive disabilities caused by the deletion of ACE2 
receptors and offer a potential experimental approach to study the neural circuit 
mechanisms of cognitive impairments observed in long COVID.
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1. Introduction

Angiotensin converting enzyme (ACE) 2 plays a critical role in 
maintaining physiological homeostasis (Donoghue et  al., 2000; 
Hamming et al., 2004). It is widely expressed in different body systems 
and was identified as one of the molecular factors mediating 
Coronavirus disease 2019 (COVID-19) infection (Brann et al., 2020; 
Fodoulian et al., 2020; Hoffmann et al., 2020). Most of the mortality 
caused by COVID-19 infection have been reported to be due to severe 
respiratory problems. This was caused by malfunctioning of 
cardiovascular and respiratory systems (Crackower et  al., 2002; 
Hoffmann et al., 2020). The defects associated with lung function can 
be a predictor for neurological impairments as well (Mahammedi 
et  al., 2021). Since the beginning of pandemic, autopsy studies 
reported the presence of viral particles in multiple organ systems 
including the nervous system (Puelles et al., 2020). Brain imaging data 
further confirmed the structural abnormalities caused by the viral 
infection (Douaud et  al., 2022). Moreover, long-lasting brain 
dysfunctions have become a serious challenge in post-COVID-19 
conditions (Pardasani and Abraham, 2022; Bhowmik et al., 2023). 
Therefore, probing the mechanisms underlying these deficits using 
animal models is a pressing need of global health.

The binding of viral particles on ACE2 receptors leads to the 
creation of a fusion pore that allows viral entry into the host cells. This 
is assisted by the priming of spike protein by host cell transmembrane 
protease, serine 2 (TMPRSS2) (Shang et al., 2020; Jackson et al., 2022). 
Although the routes of viral entry to the central nervous system (CNS) 
and the neurotropism of Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2) remain as debated topics, various 
cellular factors mediating virus entry are expressed in neuronal and 
non-neuronal cells in the brain (Pardasani and Abraham, 2022). ACE2 
receptors are expressed in the non-neuronal supporting (sustentacular) 
cells of olfactory epithelium. This explains the prevalent olfactory 
deficits caused by different strains of SARS-CoV-2 (Bhattacharjee 
et  al., 2020; Whitcroft and Hummel, 2020; Iravani et  al., 2022), 
supported by the observations on presence of viral RNA and protein 
in the nasopharynx (Meinhardt et al., 2021). However, some studies 
did not find the presence of viral particles in the olfactory sensory 
neurons (OSNs) and olfactory bulb (OB), leading to the debate on the 
neurotropism of SARS-CoV-2 (Khan et al., 2021). Another receptor 
type that facilitates virus entry, Neuropilin-1 (NRP1) is expressed in 
the neurons, olfactory epithelial cells, and endothelial cells etc. 
(Cantuti-Castelvetri et al., 2020; Kyrou et al., 2021). Despite the above-
mentioned evidence on molecular factors, studies dissecting the 
neural basis of olfactory and cognitive deficits using animal models 
are scarce.

Single cell sequencing studies of mouse olfactory epithelium 
revealed the expression of ACE2 and TMPRSS2 in the sustentacular 
cells, however not in the OSNs (Brann et al., 2020; Fodoulian et al., 
2020; Hoffmann et al., 2020). Transnasal infusion of viral particles in 
Golden Syrian Hamsters provided the evidence for neuronal invasion. 

Both neuronal and non-neuronal cell deaths were observed during the 
post-infection period (De Melo et al., 2021). As genetic approaches 
mimicking viral infection can provide stable readouts, we decided to 
generate ACE2 receptor knockout using CRISPR-Cas9 genome 
editing tools. The CRISPR-Cas9 technique has been successfully used 
in mouse and other mammalian species to generate genetically 
modified animals (Shao et al., 2014; Kang et al., 2019). The deletion of 
ACE2 gene was ensured by targeting the crucial translational start site 
of the exon 2 and verified by sequencing. On generating ACE2 KO 
mice, we carried out the morphological studies and the behavioral 
phenotyping focusing on the functioning of olfactory system. As 
olfactory problems of varying severity including hyposmia, anosmia 
and parosmia are observed during and post-COVID conditions, 
we used well-established and sensitive behavioral assays (Abraham 
et al., 2004, 2010, 2014; Bhattacharjee et al., 2019; Pardasani et al., 
2021). The reduced thickness of OSN layer and the lowered MAP2 
immunoreactivity in the glomerular region explained various 
olfactory problems including the detection, and discrimination 
deficits at the threshold levels and the lowered novel odor identification 
abilities. Further, ACE2 KO mice showed compromised pheromone 
location learning, which involved more than one sensory modality. 
Hence, our experimental approach would facilitate probing the neural 
mechanisms of long-COVID complications.

2. Materials and methods

2.1. Maintenance of animals

A total of 119 C57BL/6 J and ACE2 KO male and female adult 
mice were used for all of the experiments in this study. The mice were 
between 6 to 8 weeks old at the beginning of the experiment. 12-h 
light/dark cycle was maintained and mice were grouped in individually 
ventilated cages in a temperature- and humidity-controlled animal 
facility. Mice had unlimited access to food, but were subjected to a 
water restriction schedule meant to keep them at >80% of their 
baseline body weight during Go/No-Go behavioral training. The 
schedule of water restrictions was never longer than 12 h. All animal 
care and procedures were in accordance with the Institutional Animal 
Ethics Committee (IAEC) at IISER Pune and the Committee for the 
Purpose of Control and Supervision of Experiments on Animals 
(CPCSEA), Government of India.

2.2. Generation of ACE2 KO mouse model

Using CRISPR-Cas9 gene targeting technology, we generated a 
knockout mouse model for ACE2. The knockout was created by 
specifically targeting the translation start site (TSS), which lies in the 
exon 2 of the ACE2 gene (Figure 1A). Guide RNAs for the 5′ and 3′ 
ends of the targeted region were chosen to generate the knockout 

122

https://doi.org/10.3389/fnins.2023.1180868
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Mahajan et al. 10.3389/fnins.2023.1180868

Frontiers in Neuroscience 03 frontiersin.org

(ATCAGCCTTTGAACTTGGGT; ATCAAAGTTCACTTGCTTCT). 
SgRNAs were designed using the CRISPOR online tool1 and 
synthesized by Sigma Aldrich.

2.3. Microinjection of one-cell embryos

C57BL/6 J mice at 3–4 weeks of age were superovulated by 
intraperitoneal injection of 5 IU pregnant mare serum gonadotropin 
(PMSG), followed by injection of 5 IU human chorionic gonadotropin 
(Sigma Aldrich) after 48 h. Mouse zygotes were obtained by mating 
C57BL/6 J stud males with superovulated C57BL/6 J females. One-cell 
stage fertilized mouse embryos were injected with CRISPR 
components mixed in microinjection buffer. The final concentrations 
of Cas9 protein and sgRNA were 50 ng/μL and 25 ng/μL, respectively. 
The fertilized one cell embryos were isolated from superovulated 
female mice. Microinjection of the mixture was performed into 
pronuclei of fertilized eggs using FemtoJet 4i microinjector with 
manipulator (Eppendorf) attached to IX83 microscope (Olympus). 
The injected embryos were transferred into the oviduct of pseudo-
pregnant females to allow further development. Microinjections and 
mouse transgenesis experiments were performed as described 
previously (Harms et al., 2014).

The resulting pups were genotyped for founder screening. The 
primers used for PCR were (ACE2-F1: 5′- ACCCTCCTCCTCCAGTG 
TAT −3′ and ACE2-R1: 5′- AGGCAGTCACTCATCCTCAC -3′). PCR 
was conducted using the following conditions: Initial denaturation at 
95°C for 4 min, 36 cycles with denaturation at 94°C (30 s), annealing at 
60°C (30 s), and extension at 68°C (1 min). Final extension was 
performed at 68°C for 5 min. The deletion of the ACE2 gene’s target site 
in mice was identified and confirmed by using polymerase chain 
reaction (PCR) and gene sequencing. The sequence confirmed 
founders were backcrossed to wild-type C57BL/6 J mice for two 
consecutive generations and the founder line was established. Animals 
with confirmed ACE2 receptor gene knockout were used for breeding.

2.4. Western blotting

For Western Blotting (WB), 6–10 weeks old wild type and  ACE2 
KO animals were used. Mouse brains were dissected and stored at 
−80°C. Whole brain lysates were prepared in RIPA buffer 
supplemented with cOmplete protease inhibitor (Roche Cat # 
04693116001). Protein estimation was performed using Pierce BCA 
protein assay kit (Thermofisher Cat # 23225). Fifteen μg of the sample 
was loaded in each well of 12% acrylamide gel and SDS–
polyacrylamide gel electrophoresis (PAGE) was performed. The 
proteins were then transferred to Immobilon-P PVDF membranes 
(Millipore Cat # IPVH00010). Blocking was performed with 5% milk/
Tris-buffered saline–Tween 20 for 1 h at room temperature. The 
membranes were probed with primary anti-ACE2 antibody (Abcam 
Cat # 15348) and anti-GAPDH (Sigma Cat # G9545) at 1:1000 and 
1:5000 dilutions, respectively at 4° C for 16 h. The secondary antibody 
used was peroxidase-conjugated AffiniPure Goat anti-rabbit IgG 

1 http://crispor.tefor.net/

(Jackson ImmunoResearch Cat # 111–035-003) at 1:5000 dilution for 
1 h at room temperature. Bound antibody was detected using Clarity 
ECL Western Blotting Substrate (BioRad Cat # 1705061) with the 
image digitally captured using an ImageQuant LAS 4000 imager.

2.5. Hematoxylin and eosin staining of 
olfactory epithelium

The mice were initially perfused with 1 × Phosphate Buffer Saline 
(PBS) followed by 4% paraformaldehyde. The animal was decapitated, 
and the nasal cavity was dissected. After that, tissue was kept for a 
week in a 10% Ethylenediamine tetraacetic acid (EDTA) solution to 
decalcify the bones that surround the nasal cavity. After the removal 
of tissue from the EDTA solution, the nasal cavity was extracted by 
delicately removing the surrounding bones. Following the dissection 
of the nasal cavity, it was embedded in the paraffin wax. Briefly, the 
nasal cavity was kept in 60% isopropanol (90 min × 3 times), 80% 
isopropanol (45 min × 2 times), 90% isopropanol (30 min × 1 time 
followed by 15 min × 1 time), and then in xylene (15 min × 3 times). 
The dehydrated nasal cavity was then placed over previously melted 
paraffin wax and incubated overnight at 62°C in an oven. Following 
that tissue was embedded in a wax block and was incubated at −20°C 
overnight. Using microtome (RM2235, Leica Biosystems), 5–8 μm 
sections were obtained and were transferred to the poly-L-lysine 
coated slides. The slides were then incubated in a hybridization oven 
overnight at 62°C. Then, the slides were kept in xylene (5 min × 2 
times) followed by varying concentrations of ethanol: 100, 90, 70, and 
50% for 3 min each. The slides were then kept in distilled water for 
3 min. The slides were removed from the water and left to air dry. A 
napkin was used to wipe away any excess water surrounding the tissue. 
Slides were positioned on the rails of the humidifying chamber, and a 
drop of hematoxylin was applied to the tissue and slides were left 
undisturbed for 15 min. The excess hematoxylin stain was removed 
with distilled water, and the slides were rinsed under running water 
for 15 min. The slides were then submerged for 10 s in 80% ethanol 
containing 1% Hydrochloric acid (HCl). To each tissue section, a drop 
of eosin was added. After 30 s of eosin application, slides were 
transferred to 70% ethanol for 1 min, 90% ethanol for 1 min, and 100% 
ethanol for 1 min. The slides were taken out of the ethanol and let to 
air dry. Following that slides were kept in xylene (15 min × 2 times). 
The slides were taken out, and before the slides dried fully, excess 
xylene was removed from the corners of the slides using a napkin and 
a drop of DPX medium was applied to the sections. The slides were 
mounted with a cover slip and edges of the cover slip were sealed. A 
brightfield microscope (BX43, Olympus) was next used to examine 
the sections and capture the images. We selected similar regions in the 
medio-lateral and anterio-posterior axes on the nasal turbinates for 
both WT and KO mice. While calculating the cumulative distributions, 
3–4 regions of interest (ROIs) from 18 to 24 sections per animal were 
selected to cover the nasal epithelium (Figure  2D). In addition, 
we have measured the epithelial thickness in different areas near to the 
septum (henceforth named as septal areas, dorsomedial and middle 
meatus areas) and other turbinate regions toward the lateral side 
(ethmoturbinate areas) in each section, with similar numbers from 
both locations (Supplementary Figure S1). The thickness of OE was 
measured across OSN layer at different locations (as marked in 
Figures 2B1,B2).
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2.6. Immunohistochemistry using MAP2

ACE2 KO and WT animals were perfused, and their olfactory 
bulbs (OB) were dissected. The dissected brain was kept in 4% 
paraformaldehyde for 24 h before keeping it in 30% sucrose for 1 day 
for cryoprotection. For Microtubule associated protein 2 (MAP2) 
staining, 50 μm thick sections were obtained using cryotome 
(CM1950, Leica Biosystems) and one section was selected for every 
five sections. Sections were washed three times in tris-buffered saline 
(1 × TBS) for 15 min on a rocker at 15 rpm. The permeabilization and 
blocking were done using TBST (0.2% Triton X-100 in 1 × TBS) with 
5% bovine serum albumin (BSA) and 7.5% normal goat serum (NGS) 
for 1 h at room temperature. The sections were then incubated 
overnight at 4°C with primary antibody diluted in the respective 
blocking buffers. Chicken anti-MAP2 (Abcam, ab92434, 1:3000) was 
used as the primary antibody. Sections were then washed with 
1 × TBS (10 min × 3 times) and incubated for 1 h at room temperature 
with secondary antibody diluted in TBST. Alexa Fluor 647-conjugated 
donkey anti-chicken IgG (Jackson ImmunoResearch, 703–605-
155,1:500) was used as the secondary antibody. The sections were 

then given 1 × TBS (10 min × 3 times) washes and were incubated 
with DAPI (Sigma, 1:500) in 1 × TBS for 10 min. Following that, 
sections were washed once with 1 × TBS (10 min) and then mounted 
onto slides with glass coverslips using a mounting medium. The 
mounted sections were imaged using a confocal microscope (SP8, 
Leica Biosystems). All image acquisition parameters, such as the 
objective (40X oil immersion), zoom (1.0), pinhole diameter (1 AU), 
pixel format (1024×1024), laser intensity (~5%), and scanned 
thickness of ~20 μm (1 μm step size), were kept constant during 
the imaging.

The area of the glomeruli and the MAP2 immunoreactivity were 
quantified from maximum intensity projection (MIP) images 
containing two channels: DAPI and MAP2 (Figure  2E, Blue and 
Green color, respectively). In the MIP images, each glomerulus 
representing an ROI was selected using the freehand selection tool in 
ImageJ/Fiji. The area and mean gray value (MAP2 channel) were 
measured for each glomerulus. To rule out any sampling bias that may 
result from the size distribution of glomeruli in the whole OB, we took 
every fifth coronal section of the OB (50 μm sections, 12–14 sections 
of both OBs per mouse) covering the entire anterior–posterior axis. 

FIGURE 1

Generation of ACE2 knockout mouse model. (A) Schematic of the genetic structure of the ACE2 gene. ACE2 gene harbors 19 exons with the 
translation start site (TSS) in the exon 2. TSS is the target region to create the knockout using CRISPR-Cas9 mediated genome editing. (B) Agarose gel 
electrophoresis image of DNA samples isolated from the potential ACE2 KO animals. Sample C is the control (C57BL/6 J) genomic DNA (676 bp), 
Sample B is used as a negative control without any genomic DNA, and samples 1 to 14 are DNAs with genome editing. Samples 4, 5, 9, and 10 revealed 
the deletions and are depicted by red asterisk on the gel. Sample 10 showed the maximum deletion, hence selected for further breeding. (C) Sequence 
alignment showing deletions in samples 5 and 10. For the sample 5, 84 bp deletion was observed, whereas for sample 10, a 246 bp deletion occurred in 
the target region. These results confirmed the deletion of the ACE2 receptor gene in sample 10. (D) Western blot showing the expression of ACE2 
protein in the brain of ACE2 KO and WT animals. The band corresponding to ACE2 protein was observed for WT animals, whereas in ACE2 KO animals, 
ACE2 expression was undetectable. Band corresponding to GAPDH protein is observed in brain lysates from both animals.
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Similar numbers of ROIs were selected in mediolateral and 
dorsoventral axes in both WT and ACE2 KO mice.

2.7. Go/no-go odor discrimination

2.7.1. Odors
For Go/No-Go discrimination task, following odors were used: 

Methyl Benzoate (MB), Limonene (+) (Li), Amyl acetate (AA), and 
Ethyl butyrate (EB). The odors were diluted in mineral oil (MO) and 
different dilution of the odors were used (10−4 to 10−10 percent volume 
in MO). All odors had a purity level of above 99% and were purchased 
from Sigma-Aldrich, and the mineral oil was obtained from Oswal 
Pharmaceuticals in Pune, Maharashtra, India.

2.7.2. Odor pairs
Different sets of animals were trained to differentiate the 

following: Li vs. MO (10−10, 10−9, and 10−8% v/v), MB vs. MO (10−10, 
10−8, and 10−6% v/v), and complex binary mixture of AA vs. EB 
[AA(60%) + EB(40%) vs. EB(60%) + AA(40%)] (10−8, 10−6, and 
10−4% v/v).

2.7.3. Apparatus
For olfactory-based discrimination experiments, eight-channel 

olfactometer with custom modifications was used (Knosys). The 
apparatus consisted of an operant chamber where the animal was 
kept during the behavioral test. The operant chamber has a 
combined odor sampling and reward port on one side that is 
guarded by an IR beam. This allows for a tight association between 
odor presentation in a trial and the reward. A trial is initiated when 
the animal breaks the IR beam by poking its head into the sampling 
port. The odor valve connected to a flowmeter opens as the trial 
initiates and it controls the onset and flow of odor stream (airflow 
rate of 2 Liters per min). After 500 ms of odor valve opening, a final 
valve (diversion valve) that lies near to the sampling port, opens and 
the stimulus is delivered to the animal. The precise onset of the 
stimulation was ensured by a system of these solenoid valves that 
are controlled by custom written program in IGOR. The S+ 
(rewarded) or the S- (non-rewarded) odors were presented through 
a set of different valves.

2.7.4. Task-habituation phase
The animals were subjected to task habituation training three to 

4 days after the beginning of the water deprivation schedule. Standard 
operant conditioning approaches were used to train the animals. The 
task habituation phase was performed for the animals to get 
acclimatized to the operant chamber, location of reward and sampling 
port, lick tube, sounds of the valves, and procedural aspects of the 
instrument. The task habituation consisted of nine phases (Phase 0–8). 
In the Phase 0, animal received water reward (3–5 μL) simply by 
breaking the IR beam. This enabled the animals to locate the reward 
port and the water delivery tube. In the following phase, the animals 
were given water only when they made at least one lick. For the 
subsequent stages of this task-habituation training, the complexity 
level of the task increased gradually, and animals had to lick on the 
tube in order to receive the water reward. In the late stages of this 
phase, odor valve was introduced and animal received the odor 
stimulus for 2 s, wherein animal has to respond and lick to receive the 

reward. All animals finished the task habituation phase in three to four 
sessions of 30 min.

2.7.5. Discrimination training phase
The odor-based discrimination tasks were performed using a Go/

No-Go behavioral paradigm (Abraham et  al., 2004). The mouse 
initiated a trial by breaking the IR beam that was guarding the 
sampling port. This enabled the opening of one of the solenoid valves, 
followed by the opening of a three-way diversion valve after 500 
milliseconds. After diversion valve is opened the stimulus is presented 
to the animal for a 2 s duration. The use of a diversion valve reduced 
the period between the onset of the stimulus and the first contact with 
the animal. To obtain a reward, the animal has to meet the required 
reward criteria based on the reward contingency of the stimulus 
[Rewarded (S+)/ Non-Rewarded (S-)].

The time that was provided for animals to respond overlapped 
with the stimulus duration. The response time was virtually divided 
into four equal bins, i.e., for a response/stimulus duration of 2 s, 
divided into four 500 ms bins. Animals required to register a lick in at 
least three out of these four bins for a S+ trial to be considered correct. 
For a successful S+ trial, a water reward of 3–4 μL was given to the 
animal after the stimulus ended [Reward Criteria: Animal needs to 
register a lick in at least three out of the four bins]. For an S- trial to 
be correct, animal was only allowed to lick for at most two bins. There 
was no punishment or reward for an incorrect or correct S- trial, 
respectively. Before the next trial could be initiated, a 5-s inter-trial 
interval (ITI) was kept. There were no rules requiring the mouse to 
smell the odor for a certain amount of time before making a choice 
and to prohibit licking prior to the odor. The mice received stimuli in 
blocks of 20 trials. Ten S+ trials and ten S- trials were present in each 
of these blocks. Within a block, the S+ and S- trials were 
pseudorandomized in order to prevent the delivery of more than two 
consecutive stimuli with the same reward condition. The preference 
for a particular stimulus was prevented by balancing the S+ and S- 
stimuli for a group of animals (for instance, in a group of 8 animals, 4 
mice receive one stimulus as S+ while the other 4 animals receive 
another stimulus as S+). The animals were adequately motivated to 
finish 200–300 trials in a day, spaced out over 1–2 (30–40 min) 
sessions. Animal’s motivation was measured using different 
instrumental readouts, including licking probability and inter-trial 
interval. The training session was terminated after the animal stopped 
licking for the rewarded trials. The data was collected using a custom-
written software in IGOR-PRO that was compatible with the 
MCC-CIO-DIO 48 data acquisition card.

2.7.6. Behavioral readouts

2.7.6.1. Learning curve
The learning curve measures the performance as the percentage 

of correct responses during the training. Each point on the learning 
curve indicates the average accuracy of 100 trails [50 S+ and 50 S-] 
across all animals.

2.7.6.2. D-prime (d’)
Hit (correct S+) and false alarm (incorrect S-) probabilities were 

computed for d’ over an average of 100 trials. The probabilities were 
used to calculate the z-score. d’ was calculated as z(hit)-z(false alarm) 
per 100 trials.
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2.7.6.3. Discrimination time
The licking behavior of each mouse was monitored to assess the 

discrimination time. Animals’ licking behavior was recorded with 
high temporal resolution and analyzed in time bins of 20 ms. The 
licking behavior changed as a result of learning and was considerably 
different between the early and late stages of learning. During the early 
phase of learning, when the animals were not able to discriminate the 
S+ and S- stimuli, they licked for both the stimuli. As a result, during 
the initial training phase, the animal’s lick responses to S+ and S- 
stimuli were comparable. But as soon as they were able to differentiate 
between two stimuli, they began to selectively lick for S+ trials and 
avoid licking for S- trials, which caused a divergence in the lick 
responses between two stimuli. The statistical comparison of the lick 
responses between the S+ (150 trials) and S- (150 trials) trials was 
performed using one-tailed t-test. The t-test was performed for each 
time bin of the lick pattern between S+ and S- trials. This comparison 
yields a value of p curve as a function of time. In the value of p curve, 
the last time point where the value of p is <0.05 is taken as the 
discrimination time. The discrimination time was measured task wise, 
i.e., for 300 trials.

2.7.6.4. Area under the curve (AUC)
The area under the curve (AUC) was also used to calculate the 

discrimination index of the animals. For AUC calculations, the lick 
probabilities for S+ and S- trials were used. The discrimination index 
was calculated as: AUC = (AUCS+ − AUCS-)/AUCS+.

2.8. Novel odor discrimination

To further compare the novel odor discrimination abilities of 
ACE2 KO mice with WT mice, a previously published olfactory 
habituation/dishabituation paradigm with slight modifications was 
adopted (Tillerson et al., 2006; Lehmkuhl et al., 2014). Before the 
experiment began, animals were kept in the experimental cage for 
5 min for cage habituation. 50 μL of distilled water or odor (diluted to 
1% in mineral oil) was applied on a piece of Whatman filter paper and 
kept inside separate, identical boxes at the two ends of a cage. For the 
first trial, the box containing water was placed on one side of the cage, 
and the box containing the odor (cineole or eugenol) was placed on 
the opposite side. One trial continued for 3 min during which the 
behavior of animals was recorded. The boxes were removed from the 
cage after the trial finished. Inter-trial interval of 15 min were provided 
between the trials. In order to prevent any location-based bias of the 
animal, the cage was rotated around 180° between each trial. Only one 
odor was used for the first five trials to ensure the odor habituation, 
following which, on the 6th trial, this odor was replaced with a novel 
odor, e.g., if eugenol was used in the first five trials (habituated odor), 
it was replaced with cineole (novel odor) in the 6th trial. For each trial 
the behavior of animal was videotaped and the trial videos were 
analyzed using EthoVision software. The amount of time the animal 
spent sampling a particular box was determined by how long its nose 
tip was inside a region around 2 cm from the perimeter of the box. 
These areas were chosen as the zones in the software, while the entire 
cage served as the arena. The cage’s length and width were used to 
calibrate the arena, and a sample rate of 30.00 samples per second was 
used. Dynamic subtraction was used to identify the mice’s nose, 
center, and base of tail at a dark contrast of 50–60.

2.9. Pheromone detection

An open field pheromone detection experiment was used to 
examine the pheromone detecting capacities of ACE2 KO and wild 
type females. Before the experiment began, all females had attained 
sexual maturity. The behavioral apparatus used to assess pheromonal 
detectabilities comprised of a chamber with dimensions of 60 cm x 
45 cm. Since non-volatile odorants are found in male-soiled bedding, 
and volatile odorants are found in urine, the test was conducted by 
placing a petri dish filled with male soiled bedding and urine 
(~100 μL) at the center of the arena. Females were kept in the chamber 
for 10 min and were allowed to freely roam and explore the arena. A 
camera was used to record the animals’ movements, and EthoVision 
software was used to track them. The amount of time the females 
spent in the vicinity of the petri dish was used to quantify the 
sampling behavior.

2.10. Multimodal pheromonal learning

2.10.1. Apparatus
Pheromone preference and odor association abilities in mice were 

tested using the multimodal pheromonal learning paradigm 
established in our lab (Pardasani et al., 2021). For this experiment, the 
same groups of females that were used for the pheromone detection 
experiment were used. The apparatus comprised of an arena with 
dimensions of 60 cm x 30 cm x 15 cm (length x width x height). The 
entire arena was divided into three spaced zones having equal areas 
with the help of two sliding partitions. Opening both the partitions 
allowed the females to explore the entire arena, whereas closing them 
allowed us to restrict the females in specific areas. At the opposite 
extremities of the arena, two 10 cm x 10 cm x 15 cm compartments 
with removable plates were positioned. In each chamber, a 55 mm 
petri dish held 100 μL of either water (the neutral stimulus in chamber 
2) or urine (the attractive pheromonal stimulus in chamber 1) was 
kept. These chambers were guarded by the lids having orifices with 
different diameters (5 mm and 10 mm). Due to this, the animal was 
restricted to sample the volatiles coming from the chamber’s front side 
through the holes and they were able to associate the diameters with 
the volatile cues. To mitigate any bias toward the diameters of the 
holes, animals were counterbalanced for the association between the 
volatile cues and the different orifice sizes.

2.10.2. Paradigm
The experimental design included a 4-day initial testing 

phase, a 15-day training phase, and memory tests on the 15th day 
after the training. The purpose of the initial testing phase was to 
determine whether female mice have an intrinsic preference for 
the zones (zone 1 containing the volatile and non-volatile 
pheromones from male mice & zone 2 containing neutral stimuli, 
water) During the early testing and training phases, the 
equipment was rotated by 180° every day to eliminate any 
directional bias toward a specific zone. Following the initial 
testing phase, 15 days of training was performed. During the 
training phase, each day, the animal was only allowed in one of 
the zones for 15 min (alternating between the two zones after 
every 5 min, 3 times). Fifteen days after the end of training phase, 
memory test was performed. To test the memory, all volatile and 
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non-volatile pheromonal stimuli (urine and soiled bedding with 
non-volatile pheromonal traces) and neutral water stimuli were 
removed from the chambers of the apparatus while leaving the 
plates with specific diameter orifices undisturbed. Using the 
EthoVision program, the amount of time spent in each zone, 
particularly in front of chambers 1 and 2, was quantified. Animal 
tracks were visualized and time spent was calculated using 
EthoVision’s nose point feature, which is used to track animals. 
The number of active attempts on the plates guarding chambers 
1 and 2 was manually scored by counting each nose poke through 
the plate as one attempt. Memory index was calculated for both 
the time spent and number of active attempts as: Memory 
Index = (Time spent or No. of active attempts in pheromone 
zone–Time spent or No. of active attempts in neutral stimulus 
zone)/ Time spent or No. of active attempts in neutral 
stimulus zone.

2.11. Behavioral tests for stress, anxiety, 
and motor control

Different tests were conducted to study the exploration, anxiety-
like, and depression related behaviors and motor control of the 
animals. These tests were conducted in the following order:

2.11.1. Open field test
The set-up consisted of a pseudo home cage where mice 

belonging to the same cage were housed for about 15 min. The 
dimension of the cage was 42 cm x 26 cm x 18 cm and the top of 
the cage was covered with a grill. In order to prevent any initial 
hyperactivity, the animals were acclimated in this cage. During 
the test, a single mouse was permitted to pass from the cage into 
the main arena (60 cm x 45 cm) through a little opening for 
10 min. A camera mounted on a tripod stand captured the 
exploratory behavior of the animal. Using EthoVision tracking 
software, the total distance traveled, time spent in the center of 
the arena, latency to the center, and total time spent in the four 
corners were calculated.

2.11.2. Elevated plus maze test
For EPM test, an elevated plus maze which was raised 50 cm above 

the ground was used. The apparatus constituted closed and open arms. 
The arms of the maze were 5 cm wide and 55 cm long. The closed arms 
consisted of walls that were 15 cm high. The middle zone at the 
junction of the four arms had a dimension of 5 cm x 5 cm. To initiate 
a trial, the animal was placed on this junction facing the open arm. 
The trials lasted for 5 min and animals were free to explore the EPM 
during this time. For quantitative analysis, the time spent in open vs. 
closed arms and the number of entries into the open and closed arms 
were calculated.

2.11.3. Tail suspension test
For TST, mouse was suspended by its tail using a 15 cm piece of 

tape attached to a horizontal rod at a height of 40 cm from the ground. 
Each trial lasted for 6 min, following which the animals were removed 
from the apparatus. For analysis, time spent mobile, where the animal 
tries to escape, and the time spent immobile were quantified manually 
with a resolution of 1 s.

2.11.4. Forced swim test
FST was performed using an acrylic cylinder of 15 cm diameter 

and 30 cm height that was filled with water (12 cm height). The 
mouse was placed in the water for 6 min. To prevent hypothermia 
after the experiment was finished, the mouse was placed in a cage 
covered with dry tissue which was kept on a heating pad for 15 min. 
The animal was then transferred to its native cage. Behavior of the 
animal was classified between the time spent mobile and immobile. 
The mobility and immobility were scored manually with a resolution 
of 1 s. Across ACE2 KO and wild type groups, time spent immobile 
was compared.

2.11.5. Rotarod test
The rotarod test was performed to evaluate the balance and 

motor coordination. The animals were placed on a rotating rod that 
rotates at a speed ranging from 1 to 4 revolutions per minute. The 
test was completed when the mouse fell off the rod and landed on 
the sponge bed that was kept at the base of the apparatus. Parameters 
such as total time spent by the animals on the rod and the distance 
traveled by them were quantified and compared between the 
two groups.

2.12. Statistical analysis

GraphPad Prism 9, Microsoft Excel, and Python were used 
for all data and statistical analyzes in this study. For image 
analysis ImageJ/Fiji was used. The data is presented as cumulative 
distributions and Mean ± SEM. To determine the p-values and 
test for statistical significance, we used the Kolmogorov–Smirnov 
test (K-S test), student’s t-test (Normally distributed data 
determined using Shapiro–Wilk test), Mann–Whitney test 
(Non-normally distributed data), one-way and two-way ANOVA, 
and associated post-hoc tests.

3. Results

3.1. Generation of ACE2 KO mice using 
CRISPR-Cas9 genome editing tools

The olfactory system of rodents is an attractive model to study the 
circuit mechanisms of many brain dysfunctions. The well-mapped 
anatomical organization, the ease of accessibility of different olfactory 
centers, and olfaction being the dominant sensory modality of rodents 
make it an efficient tool to modulate circuit functions which give rise 
to specific behavioral phenotypes mimicking brain disorders. Since 
the beginning of pandemic, olfactory system remained as the most 
studied sensory system due to prevalent olfactory and cognitive 
dysfunctions caused by SARS CoV-2 infection. As ACE2 receptor was 
one of the molecular factors mediating the virus entry (Klingenstein 
et  al., 2020), ACE2 KO mouse model was generated using 
CRISPR-Cas9 by deleting the translation start site of the exon 2 of the 
ACE2 gene (Figure 1A). Guide RNAs for 5′ and 3′ end of the targeted 
region were chosen to generate the knockout. The mouse zygote was 
microinjected with the transcribed gRNA/Cas9 mRNAs, after the 
vectors that target ACE2 gene deletion were constructed using the 
guide RNAs. For confirmation of the deletion, the genomic DNA of 
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the F0 mice was subjected to the PCR and was visualized using agarose 
gel electrophoresis. A shorter PCR product of the expected size was 
visible on the agarose gel. Visualization of the agarose gel revealed 
deletions in samples 4, 5, 9, and 10 with sample 10 showing the 
maximum deletion (band shown in sample 10 of Figure 1B). The 
deletions were further confirmed by performing the sequencing for 
samples 5 and 10 in which 84 bp and 246 bp deletions were observed, 

respectively, (Figure 1C). F0 female mouse (sample 10) was further 
crossed with C57 BL6 males and the progenies were then backcrossed 
for three generations to obtain enough number of homozygous KO 
animals. The genotype of experimental mice were further confirmed 
by western blotting to check the ACE2 protein levels in the brains of 
ACE2 KO and WT animals. In contrast to WT animals, which showed 
prominent bands for ACE2, western blot analysis did not reveal any 

FIGURE 2

Morphological aberrations in the olfactory epithelium (OE) and olfactory bulb (OB) of ACE2 KO animals. (A) Schematic representation of the mouse 
olfactory system. The olfactory epithelium (OE) is present in the posterior region of the nasal cavity and harbors olfactory sensory neurons (OSNs). 
These OSNs express odor receptors. The signal from the OSNs is then transduced to the olfactory bulb (OB). (B,C) Representative images of different 
regions of OE stained with Hematoxylin and Eosin for WT (B1,B2) and ACE2 KO (C1,C2) animals, respectively. Green lines in the panel B1 and B2 
represent the width of the epithelium. (D) Cumulative frequency distribution of epithelium width for ACE2 KO and WT animals. The width of epithelium 
for WT was 35.39 ± 0.5294 μm, ACE2 KO: 28.67 ± 0.4408, K-S test, p < 0.0001, number of animals: nWT = 4 and nACE2 KO = 4, number of region of interests 
(ROI): WT = 211, ACE2 KO = 232. (E) Representative images of the glomerular layer of the OB stained with DAPI and MAP2 from WT (E1) and ACE2 KO 
animals (E2). DAPI is visualized with blue color, whereas MAP2 is visualized with green color. (E3) Cumulative frequency distributions of cross-sectional 
area of the glomeruli pooled for WT and ACE2 KO animals. The cross-sectional area for WT was 335.6 ± 6.444 μm2, for ACE2 KO was 283.1± 5.191 μm2 
(K-S test, p < 0.0001, number of animals: nWT = 3 and nACE2 KO = 3, number of glomeruli: WT = 496, ACE2 KO = 558). (F) Representative images of the 
glomerular layer of the OB stained with MAP2 (green color) for WT (F1) and ACE2 KO animals (F2). Yellow colored circles in the images represent 
individual glomeruli. (F3) Cumulative frequency distributions of MAP2 immunoreactivity measured using mean intensity for WT and ACE2 KO animals. 
The MAP2 immunoreactivity for WT was 2.490 ± 0.0499, for ACE2 KO was 2.357 ± 0.0517 (K-S test, p = 0.0349, number of animals: nWT = 3 and nACE2 KO = 3, 
number of glomeruli: WT = 496, ACE2 KO = 558).
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band corresponding to ACE2 protein in the ACE2 KO animals. Bands 
for GAPDH, which acted as an internal control, were observed in both 
groups of animals (Figure 1D), thereby confirming the absence of 
ACE2 proteins in the brains of animals used in the experiments. These 
results therefore confirm the successful generation of the ACE2 KO 
mouse model. Further, morphological phenotypes of these mice were 
assessed using microscopic techniques and the behavioral phenotypes 
were studied using various assays.

3.2. ACE2 KO animals exhibit 
morphological alterations in the olfactory 
epithelium and olfactory bulb

Although there are mouse models available to study underlying 
mechanisms of brain dysfunctions caused by SARS CoV-2 infection, 
a detailed characterization of sensory as well as cognitive deficits 
using precise behavioral assays are lacking to date. In the olfactory 
system of rodents, ACE2 receptors are primarily found in supporting 
sustentacular cells of the olfactory epithelium (Bilinska et al., 2020; 
Butowt and Bilinska, 2020; Lechien et  al., 2021). Due to the 
protective and supporting nature of sustentacular cells, the viral 
infection resulting in the internalization of receptors can cause 
neuroinflammatory changes leading to gradual decaying of OSN 
functions. To investigate the effect of ACE2 receptor knockout on 
the morphology of OSNs, we first quantified the OSN layer thickness 
and compared it to that of wildtype (WT) mice (Figure 2A). Coronal 
sections of the OE stained with Hematoxylin and Eosin were used 
to measure the OE thickness, which was assessed as the 
perpendicular distance from the basal membrane. For ACE2 KO, 
232 regions of interest (ROIs), and for WT mice, 211 ROIs were 
analyzed along anterior–posterior and mediolateral axes for four 
mice in each group. The cumulative distributions of epithelium 
width measurements reveal smaller OE thickness in ACE2 knockout 
mice in comparison to that of the WT animals, indicating the role 
of supporting cells in maintaining the morphology of the OE 
(Figures 2B–D, WT: 35.39 ± 0.5294 μm, ACE2 KO: 28.67 ± 0.4408, 
K-S test, p < 0.0001). In addition, we  measured the epithelial 
thickness in different areas near to the septum (henceforth named 
as septal areas, dorsomedial and middle meatus areas) and other 
turbinate regions toward lateral side (ethmoturbinate areas) in each 
section, with similar numbers from both locations. On analyzing 
these areas separately, we  observed lower thickness of olfactory 
epithelium in ACE2 KO animals in both locations, thereby 
confirming that reduction in epithelium thickness is independent of 
the location on the turbinates (Supplementary Figure S1, ACE2 KO 
vs. WT: K-S test, p < 0.0001 for both septal and ethmoturbinate areas).

The OSNs project to glomeruli of OB in a receptor specific 
manner. In the glomeruli, these OSNs makes synapses with the Mitral/
Tufted cells, which are the output neurons of the OB. Since the 
morphological characteristics of OB glomeruli are dependent on the 
axonal inputs of OSNs (Potter et al., 2001), we hypothesized that the 
reduction observed in the OE thickness may result in the alterations 
of glomeruli morphology. To accomplish this, a quantitative analysis 
of the cross-sectional area of individual glomeruli was performed 
across ACE2 KO (558 glomeruli) and WT mice (496 glomeruli). The 
cumulative frequency distribution of the glomeruli area revealed a 
reduction in the cross-sectional area of olfactory glomeruli in ACE2 

KO mice compared to WT, C57BL/6 J animals (Figures 2E1-E3, WT: 
335.6 ± 6.444 μm2, ACE2 KO: 283.1 ± 5.191 μm2, K-S test, p < 0.0001). 
In addition to the cross-sectional area, we also analyzed the perimeter 
and minimum and maximum diameter. The perimeter and minimum 
and maximum diameter for glomeruli of the ACE2 KO animals were 
lower than that of the WT animals (Supplementary Figure S2). 
Further, to investigate the potential modifications in the neural 
circuits caused by the knockout of ACE2 receptors, we performed the 
immunostaining for the neuronal cytoskeletal protein MAP2, which 
stains the neurites. The qualitative analysis revealed a more prominent 
and discernible neurite projections in the glomeruli of WT animals. 
To quantify these changes, we  calculated the mean gray value 
corresponding to MAP2 immunoreactivity in individual glomeruli of 
ACE2 and WT animals. A total of 558 glomeruli in ACE2 KO mice 
and 496 glomeruli in WT animals were analyzed and the cumulative 
distribution of intensities were compared across WT and ACE2 KO 
animals. This quantification revealed significantly lower MAP2 
immunoreactivity in ACE2 KO compared to control mice implying 
severe alterations in neural circuits caused by the knockout of ACE2 
receptors (Figures  2F1-F3, WT: 2.490 ± 0.0499, ACE2 KO: 
2.357 ± 0.0517, K-S test, p = 0.0349). Taken together, these results prove 
morphological aberrations in the sensory periphery (OE) as well as in 
the pre-cortical sensory area (OB) of ACE2 KO mice, which may 
cause alterations in the sensory and cognitive abilities of animals.

3.3. Altered odor detection and 
discrimination behavior in ACE2 KO mice

Having observed the morphological aberrations in ACE2 KO 
mice, we next asked how these aberrations are affecting their olfactory 
behavioral readouts. In asymptomatic carriers and symptomatic 
COVID-19 patients, we have observed compromised odor detection 
abilities more strikingly at the threshold levels (Bhattacharjee et al., 
2020; Pardasani and Abraham, 2022; Bhowmik et al., 2023). Therefore, 
we  investigated the detection abilities of ACE2 KO and WT mice 
using different batches of animals by training them on a go/no-go 
operant conditioning paradigm using different concentrations of 
specific odors vs. mineral oil (MO). On training mice to discriminate 
Methyl Benzoate from MO, ACE2 KO mice did not show any 
difference in the learning pace compared to WT animals (Figure 3A; 
MB, 10−10%, 10−8%, and 10−6%, diluted in MO, two-way ANOVA for 
each concentration, non-significant (ns) represents p > 0.05). However, 
ACE2 KO mice showed slower learning pace for certain concentrations 
on training them to discriminate (+) Limonene (10−10%, 10−9%, and 
10−8%) from MO (Figure 3B, two-way ANOVA for each concentration, 
* represents p < 0.05 and ns represents p > 0.05). As these alterations 
can be dependent on the odorants used, a detailed screening using 
many odor pairs and more concentrations will be required to find out 
the changes in odor detectabilities.

As we  observed varying detection abilities with ACE2 KO, 
we  further studied odor discriminations using a complex binary 
mixture of Amyl acetate (AA) and Ethyl butyrate (EB) at varying 
concentrations (see methods). We quantified and compared various 
behavioral readouts from KO and WT animals to confirm the 
behavioral phenotypes caused by the knockout of ACE2 receptors. KO 
mice showed slower learning pace compared to control animals at 
different concentrations (Figure  3C, two-way ANOVA for each 
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concentration, * represents p < 0.05). To account for the hit and false 
alarm probabilities while learning the discrimination task, d-prime 
(d’) was calculated for both KO and WT groups and significant 
differences were observed (Figure  3D, two-way ANOVA for each 
concentration, * represents p < 0.05 and ns represents p > 0.05). 

Further, on analyzing the lick behavior with high temporal precision, 
we observed the differences in their licking responses toward rewarded 
and non-rewarded odors (Figures 3E1,E2, see methods). Therefore, 
we  calculated the discrimination index based on this and found 
significant differences between KO and WT groups (Figure 3F, see 

FIGURE 3

Odor detection and discrimination characteristics of WT and ACE2 animals. (A) Accuracy of performance shown by learning curves for WT and ACE2 
KO animals when trained to discriminate mineral oil (MO) vs. Methyl Benzoate (MB) at different concentrations (10−10%, 10−8%, and 10−6%). Comparisons 
of learning curves: Two-Way ANOVA. For, 10−10%: [F(1,45) = 0.8053, p = 0.3743], 10−8%: [F(1,45) = 2.495, p = 0.1212], and 10−6%: [F(1,45) = 4.236, p = 0.0554], 
number of animals: nACE2KO = 10, nWT = 7. (B) Learning curves of WT and ACE2 KO animals for mineral oil (MO) vs. Limonene (+) (Li) at different 
concentrations (10−10%, 10−9%, and 10−8%). Comparisons of learning curves: Two-Way ANOVA. For, 10−10%: [F(1,66) = 3.451, p = 0.0677], 10−9%: 
[F(1,63) = 4.435, p = 0.0392], and 10−8%: [F(1,63) = 7.574, p = 0.0077], number of animals: nACE2KO = 11, nWT = 13. (C) Learning curves of WT and ACE2 KO for a 
complex odor discrimination task [60% Amyl acetate (AA) + 40% Ethyl Butyrate (EB) vs. 60% EB + 40% AA, at different concentrations (10−8%, 10−6%, and 
10−4%)]. Comparisons of learning curves: Two-Way ANOVA. For, 10−8%: [F(1,42) = 4.605, p = 0.0377], 10−6%: [F(1, 42) 15.09, p = 0.0004], and 10−4%: [F(1, 
42) = 10.09, p = 0.0028], number of animals: nACE2KO = 10, nWT = 6. (D) d’ (d prime) of WT and ACE2 KO animals measured during a complex odor 
discrimination task, same as panel C, at different concentrations (10−8%, 10−6%, and 10−4%). d’ were compared between WT and ACE2 KO animals using 
Two-Way ANOVA. For, 10−8%: [F(1,42) = 3.360, p = 0.0739], 10−6%: [F(1,42) = 9.663, p = 0.0034], and 10−4%: [F (1, 42) = 3.277, p = 0.0774], number of animals: 
nACE2KO = 10, nWT = 6. (E) Lick patterns of WT (E1) and ACE2 KO (E2) animals for different concentrations during the complex odor discrimination used in 
panel C and D. Y-axis represents the lick probability as a function of time (X-axis). (F) Discrimination index calculated using the lick probabilities at 
different concentrations. Comparison using two-tailed unpaired t-test: For, 10−8%: p = 0.1585, 10−6%: p = 0.0235, and 10−4%: p = 0.5276. Number of 
animals: nACE2KO = 10, nWT = 6. (A) Comparison of discrimination times (DT) shown by WT and ACE2 KO animals for different concentrations, using two-
tailed unpaired t-test: For, 10−8%: p = 0.0369, 10−6%: p = 0.0367, and 10−4%: p = 0.0858. Number of animals: nACE2KO = 10, nWT = 6. In the figure * indicates 
p < 0.05, ns indicates: non-significant.
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methods, two-tailed unpaired t-test for each concentration, * 
represents p < 0.05 and ns represents p > 0.05). Further, the difference 
in the reaction times, quantified by discrimination times (DT, see 
methods), showed slower times for the KO compared to control mice 
(Figure  3G, two-tailed unpaired t-test for each concentration, * 
represents p < 0.05 and ns represents p > 0.05). In summary, this 
detailed behavioral phenotyping confirms the olfactory sensory and 
cognitive deficits due to the knockout of ACE2 receptors.

3.4. Impaired novel odor discrimination in 
ACE2 KO mice

Olfactory dysfunctions are reported as early symptoms in 
Parkinson’s disease (PD) patients (Barresi et al., 2012; Doty, 2012; 
Fullard et al., 2017; Marin et al., 2018). In addition, a few cases of PD 
associated with COVID-19 infection have been reported (Li et al., 
2020; Sulzer et al., 2020; Merello et al., 2021). As olfactory deficits and 
PD are strongly linked, we  decided to test ACE2 KO mice on a 
habituation and novel odor discrimination task that is used to 
phenotype PD mouse models (Fleming et al., 2008; Lehmkuhl et al., 
2014). Animals’ ability to discriminate between a familiar odor and a 
novel odor was assessed by quantifying the time spent by them to 
sample the new odor after getting exposed to another stimulus 
(familiar odor) few times. In brief, mice were exposed to an odor for 
3 min on one side of a cage while the opposite side had similar box 
without any odor. They were exposed five times rotating the cage 180 
degrees for each trial (Figure 4A). The novel odor discrimination was 
assessed by comparing the time spent by animals in sampling the 
novel odor vs. the habituated odor. While WT mice spent a 
significantly longer time for exploring the novel odor compared to the 
habituated odor (Figure 4B, Habituated odor: 3.753 ± 0.7959 s, Novel 
odor: 6.908 ± 1.514 s, one-tailed paired t-test, p = 0.0132), ACE2 KO 
animals spent a similar amount of time exploring both the odors 
(Figure  4C, Habituated odor: 3.449 ± 0.6708 s, Novel odor: 
4.743 ± 0.9469 s, one-tailed paired t-test, p = 0.0965). Hence, our results 
revealed impairments in novel olfactory discriminations in animals 
with knockout of ACE2 receptors.

3.5. ACE2 KO female mice display 
compromised multimodal pheromonal 
location memory

Rodent olfactory subsystems can process various types stimuli 
including pheromones. Volatile components of pheromones have been 
shown to be processed by main olfactory bulb (MOB) (Buck, 2000). As 
we observed morphological aberrations in the MOB, we studied the 
pheromone detection abilities of ACE2 KO mice. When presented with 
pheromonal cues from the opposite sex in form of the soiled bedding, 
sexually mature ACE2 KOs and control female mice explored these cues 
in a similar manner. This was quantified by measuring the time spent near 
to the soiled bedding kept at the center of an open arena (Figures 5A1-A4, 
WT: 118.8 ± 17.06 s, ACE2 KO: 138.8 ± 26.19 s, two-tailed unpaired t-test, 
p = 0.5143). This result shows similar pheromonal detection abilities in 
ACE2 KO and control animals.

In nature, pheromone location information helps animals finding 
their mates and avoiding potential predators. This information can 

also be carried by the substances where the semiochemicals are being 
sprayed. Therefore, involvement of whiskers along with the olfactory 
system is anticipated in enabling the multimodal association between 
pheromones and their locations. Hence, we  investigated whether 
ACE2-KO mice show any deficits in the acquisition of this multimodal 
information. We employed an established behavioral paradigm to 
quantify the multimodal learning of pheromonal locations (Pardasani 
et al., 2021). When mice were allowed to explore both pheromone and 
neutral stimulus containing chambers (which were closed with lids 
having holes of different diameters, see Materials and Methods for the 
details, Figures 5B1,B2) in a three-chambered assay, no consistent 
preferences toward either of these chambers were observed. Both 
groups spent time in front of the chamber and displayed active 
attempts in sampling pheromonal cues, confirming their detection 
abilities (Figures  5C1-D2, two-way ANOVA with Bonferroni’s 
multiple comparison test for time spent and number of active attempts 
for both groups of animals, * represents p < 0.05 and ns represents 
p > 0.05). Both groups of mice were then trained for 15 days to 
associate pheromonal cues with varying orifice’ diameters on the lid 
of the respective chambers (see methods). Their memory of 
multimodal association was assessed 15 days after the completion of 
training. The time spent in front of the urine chamber and the number 
of active attempts for sampling pheromonal cues were used to 
calculate the corresponding memory index. ACE2 KO females 
exhibited significantly lower memory index compared to the WT 
animals (Figures  5E1-F2, Memory index; Time Spent, WT: 
2.002 ± 0.5185, ACE2 KO: 0.4774 ± 0.2123, two-tailed unpaired t-test, 
p = 0.0483; Number of active attempts, WT: 2.118 ± 0.54, ACE2 KO: 
0.7249 ± 0.5810, two-tailed Mann–Whitney test, p = 0.0186). These 
results imply impaired cognitive abilities caused by the knockout of 
ACE2 receptors.

3.6. ACE2 KO mice did not display any 
anxiety or depression phenotypes

Having observed sensory as well as cognitive deficits in ACE2 KO 
mice, we further studied if these phenotypes were triggered by any 
anxiety-related or depressive behaviors that might be caused by the 
knockout of ACE2 receptors. This study was also prompted by the 
observations of long-term sensory and cognitive deficits 
(Bhattacharjee et al., 2020; Bhowmik et al., 2023) and mood disorders 
(Lamontagne et  al., 2021) reported during and post-COVID 
conditions. We  employed an array of commonly used behavioral 
paradigms to quantify these behaviors (Belovicova et al., 2017). On 
conducting open field test with experimental and control groups of 
mice, we did not observe any differences between the groups in the 
number and latency of entries to the center and the time spent in the 
center and the corners of the field (Figures  6A1-A4, two-tailed 
unpaired t-test for each parameter, ns represents p > 0.05). In the 
elevated plus, we did not observe any differences in the time spent and 
number of entries in the open and closed arms (Figures  6B1-B4, 
two-tailed unpaired t-test for each parameter, ns represents p > 0.05). 
These results indicate the absence of any anxiety-related behaviors due 
the knockout of ACE2 receptors. To test for any depressive phenotypes, 
we  conducted tail suspension and forced swim tests. Time of 
immobility was not different between the control and knockout 
groups of mice in the tail suspension test (Figure  6C, two-tailed 
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unpaired t-test, p = 0.3374). In the forced swim test, immobility was 
slightly higher for the WT group, indicating the absence of any 
depressive symptoms in ACE2 KO mice (Figure  6D, two-tailed 
unpaired t-test, p = 0.0264). Further, we carried out the rotarod test to 
see if there are any motor deficits in ACE2 KO mice and time spent on 
the rotarod and the distance covered by both groups of animals were 
found to be similar (Figures 6E1,E2, two-tailed unpaired t-test, ns 
represents p > 0.05), indicating the absence of any motor dysfunctions 
due to the knockout of ACE2 receptors. All these tests provide the 
evidence for the absence of any mood disorder-related phenotypes in 
ACE2 knockout mice. Taken together, our results prove sensory and 
cognitive deficits in ACE2 KO mouse model, supported by the 
morphological aberrations we observed in these mice.

4. Discussion

Neurological complications of long-COVID may challenge the 
global health for many more years (Kay, 2022). Various olfactory 
problems including hyposmia, anosmia, and parosmia have been 
reported during infection and under long-COVID conditions 
(Bhattacharjee et al., 2020; Pardasani and Abraham, 2022; Bhowmik 

et  al., 2023). While infection at the olfactory periphery and the 
neuronal loss may explain the transient hyposmic and anosmic 
conditions, parosmia may result from the mis-targeting of 
regenerating OSNs during the recovery period (Costanzo, 2000; 
John and Key, 2003; Cooper et al., 2020). The expression of ACE2 
receptors, that mediates virus infection in sustentacular cells of 
olfactory epithelium, explains the severe olfactory problems under 
COVID-19 infection. Therefore, we aimed to generate a complete 
ACE2 knockout mouse model using the CRISPR-Cas9 based 
genome editing method and investigate its function in modulating 
olfactory information processing. The deletion of ACE2 receptors 
may not lead to all pathophysiological conditions caused by SARS-
CoV2 infection. However, the loss of ACE2 receptor function in the 
supporting sustentacular cells may ultimately result in the ionic 
imbalance in the epithelium, causing the cell death of olfactory 
sensory neurons, hence leading to various olfactory dysfunctions 
(Cooper et al., 2020).

Transgenic models can be created by different approaches. For 
example, in Cre-Lox recombination system, the expression specificity 
is achieved by crossing floxed mouse lines with Cre driver lines or by 
delivering Cre recombinase in a cell type-specific manner (Capecchi, 
2005; Taniguchi et al., 2011). The generation of these mouse lines takes 

FIGURE 4

Novel odor discrimination is impaired in ACE2 KO animals. (A) Schematic of the novel discrimination task. The task begins with animals getting 
habituated with the cage followed by 5 trials of odor habituation wherein at one end an odorant (O1) was provided whereas on the other end there 
was water (W). For each trial the cage was rotated by 180° to mitigate any non-specific preference. Following habituation, the odor O1 was replaced by 
a novel odor (O2) and time spent by animals near the novel odor (Trial 6) vs. habituated odor (Trial 5) was used to assess the novel odor discrimination 
ability. (B) Comparison of time spent by WT animals during the task near the habituated and the novel odor. Time spent by animals near habituated 
odor (3.753 ± 0.7959 s) was significantly lower than that for novel odor (6.908 ± 1.514 s), one-tailed paired t-test, p = 0.0132, n = 9. (C) Comparison of time 
spent by ACE2 KO animals during the task near the habituated and the novel odor. Time spent by animals near habituated odor (3.449 ± 0.6708 s) and 
novel odor (4.743 ± 0.9469 s) was similar, one-tailed paired t-test, p = 0.0965, n = 10.
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FIGURE 5

ACE2 KO animals show impaired memory in a multimodal pheromone learning task. (A) Pheromone detection abilities of ACE2 KO animals are similar 
to that of the WT animals. (A1) Diagrammatic representation of the setup used for pheromonal detection assay. The dimensions of the setup are 
60 cm x 45 cm. A petri dish containing male soiled bedding and urine was placed at the center of the arena and females were introduced in this arena. 
The animals were tracked using EthoVision software while their motions were captured on camera. The time spent by females near to the petri dish 
was measured in order to gage their pheromonal detection abilities. (A2,A3) Representative tracks taken by ACE2 KO and WT animals during the 
pheromone detection task, respectively. (A4) The pheromonal detection abilities of both groups of the animals was similar (WT: 118.8 ± 17.06 s, ACE2 
KO: 138.8 ± 26.19 s, two-tailed unpaired t-test, p = 0.5143, nACE2KO = 5, nWT = 8). (B) (B1) Timeline of multimodal pheromone location learning task. Animals 
undergo testing for first 4 days, followed by 15 days training. Fifteen days post completion of the training, the memory of the animals was assessed. (B2) 
Illustration of the setup used for training the animals to associate the urine smell and neutral stimuli with specific orifice diameters. (C,D) Sampling 
parameters of ACE2 KO and Wildtype (WT) animals during first 4 days of testing, respectively. (C1) Time spent by ACE2 KO females near the water and 
urine zone during the testing days (two-way ANOVA with Bonferroni’s multiple comparison test, * represents p < 0.05 and ns represents p > 0.05). (C2) 

(Continued)
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longer than a year as it requires extensive backcrossing to screen for a 
homogenous background. The recent advancement in the 
CRISPR-Cas9 genome editing tools have enabled the researchers to 

generate robust mouse models with targeted genetic background 
comparatively faster (Nishizono et  al., 2020). The knockouts and 
knockins can be directly generated by injecting the guide RNA and 

Number of active attempts by ACE2 KO females near the water and urine zone during the testing days (two-way ANOVA with Bonferroni’s multiple 
comparison test, * represents p < 0.05 and ns represents p > 0.05, nACE2KO = 5). (D) (D1) Time spent by WT females near the water and urine zone during the 
testing days (two-way ANOVA with Bonferroni’s multiple comparison test, * represents p < 0.05 and ns represents p > 0.05). (D2) Number of active 
attempts by WT females near the water and urine zone during the testing days (two-way ANOVA with Bonferroni’s multiple comparison test, * 
represents p < 0.05 and ns represents p > 0.05, nWT = 8). (E) (E1,E2) Representative tracks during the memory day for WT and ACE2 KO animals, 
respectively. (F) Comparison of Memory index between ACE2 KO and WT animals calculated using time spent and the number of active attempts. (F1) 
ACE2 KO females showed impaired memory (index calculated using time spent) compared to the WT animals (WT: 2.002 ± 0.5185, ACE2 KO: 
0.4774 ± 0.2123, two-tailed unpaired t-test, p = 0.0483). (F2) ACE2 KO females showed impaired memory (index calculated using number of active 
attempts) compared to the WT animals (2.118 ± 0.54, ACE2 KO: 0.7249 ± 0.5810, two-tailed Mann–Whitney test (non-normal distribution), p = 0.0186, 
nACE2KO = 5, nWT = 7–8).

FIGURE 5 (Continued)

FIGURE 6

ACE2 KO and WT animals showed no differences in mood disorder-related behaviors. (A) Comparison of different parameters between ACE2 KO and 
WT animals for an open field test (OFT). (A1) Number of entries to the center between WT (45.40 ± 8.224) and ACE2 KO (29.50 ± 2.296) animals was 
similar (two-tailed unpaired t-test, p = 0.0790). (A2) Latency to the center between WT (40.34 ± 10.83 s) and ACE2 KO (35.17 ± 6.170) animals was similar 
(two-tailed unpaired t-test, p = 0.6895). (A3) Time spent in the center between WT (27.81 ± 5.448 s) and ACE2 KO (28.60 ± 2.825) animals was similar 
(two-tailed unpaired t-test, p = 0.8953). (A4) Time spent in the corners between WT (212.0 ± 23.80 s) and ACE2 KO (201.5 ± 6.158 s) animals was similar 
(two-tailed unpaired t-test, p = 0.6774). Number of animals: nACE2KO = 10, nWT = 9–10. (B) Comparison of different parameters between ACE2 KO and WT 
animals for an elevated plus maze test (EPM). (B1) Time spent in open arms between WT (24.56 ± 5.666 s) and ACE2 KO (19.65 ± 3.615) animals was 
similar (two-tailed unpaired t-test, p = 0.4747). (B2) Time spent in open arms between WT (177.1 ± 9.792 s) and ACE2 KO (189.8 ± 8.491) animals was similar 
(two-tailed unpaired t-test, p = 0.3403). (B3) Number of entries in open arms between WT (12.70 ± 1.023) and ACE2 KO (11.40 ± 1.013) animals was similar 
(two-tailed unpaired t-test, p = 0.3784). (B4) Number of entries in open arms between WT (13.10 ± 0.6227) and ACE2 KO (13.30 ± 0.9434) animals was 
similar (two-tailed unpaired t-test, p = 0.8615). Number of animals: nACE2KO = 10, nWT = 10. (C) Comparison of time immobile by ACE2 KO and WT animals 
for tail suspension test (TST). There was no significant difference in the time spent immobile between the groups (WT: 213.5 ± 8.628 s, ACE2 KO: 
198.4 ± 13.30 s, two-tailed unpaired t-test, p = 0.3374, number of animals: nACE2KO = 9, nWT = 11). (D) Comparison of time spent immobile by ACE2 KO and 
WT animals for forced swim test (FST). Time immobile by the ACE2 KO animals was significantly higher than that by the WT WT: 0.157.0 ± 4.798 s, ACE2 
KO: 132.3 ± 9.017 s, two-tailed unpaired t-test, p = 0.0264, number of animals: nACE2KO = 10, nWT = 10. (E) Comparison of different parameters between ACE2 
KO and WT animals for rotarod test. (E1) There was no significant difference in the time spent on the rod between the groups (WT: 172.2 ± 20.61 s, ACE2 
KO: 149.9 ± 13.55 s, two-tailed unpaired t-test, p = 0.3762). (E2) There was no significant difference in the total distance covered between the groups 
(WT: 6.356 ± 1.544 m, ACE2 KO: 3.836 ± 0.6166 m, two-tailed unpaired t-test, p = 0.1935).
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Cas9 into the pronucleus of fertilized mouse eggs (Yang et al., 2013). 
The existing ACE2 knockout mouse models created with 
CRISPR-Cas9 were mostly used to study the pulmonary and 
cardiovascular systems, and differences in knockout phenotypes are 
being reported. The genetic make-up of the models may attribute to 
the inconsistencies of the observed phenotypes, which can 
be considered as a drawback of the CRISPR-Cas9 approach (Jia et al., 
2020). In this study, the deletion of ACE2 gene was ensured by 
targeting the crucial translational start site of the exon 2 and was 
confirmed by sequencing and western blotting.

The COVID-19 pandemic struck the world recording a high 
mortality rate and causing a decrease of human wellbeing 
globally. Since the start of the pandemic, numerous studies have 
been conducted to identify the various entry routes of SARS-
CoV-2. The human angiotensin-converting enzyme 2 (hACE2) 
receptor was confirmed to be the target of the spike glycoprotein 
of the virus (Whittaker et al., 2021). After the viral glycoprotein 
binds to the ACE2 receptor, the TMPRSS2 protein cleaves the 
virus’ S2 site, causing the internalization of the virus (Glowacka 
et al., 2011; Jackson et al., 2022). The widespread expression of 
ACE2 receptors indicates toward number of possible entry points 
for the invasion of virus (Mainland et al., 2015; Sungnak et al., 
2020; Zhou et al., 2020; Boldrini et al., 2021; Casagrande et al., 
2021; Huang N. et  al., 2021; Pardasani and Abraham, 2022). 
Additionally, the virus can also enter the body through a breach 
of the blood–brain barrier (BBB), which is caused by the 
instability of the barrier by an increase in inflammatory cytokines 
following infection (Huang X. et al., 2021). Despite the debate 
over the virus’s route of entry, it is recognized to be associated to 
the ACE2 receptors. As SARS-CoV2 entry into the cells through 
membrane fusion is thought to down-regulate the ACE2 receptors 
with a loss of these receptors’ catalytic effect (Verdecchia et al., 
2020), we  created the ACE2 KO mouse model to mimic the 
effects of COVID-19 and studied its long-term effects. Even 
though it may not alter organ systems’ functions as during or 
after COVID-19 infection, the ACE2 KO model offers a platform 
for the exploration of various parameters that can affect overall 
human well-being as a result of long-COVID-19.

The COVID-19 infection leads to morphological and 
functional alterations in the brain (Douaud et al., 2022; Du et al., 
2023). Since the sustentacular cells of the olfactory epithelium 
contain the ACE2 receptor, we started by examining the impact 
of ACE2 deletion on the morphology of the olfactory epithelium 
(Brann et al., 2020). The width of the epithelium was considerably 
smaller in the ACE2 KO animals than in the control animals. 
Additionally, the glomeruli’s cross-sectional area and MAP2 
immunoreactivity were both reduced in the ACE2 KO animals. 
These findings demonstrate the changes brought about by the 
deletion of ACE2 in the olfactory epithelium and olfactory bulb. 
In humans, COVID-19 has been shown to increase apoptosis and 
decrease neurogenesis in the hippocampus (Bayat et al., 2022). In 
mouse models, it has been shown that ACE2 loss causes a 
reduction in the exercise-induced hippocampal neurogenesis 
(Klempin et  al., 2018; Alenina and Bader, 2019). Given the 
relationship between ACE2 and COVID-19 and the fact that the 
olfactory epithelium is another part of the brain where 

neurogenesis occurs (Crews and Hunter, 1994), it is probable that 
the decreased width of the OE is the result of increased apoptosis 
or reduced neurogenesis. Further studies investigating apoptosis 
and OSN turnover would be needed to confirm this.

The COVID-19 infection also causes learning and cognitive 
impairments that even persisted in the post-COVID conditions 
(Hampshire et  al., 2021; Hugon et  al., 2022; Bhowmik et  al., 
2023). Our observations of ACE2 KO animals having deficits in 
detection, discrimination, and novel odor recognition were 
similar to clinical observations made in patients. Humans’ 
orbitofrontal cortex has extensive connections to other cortical 
areas and may help in processing of complex olfactory inputs 
(McGann, 2017). A decrease in the thickness of gray matter in the 
orbitofrontal cortex as a consequence of the COVID-19 may also 
contribute to severe olfactory and cognitive dysfunctions 
observed in humans (Douaud et al., 2022). In support of these 
clinical observations, earlier ACE2 KO mouse models exhibited 
learning impairments in Morris water maze and Y-maze tasks 
(Wang et al., 2016). In addition, ACE2 activation in the brain has 
been proven to have protective effects against the cognitive 
decline caused by amyloid pathology in a mouse model of 
Alzheimer’s Disease (Evans et al., 2020). Despite these supporting 
evidence, the effect of CRISPR-Cas9 based disruption of ACE2 
expression on other gene networks, may not mimic the exact 
pathophysiological conditions caused by COVID-19 (Stephan 
et al., 2022).

Rodents’ olfaction is critical for their social and reproductive 
behaviors. During courtship behavior, olfactory system detects 
pheromones and recognizes their location (Pardasani et  al., 
2021). Here, we  also investigated how ACE2 KO affected the 
animals’ capacity for pheromone detection and the association of 
pheromones with their location. While the pheromonal detection 
abilities were unaffected, the ACE2 KO animals displayed poor 
memory of the pheromone location association, implying the 
impact of ACE2 deletion on rodents’ social and reproductive 
behaviors. As a result of COVID-19 pandemic, a decline in sexual 
interest, and frequency were observed (Pascoal et al., 2021). In 
contrast, a few populations showed an increase in sexual desire, 
however with a reluctance toward conception (Yuksel and Ozgor, 
2020). These findings emphasize the negative impact of the 
pandemic on human sexual health and success. These problems 
with reproductive health might be  transient and may have 
resulted by COVID-19’s detrimental effects on mental health. 
According to World Health Organization’s assessment, the 
pandemic caused a 25% rise in the prevalence of anxiety and 
depression globally (WHO, 2022). However, over time, the 
behaviors linked to the deterioration of mood disorders such as 
anxiety and depression was diminishing, suggesting that these 
effects are transient and may have been attributed to a variety of 
factors during the pandemic (Manchia et  al., 2022). In our 
analysis of mood disorder related behaviors, ACE2 KO animals 
did not show any depression or anxiety phenotypes.

In summary, our results demonstrate that knockout of ACE2 
receptors leads to sensory and cognitive disabilities, which were 
similar to clinical observations made from COVID-19 patients. 
Further, our experimental strategy provides a potential method for 
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probing the neural mechanisms of cognitive deficits under long 
COVID conditions.
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Intracellular traffic and polarity in 
brain development
Martina Polenghi  and Elena Taverna *

Human Technopole, Milan, Italy

Neurons forming the human brain are generated during embryonic development 
by neural stem and progenitor cells via a process called neurogenesis. A 
crucial feature contributing to neural stem cell morphological and functional 
heterogeneity is cell polarity, defined as asymmetric distribution of cellular 
components. Cell polarity is built and maintained thanks to the interplay between 
polarity proteins and polarity-generating organelles, such as the endoplasmic 
reticulum (ER) and the Golgi apparatus (GA). ER and GA affect the distribution of 
membrane components and work as a hub where glycans are added to nascent 
proteins and lipids. In the last decades our knowledge on the role of polarity 
in neural stem and progenitor cells have increased tremendously. However, the 
role of traffic and associated glycosylation in neural stem and progenitor cells 
is still relatively underexplored. In this review, we discuss the link between cell 
polarity, architecture, identity and intracellular traffic, and highlight how studies 
on neurons have shaped our knowledge and conceptual framework on traffic and 
polarity. We will then conclude by discussing how a group of rare diseases, called 
congenital disorders of glycosylation (CDG) offers the unique opportunity to study 
the contribution of traffic and glycosylation in the context of neurodevelopment.

KEYWORDS

trafficking organelles, brain development, Golgi apparatus, neurodevelopmental 
disorders, epithelial polarity, neural stem and progenitor cells

Introduction

Mammalian brain, and the human brain in particular, is a complex organ that needs high-
level network-like organization for proper functioning. From an evolutionary point of view, the 
neocortex is the youngest part of the cerebral cortex responsible for higher order cognitive 
functions. The neocortex develops through a very precise sequence of symmetric and 
asymmetric division of neural progenitor cells (NPCs) (Noctor et al., 2004). NPCs proliferate or 
self-renew, and they generate—in a direct or indirect way—neurons. Neurons then migrate 
radially to the basal part of the cortex where they form, along with glial cells, the six-layered 
neocortex (Taverna et al., 2014). Neocortex development and evolution are linked to an increase 
in NPCs number and diversity (Rakic, 1995; Fish et al., 2008). Of note, NPCs morphological 
and functional diversity is mainly driven by difference in cellular polarity, defined as differential 
localization in space and time of cellular components and compartments (Arai and 
Taverna, 2017).

In this review we will first provide an overview on (i) NPCs classification and diversity (ii) 
the role of polarity in NPCs and discuss (iii) traffic from the endoplasmic reticulum (ER) and 
the Golgi apparatus (GA) in NPCs and (iv) how traffic diseases can inform us on the functional 
role of traffic in NPCs.
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Neural stem cell types in the developing 
brain

Neurons populating the neocortex are generated during embryonic 
development from two main classes of NPCs: apical progenitors (APs) 
and basal progenitors (BPs) (Figure 1). The broad classification between 
APs and BPs reflects the location where they undergo mitosis (Taverna 
and Huttner, 2010; Taverna et al., 2014). APs reside in the apical-most 
region of the developing neocortex, called ventricular zone (VZ) and 
they undergo mitosis at the apical surface of the VZ. BPs reside in a more 
basal area called subventricular zone (SVZ), where they undergo mitosis. 
APs and BPs show strikingly different cell biology and cellular 
architecture and make differential use of polarity cues, which is intimately 
linked to their function and balance between their proliferation and 
differentiation potential (Fietz and Huttner, 2011).

Apical progenitors
APs are epithelial cells, with a very small apical plasma membrane 

(1%–2% of the total plasma membrane) lining the ventricle, and a very 
elongated basolateral plasma membrane reaching the basal lamina 
(Figure  1). APs elongation can be  extreme, as in the case of the 
developing primate brain, where the distance between the apical 
surface and the basal lamina can be up to several millimeters. APs are 
further subdivided into neuroepithelial cells (NE) and apical radial 
glia cells (aRGs). NE are the founder cells of CNS, they are present 
during early neurogenesis, they occupy the VZ and they proliferate by 
dividing symmetrically, expanding the pool of NPCs (Götz and 
Huttner, 2005). aRGs appear at mid-neurogenesis, they occupy the VZ 
and contact the basal lamina via their basal process, that spans the 
SVZ and the forming cortical plate (Taverna et al., 2014). APs undergo 
interkinetic nuclear migration (INM). During INM the nucleus moves 
from the apical to the basal part of the VZ (and back) in concert with 
cell cycle progression, so that mitosis always happens at the apical 
surface, and S-phase in the basal most part of the VZ (Götz and 
Huttner, 2005; Taverna and Huttner, 2010; Taverna et al., 2014). INM 
confers to the VZ a pseudostratified appearance.

The division of APs is typically asymmetric self-renewing and 
generate a BP, that delaminates from the ventricular surface by losing 
the apical attachment. Delamination is strongly reminiscent of 
epithelial-to-mesenchymal transition, that is known to be mediated 
by a reorganization of the intracellular architecture (Wilsch-
Bräuninger et al., 2012; Kawaguchi, 2021).

Basal progenitors
BPs are a very heterogeneous class of progenitors, that divide 

basally in the SVZ (Figure 1). BPs differ in proliferative capacity, 
molecular landscape, and they typically lack apical attachment 
(Kriegstein and Alvarez-Buylla, 2009; Borrell and Reillo, 2012; 
Kalebic and Huttner, 2020). The occurrence and type of their basal 
polarity cues allow a further classification between intermediate 
progenitors (IPs) and basal radial glia cells (bRGs) (Florio and 
Huttner, 2014; Namba and Huttner, 2017; Kalebic and Huttner, 
2020). IPs lack both apical and basal attachment and polarity, while 
bRGs can retain basal attachment, and can feature basal and/or 
apical polarity cues. The combinatorial presence of polarity cues is 
likely to expose BPs to a different subset of environmental signals 
compared to the ones reaching APs. The link between these cues 
and cell proliferation/differentiation potential is a very active area 
of research in the field of cell biology of neurogenesis (Kalebic and 
Huttner, 2020).

Polarity in neural stem cells

The term polarity refers to the asymmetric distribution of cellular 
features, subcellular compartments and molecular components within 
the cell (Macara and Mili, 2008). Molecular and subcellular polarity 
allows compartmentalization of functions and it is instrumental for 
the ability of the cell to interact with and respond to the extracellular 
environment (Arai and Taverna, 2017). Notably epithelial cells are 
polar cells with at least two distinct compartments: an apical 
compartment facing a lumen and a basal compartment in contact with 

FIGURE 1

Neural stem cells in the developing mouse and human brain. Scheme illustrating the neural stem cell identity and composition of the mouse (left) and 
human (right) developing brain. Apical progenitors (APs, in blue), are epithelial cells that occupy the ventricular zone (VZ) and they span the whole 
thickness of the developing neocortex. Basal progenitors (BPs, in orange) occupy the sub-ventricular zone (SVZ) and they show different morphologies 
and polarity features. BPs are the main source of neurons (N, in green) in the developing mammalian brain.
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the basal lamina. Compartmentalization of function is a shared feature 
between epithelial cells and neurons, that developed dedicated 
compartments to receive as well as to send signals from and to the 
extracellular environment or other cells they are in contact with. 
Changes in polarity features of single cells are often accompanied by 
whole tissue remodeling through migration of cells to different 
destinations, a process that can be observed from very early stages of 
development when cell identity and fate are determined by cell 
localization and by the repertoire of signals the cell is exposed to 
(Pinheiro and Heisenberg, 2020). But what about neural stem cells? In 
the context of brain development the link between cell identity and 
polarity is particularly intriguing as AP-to-BP fate switch, the central 
fate change in brain ontogeny and phylogeny, entails a major change 
in cell polarity.

Polarity to sense and integrate signals from the 
extracellular environment

Apical progenitors possess an apical process contacting the apical 
surface and a basal process touching the pial surface. Differently, most 
BPs delaminate from the apical surface and only maintain contact 
with the basal membrane though some cells lose the basal process too. 
Delamination exposes BPs to only a subset of signals coming from the 
external environment, compared to the environmental cues that 
reaches both extremities of APs. The lumen of the ventricle is filled 
with CSF (Lehtinen et al., 2011) with signaling molecules such as FGF, 
IGF, Shh, retinoic acid, BMP and Wnts (Long et al., 2016; Wang et al., 
2016): the action of these molecules is thought to happen via 
interaction with their receptors which are indeed localized at the 
plasma membrane of the apical process. An example of such 
interaction is provided by megalin, a glycoprotein enriched at the 
apical surface in the neuroepithelium, that interacts with BMPs and 
Shh; megalin mediates the endocytosis of Bmp4 and subsequent 
degradation, allowing Shh expression. Megalin KO mice display 
abnormal forebrain development following the increase in Bmp4 and 
loss of Shh. These mice show loss of ventrally derived oligodendroglial 
cells as well as interneuronal population. Megalin-triggered signaling 
pathway directly connects the extracellular environment with changes 
at the gene expression level in these neuroepithelial cells ultimately 
affecting brain developmental pathways (Willnow et  al., 1996; 
Spoelgen et al., 2005).

At the level of the basal lamina APs receive signals from the 
meninges and the blood vessels that start developing. Interestingly, 
signals coming from meningeal cells, such as retinoic acid, were 
shown to have a role in cell identity switch from AP to BP (Siegenthaler 
et al., 2009; Janesick et al., 2015).

In the basal compartment, crucial players are laminin α2 and α4 
and integrins (Taverna and Huttner, 2003; Fietz et al., 2010; Long et al., 
2016; Kalebic et al., 2019). Integrins play a structural role by mediating 
the interaction of the basal process with the basal lamina as well as a 
functional role as they were shown to maintain the AP pool during 
development. Integrin αvβ3 is expressed by BPs and regulates their 
proliferation via its thyroid hormone receptor function. Loss of 
integrin β1 is accompanied by reduction in neural progenitor 
proliferation and their responsiveness to EGF, FGF and NGF signaling 
(Leone et al., 2005; Long and Huttner, 2019). BPs, lacking an apical 
contact, will receive a different subset of signals from the basal 
environment or from the surroundings cells in the developing 
neocortex. Interestingly, integrin β1 is involved in bRG proliferation 

and expansion (Kalebic et al., 2019), a function tightly linked to the 
morphological features of bRG itself. These data suggest interesting 
avenues of investigations on how single neural stem cells do integrate 
signals during developmental time and in the tissue space, further 
expanding the concept of stem cell niche to the subcellular scale.

In conclusion, recent data suggest that cell polarity ultimately 
results in a differential way of sensing, integrating and responding to 
signals from the extracellular environment, which will influence cell 
identity. Of note, polarity also offers the structural and architectural 
basis for asymmetric partitioning of cellular components during 
cell division.

Polarity and cell division
NPCs undergo either a symmetric or an asymmetric division: in 

the case of symmetric divisions NPCs divide and produce two 
daughter cells with the same identity of the mother cell (AP → AP + AP, 
proliferative) or they can differentiate in two neurons (AP → N + N, 
consumptive). In the case of asymmetric divisions instead, one 
daughter cell maintains the same identity of the mother cell while the 
other will acquire a different fate (AP → AP + BP, self-renewing). The 
balance between these divisions is tightly controlled and alterations of 
this process lead to neurodevelopmental diseases, as in the case of 
microcephaly (Carpentieri et al., 2022). The degree of fate asymmetry 
can be  driven by the asymmetric partitioning of cell biological 
components in the dividing mother cell.

For example, in Drosophila, Par-complex proteins, restricted to 
the apical domain, can either influence the daughter cells fate through 
indirect interaction with the spindle pole, or by restricting the 
transportation of proteins such as Miranda, Numb and Prospero 
selectively to the basal pole of the cell. Besides the well-known 
antagonism between Numb and Notch signaling and their 
involvement in maintaining cell identity vs. cell fate switch, Zhou et al. 
(2007) investigated the interaction between Numb and ACBD3 where 
the concerted presence of both proteins in the cytoplasm following 
Golgi apparatus disassembly during mitosis, leads to self-renewal 
pathway to be chosen by the dividing apical progenitor, at the expenses 
of neurogenesis.

Furthermore, different studies have demonstrated that 
inheritance of the apical membrane or of the basal membrane, has a 
role in driving the proliferation vs. differentiation decision. When 
having a perfectly apicobasal cleavage plane, the two daughter cells 
can inherit a portion each of the apical membrane, producing two 
progenitors that keep proliferating (symmetric proliferative 
division); conversely, a cleavage plane bypassing the apical PM will 
result into an asymmetric partitioning of cell biological components 
and in turn to an asymmetry in cell fate (Kosodo and Huttner, 2009; 
Taverna et al., 2016; Ayala and Colanzi, 2017). Given the central role 
of membrane receptors in sensing signals from the outside 
environment, one might speculate that differential inheritance of 
membrane(s) (apical and/or basal) might change, at least 
immediately after division in the G1 phase, the types of signals 
received by the cell, or the degree of signal integration. Intriguingly, 
G1 phase was reported as the cell cycle phase when developmental 
genes responsible for fate specification and switch are activated 
(Dalton, 2013, 2015).

Taken together, the available data call for a better understanding 
of the plasma membrane composition, biogenesis and dynamics in 
neural stem cells. Decades of seminal work on neurons has shown that 
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membrane traffic is one of the main cell biological processes shaping 
the composition and hence function of highly polarized cells (Bentley 
and Banker, 2016; Britt et al., 2016). We will here summarize and 
discuss the current status of knowledge on the role of membrane 
composition and traffic in neural stem cells, with a focus on the 
ER and GA.

Polarity and intracellular architecture

Plasma membrane
As all epithelial cells, APs feature an apical and a basolateral plasma 

membrane (PM) (Figure 2). The apical plasma membrane is subdivided 
into a planar portion and in the ciliary membrane, a specialized part 
of the apical plasma membrane that surrounds and delimits the cilium. 
Paridaen et al. (Paridaen et al., 2013; Paridaen and Huttner, 2014) 
elegantly showed that the ciliary membrane is internalized, partitioned 
during mitosis and inherited by one of the two daughter cells. The cell 
inheriting the ciliary remnant is more likely to have the fate of the 
mother cell and may in this way respond earlier to extracellular 
signaling from CSF (Wilsch-Bräuninger et  al., 2012). These data 
suggest the idea that portions of the plasma membrane might endow 
the cell with the ability to differentially respond to extracellular signals, 
and again poses the interesting question as to which components and 
biochemical features confer unique properties to this small portion of 
the apical plasma membrane. The basaloteral plasma membrane of APs 
is incredibly extended and traverse several functionally distinct zones, 
such as the SVZ and the CP. As for BPs, work conducted in bRGs 
(Kriegstein and Alvarez-Buylla, 2009; Fietz and Huttner, 2011; Borrell 
and Götz, 2014; Kalebic and Huttner, 2020; Kalebic and Namba, 2021) 
shows an astonishing level of structural and functional polarization 
and specialization. This is particularly clear for the apical and basal-
directed processes of bRGs, whose presence correlates with the 
proliferative potential of the cell. The question arises as to which cell 
biological mechanisms are responsible for the structural, biochemical 
and functional specialization of the plasma membrane. In this review, 
we will focus on intracellular traffic.

Conventional and unconventional trafficking 
routes

Lipids and proteins destined to the PM are first processed in the 
endoplasmic reticulum (ER) where a mannose-rich chain of sugars is 
added on asparagine residues, in a process called N-glycosylation. The 
maturation and elongation of the sugar chain is then operated in the 
GA where discrete units of monosaccharides are added to the protein 
(or lipid). An alternative to N-glycosylation is O-glycosylation, where 
sugars are added to the OH group of a serine or a threonine (D’Souza 
et al., 2021). The trafficking route ER → GA → PM is referred as to 
conventional secretion. This route is sometimes replaced by an 
alternative route that bypasses the GA (ER → PM), and that is referred 
to as the unconventional secretory pathway (USP) (Rabouille et al., 
2012; Hanus et al., 2016; Nickel and Rabouille, 2018) (Figure 2). The 
unconventional routes have been extensively explored in flies, and, of 
note for this review, in neurons. Bowen et  al. (2017) found that 
AMPA-type glutamate receptor GluA1 and neuroligin undergo ER 
processing and then accumulate in recycling endosomes at the level 
of dendrites and spines before being translocated to the plasma 

membrane. This was found to occur even upon disruption of GA, that 
implies the presence of an alternative pathway for cargo delivery of 
proteins that bypasses the GA. In another work, Hanus et al. (2016) 
showed that numerous synaptic adhesion proteins, surface 
neurotransmitter receptors, voltage-dependent ion channels and 
growth factor receptors are largely N-mannose rich, lacking a complex 
sugar signature feature of Golgi processing. Nevertheless, these 
proteins are fully functional suggesting that USP is more common 
than previously thought.

The two classes of glycans can be recognized by concanavalin A 
(ConA), a lectin that binds to high mannose type glycans derived 
from the ER, and WGA that binds the complex type glycans derived 
from Golgi processing (Taverna et al., 2016). The intrinsic property of 
the glycosylation as a sequential process, already adds a complexity 
and heterogeneity to all possible modifications that can be added to 
proteins and lipids, without considering the other post translational 
modifications, such as sialylation and fucosylation which can 
be operated by Golgi and other PTMs that can be added before and 
after the Golgi processing. The fact that cells can also exploit different 
processing pathway elevates even more the complexity of the glycans 
and of plasma membrane composition.

The endoplasmic reticulum

The ER is functionally and morphologically divided in two parts: 
the rough endoplasmic reticulum (RER) and the smooth endoplasmic 
reticulum (SER). In APs RER can be found in both apical and basal 
processes (Figure  2). ER is an interconnected tubular network of 
membranes that are in continuity with the nuclear envelope. This 
feature is relevant in the context of APs, as they move the nucleus in 
concert with cell cycle during INM (Taverna et al., 2016; Taverna and 
Huttner, 2019). It would therefore be  interesting to know if any 
secretory or signaling functions of the ER show cell cycle-dependency 
as a consequence of nuclear movement. The RER is the starting point 
of the secretory pathway, where nascent proteins are transported while 
being translated by ribosomes (hence the name of rough ER).

Proteins undergo rounds of preliminary modifications and, if not 
correctly folded or modified, they are delivered back to the cytoplasm 
for proteasome degradation (Haynes et al., 2004; Ninagawa et al., 
2021). Failure to degrade misfolded proteins causes ER stress which is 
in turn associated with apoptosis. There are several ways through 
which RER is actively involved in proteostasis; one is the unfolded 
protein response (UPR) that in mammals is mediated by three 
pathways that put the ER in communication with the nucleus: IRE1a, 
PERK and ATF6 are transmembrane receptors on the RER surface 
that sense misfolded proteins and after activation upon BiP/GRP78 
dissociation, they trigger the UPR response through different 
pathways (Silvestre et  al., 2009; Chao et  al., 2014; Passemard 
et al., 2019).

ER as sensor for stress
ER proteostasis revealed to be  crucial during cortical 

development. Laguesse and colleagues showed that an upregulation 
of the UPR through the activation of the PERK-eIF2a-Atf4 
signaling, caused by KO of Elp3 (a member of the elongator 
complex) leads to an increase in direct production of neurons from 
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APs, at the expenses of the indirect neurogenesis pathway (Laguesse 
et al., 2015). The depletion of IPs leads to a microcephalic phenotype 
in mice bearing the mutation (Laguesse et  al., 2015). These 
observations elegantly highlight the relevance of ER stress response 
and proteostasis for cell fate specification and lineage progression 
in the developing brain.

Other ER stressors that come from the external environment, such 
as viruses can interfere with ER proteostasis and lead to aberrations in 
the development of the cortex. This is the case of Zika virus for 
example, that not only induces massive cell death but also causes ER 
stress, triggering UPR and contributing ultimately to primary 
microcephaly development in newborns (Wang and Ling, 2016). 
Another trigger for UPR is alcohol consumption by pregnant women, 
that directly exert an effect on the newborn developing brain, through 
epigenetic alterations, perturbation of calcium homeostasis and 

generation of abnormal protein triggering UPR (Ji, 2012). Collectively, 
the involvement of the ER-related UPR response in microcephaly 
pathogenesis leads to interesting questions as to which is the role of 
UPR in cell fate switch in physiological conditions (Tomás et al., 2012; 
Casey et al., 2016; Passemard et al., 2019). One could speculate that 
during fate transition, in parallel to the radical changes in the 
transcriptional landscape, cells need to completely renew also their 
transcriptome and proteome repertoire. In that context, UPR might 
serve the purpose of implementing in an efficient and coordinated way 
those changes.

In NPCs, the ER has also been reported to form a diffusion barrier 
with a role in the asymmetric inheritance of mono- and 
polyubiquitylated proteins (Bin Imtiaz et  al. 2022): though the 
relevance in terms of effect on progenitor cells identity following 
disruption has not been fully elucidated yet, future research on the 

FIGURE 2

Conventional and unconventional trafficking routes in APs. In apical progenitors (APs), the apical process contains both the endoplasmic reticulum (ER, 
in blue) and the Golgi apparatus (GA, in dark orange). In contrast, the APs’ basal process contains only the endoplasmic reticulum. Consequently, GA-
derived glycans are asymmetrically distributed in APs, as they are enriched only in the apical process. This suggests that the apical process relies on 
conventional traffic routes, while the basal process relies mainly on unconventional traffic routes.
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topic will help clarifying whether the ER could affect NPCs identity 
by regulating the partitioning and segregation between old or newly 
synthetized proteins.

ER-Golgi intermediate compartment

The ER-Golgi intermediate compartment (ERGIC) is a 
vesiculotubular organelle that mediates the anterograde and 
retrograde transport between ER and GA. In polarized cells, such as 
neurons, the ERGIC compartment has been proposed to allow the GA 
derived-compounds to communicate with the most distant dendritic 
compartments(Breuza et al., 2004; Appenzeller-Herzog and Hauri, 
2006; Zhang et al., 2009; de los Ángeles Juricic Urzúa et al. 2021). 
Though in neurons it has been recently reported to be composed of 
both stationary and mobile compartments, the extent of ERGIC 
polarization in NPCs is currently not known.

Given the extreme elongation of APs (and bRG), one could 
speculate that the ERGIC compartment might have a role in helping 
the ER to sustain the complex process of protein maturation and 
modification that allows membranes and associated proteins to 
be delivered to distal locations, such as the basal process and/or the 
basal end foot.

The Golgi apparatus

The GA is the first identified traffic organelle whose main function 
is adding glycan modifications to secretory pathway components. The 
GA is composed of multiple cisternae packed together to form a stack. 
Cisternae progress from the cis-Golgi, closer to the ER, through the 
medial- and then the trans-Golgi, where modified proteins or lipids 
enter the trans Golgi network (TGN) to be  directed to their 
destination. Proteins arriving from the ER and ERGIC, are already 
partially modified by the ER with the addition of a core oligosaccharide 
chain. In the medial-Golgi a series of glycosyltransferase add sugars 
and by the time the protein reaches the exit site, the TGN, it is 
functional and ready to be delivered to the plasma membrane. In 
mammalian cells GA stacks are connected to form the Golgi ribbon 
(D’Souza et al., 2021). Interestingly, in APs the GA is not forming the 
typical Golgi ribbon but it exist as separated stacks (Figure 1) (Taverna 
et al., 2016), very much resembling the GA organization in Drosophila 
(Gosavi and Gleeson, 2017; Fujii et al., 2020).

The communication and transport of cargoes between the GA 
stacks and other trafficking organelles is dependent on the actin and 
microtubule cytoskeleton that interact with GA-resident structural 
proteins (Silvestre et al., 2009; Bowen et al., 2017; Passemard et al., 
2019). GA interaction with the cytoskeletal elements is necessary not 
only for its integrity, but also for GA disassembly, a process that 
normally happens during the G2 phase of the cell cycle, when GA 
disassembly must occur to allow the cell to enter mitosis (Ayala and 
Colanzi, 2017). Blocking GA fragmentation results in G2 arrest, as a 
consequence of the so-called Golgi mitotic checkpoint (Sütterlin and 
Colanzi, 2010). Using depolymerizing drugs it is possible to actively 
induce fragmentation of GA at any time point of the cell cycle making 
the complex not functional anymore (Dinter and Berger, 1998; Breuza 
et al., 2004). In both situations, physiological or pharmacologically 

forced, most proteins and enzymes that were resident of the Golgi 
stacks, move to the ER and ERGIC compartments (Kemal et al., 2022).

Intracellular architecture of the Golgi apparatus: 
from neurons to NPCs

GA shows a polarized distribution in polarized cells, as beautifully 
shown in neurons, where it is found at the somatodendritic 
compartment while it is typically absent from the axon (Britt et al., 
2016; Koppers and Farías, 2021). In pyramidal neurons the GA 
extends in the apical dendrite; this extension is crucial for cell 
polarization, axon specification and dendrite growth and is dependent 
on Ube3a, a gene found to be mutated in Angelman syndrome (AS) 
(Condon et al., 2013), a neurodevelopmental disease associated with 
severe learning disabilities. KD of Ube3a in mouse model of AS has 
been reported to be linked to defects in synaptic development and 
plasticity. Ube3a is a ubiquitin ligase that can target GA specific 
proteins. Interestingly, it has been hypothesized that in cortical 
neurons of AS mouse model, the link between Ube3a and GA resides 
in the under-acidification of GA cisternae leading to reduced protein 
sialyation (Condon et al., 2013).

Dendrites also contain Golgi outposts (GO), that ensure local and 
activity dependent modifications of proteins and lipids far away from 
the cell body (Bowen et al., 2017).

In APs the Golgi complex displays a non-canonical organization 
as (i) it shows a strong sub-compartmentalization, as it is only present 
in the apical process and it is dynamically reorganized during 
interkinetic nuclear migration (INM) (ii) it is not pericentrosomal (iii) 
it shows stacks but lacks the ribbon-like structure typically found in 
mammalian cells (iv) the stacks are organized perpendicular to the 
apicobasal axis, with the TGN surface parallel to the basolateral 
PM. Interestingly, GA is reorganized upon AP to BP fate transition, 
and in BPs GA is both pericentrosomal and perinuclear and shows a 
typical ribbon-like structure (Taverna et  al., 2016; Taverna and 
Huttner, 2019) (Figure  2). These characteristics render the GA 
organization and re-organization quite unique and leave open several 
questions regarding the structure/function relation of such a peculiar 
architecture. We  here discuss salient points and mention relevant 
questions that are still open.

Mechanisms and dynamics of GA confinement in 
the apical process

The confinement of the GA to the apical process is of great interest 
in light of INM. INM is a process of nuclear movement that is cell 
cycle dependent: immediately after mitosis at the apical surface, an AP 
moves the nucleus from the apical to the basal side of the VZ during 
G1, undergoes S-phase at the basal most part of the VZ and then in 
G2 moves the nucleus back to the apical surface for a new round of 
mitosis. During all phases of the cell cycle the GA is apical to the 
nucleus, with a small portion localized close to it (Taverna et al., 2016; 
Xie et al., 2018; Brault et al., 2022). This dynamic organization poses 
two questions: which are the mechanisms that allow the apical 
confinement of the GA and which are the structural and functional 
effects of nucleokinesis on the GA. The apical confinement of the GA 
is maintained via the activity of PITPNA and PITPNB, two 
phosphatidylinositol 4-phosphate transfer proteins involved in the 
synthesis of PI4P on the Golgi membrane. The PI4P pool recruits 
GOLPH3 which serves as an adaptor to link the cisternae to the actin 
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cytoskeleton (Xie et al., 2018). As for the effect of nucleokinesis, live 
imaging experiments have shown that the GA in APs is stretched and 
elongated in G1, reaches it maximum apical-to-basal extension in S, 
and then it is compressed in G2, in concert with the basal-to-apical 
nuclear migration (Xie et  al., 2018; Passemard et  al., 2019). This 
accordion-like dynamics appears to be a peculiar feature of AP and 
they are intriguing in light of data linking mechanical forces applied 
on the GA to traffic from the GA (Guet et al., 2014). Indeed, since 
applying forces decreases vesicle budding from the GA, it would 
be interesting to understand if cycles of stretching and compression of 
the GA in AP in concert with the cell cycle result in a cell cycle 
dependent regulation of GA trafficking.

GA distribution and plasma membrane 
architecture

The confinement of the GA to the apical process has consequences 
for the organization and sub-compartmentalization of the basolateral 
plasma membrane of APs. By using single cell labeling combined with 
ConA and WGA (two lectins that specifically recognize ER- and 
GA-derived glycans) it was found that the basolateral plasma 
membrane of APs is subdivided in two domains that differ in their 
glycosylation state (Taverna et al., 2016). The apical process traversing 
the VZ contains both ER and GA-derived glycans while the basal 
process traversing SVZ and CP contains ER-derived glycans only. 
Interestingly, the glycans polarization appears to mirror the organelle 
polarization and asymmetry along the apico-basal axis of the cell 
(Taverna et al., 2016) (Figure 2). The interesting question is if and how 
the differential localization of the organelles and PM components 
could influence cellular identity. An intriguing possibility to explore 
is that the type of glycosylation impacts the activation and 
functionality of receptors, their delivery to the plasma membrane (or 
to specific sub compartments) and/or their signaling pathway, thus 
affecting cellular behavior and fate choice.

Intracellular architecture of fate transition
AP-to-BP fate transition closely resembles an epithelial to 

mesenchymal transition (EMT). As in EMT, the generation of a BP 
entails a deep reorganization of the intracellular compartments, in 
particular of the cilium/centrosome and of the GA. In newborn BPs 
before delamination, the cilium is re-positioned from an apical to a 
basolateral location (Wilsch-Bräuninger et al., 2012; Taverna and 
Huttner, 2019) (Figure  3). Interestingly, delamination is also 
paralleled by a reorganization of the GA, that became 
pericentrosomal (Taverna et al., 2016; Taverna and Huttner, 2019) 
(Figures  1, 3). It is not yet fully clear if this reorganization is a 
consequence of the fate transition, or if it can also be a cause driving 
fate transition. On the relation between traffic and fate specification, 
Brault and colleagues have demonstrated that post-Golgi traffic 
mediated by Rab6 is crucial for delamination and BP generation. 
The data show that interfering with Rab6 traffic increases the 
number of BPs, thus suggesting that traffic might directly influence 
fate (Brault et al., 2022).

GA and centrosome: a long-lasting friendship 
story

In mammalian cells the GA is physically and functionally 
associated with the centrosome (Sütterlin and Colanzi, 2010). Despite 
the tight relationship, the pericentriolar positioning of the GA doesn’t 

appear to be fundamental for the secretory function of the organelle, 
in fact, organisms such as Saccharomyces cerevisiae or Drosophila, 
whose GA is not close to the centrosome still retain the ability to 
process and transfer proteins through the secretory pathway (Sütterlin 
and Colanzi, 2010). What is then the functional relevance for such an 
association? This association appears to be crucial for ciliogenesis, cell 
polarization and cell migration. As for ciliogenesis, the loss of GA 
proteins IFT20 and Rab8 impairs cilia formation. Of note, in the 
context of neurogenesis it has been demonstrated that in a portion of 
progenitors the ciliary membrane is asymmetrically inherited from 
the mother cell (Paridaen et al., 2013). This observation implies that 
at least half of newborn NPCs should rely on de novo ciliogenesis, that 
might depend on GA traffic routes, as suggested for work on cells in 
culture (Wilsch-Bräuninger et  al., 2012; Witzgall, 2018; Diaz 
et al., 2020).

In general, APs offer an interesting paradigm regarding the 
centrosome/GA reciprocal regulation, as in interphase the GA and the 
centrosome are not physically associated (Taverna et al., 2016). The 
question arises as to whether they are still functionally associated, or 
if APs are lacking part of the regulation impinging on the GA/
centrosome axis (Sütterlin and Colanzi, 2010).

Function(s) of the Golgi apparatus

Golgi as secondary microtubule organizing 
center

The GA can nucleate microtubules, thus serving as 
non-centrosomal microtubule organizing centre (MTOC) 
(Yanagida et al., 2012; Gavilan et al., 2018). The GA-MTOC was 
shown to be relevant for directional protein transport (Zhu and 
Kaverina, 2013). For example, in Drosophila sensory neurons GA 
and Golgi outposts, have been observed to be  necessary for 
dendrite branching. Microtubules nucleating from GA are 
emanated in an anterograde direction providing a directionality 
to transport and trafficking (Ori-McKenney et al., 2012). MTOCs 
are of crucial importance in NPCs as they regulate and fine tune 
the architecture and function of the cytoskeleton, affecting 
spindle dynamics and orientation, and in turn fate choice. In APs 
the distance between the Golgi stacks and the basolateral PM is 
only few microns, it would therefore be interesting to understand 
if the GA in APs serves as MTOC, and is so, how the GA-MTOC 
affects the directionality and efficiency of traffic.

Golgi as a stress sensor
In the last fifteen years GA emerged for its own role in 

proteostasis; it was already known the ability of the ER to respond to 
stressors and act as a cell sensor, triggering a response to restore 
homeostasis. It is now becoming clear that also the GA, in addition 
to its several roles, can act as a sensor to changes in pH that may affect 
its integrity and secretory functions, as well as to increased or 
decreased fraction of mature glycans. GA fragmentation-inducing 
drugs, such as brefeldin A, golgicide A or monensin, trigger a stress 
response mediated by ARF4 and CREB3. CREB3 is a leucine zipper 
transcription factor that, upon activation through proteolytic 
cleavage, translocates from the Golgi membranes to the nucleus, 
where it activates its target pro-apoptotic genes. CREB3 pathway is 
only one of the three Golgi-associated stress pathways known, the 
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other two being TFE3 or HSP47 mediated. During stress responses 
TFE3 translocates to the nucleus, where it regulates, among others 
genes, glycosylation genes involved in sialylation and fucosylation 
(Sasaki et al., 2019; D’Souza et al., 2021). HSP47 pathway, identified 
by Miyata et  al. (2013) and Sasaki et  al. (2019), is activated by a 
different inducer of GA stress (BenzylGalNAc) which causes 
reduction of mucin-type glycosylation.

Recently, a fourth route that is triggered by increased or 
decreased proteoglycans capacity of the cell has been explored. 
Upon stress induced by the glycans themselves, GA starts a response 
ultimately leading to the activation of glycosylation enzymes for 
proteoglycans (Sasaki et  al., 2019). GA has also been found to 
respond to DNA HR repair (Galea et  al., 2022): in HeLa cells 
RAD51C, a regulatory HR protein, shuttles from the Golgi 
membranes to the perinuclear region following a DNA stress. 
RAD51 is linked to the golgin GM130, a multifunctional protein 
involved in GA structural maintenance. GM130 expression is under 
the control of TFE3 and was reported to be  defective in some 
neuromuscular syndromes present in concert with microcephaly 
(Dinter and Berger, 1998; Passemard et al., 2019).

GA as a central hub for glycosylation
Proteins and lipids traveling through the GA are modified via 

the addition of sugars, reflecting one of the main functions of the 
GA: glycosylation. Glycosylation is a post translational 
modification that is crucial for regulating proteins and lipids 

function for signaling and/or structural purposes. Integrins are an 
excellent example of N-glycans in neurodevelopment; integrins 
are receptors found on the cell surface that require the presence 
of N-linked oligosaccharides to form functional dimers. These 
proteins are involved in a plethora of functions, such as cell 
migration and polarization in NPCs (Taverna and Huttner, 2003). 
Pathological changes in glycosylation are present in several 
diseases, ranging from neurodevelopmental and neurological 
disorders, to autoimmune diseases and cancer (Chang et al., 2018; 
Reily et al., 2019; Linders et al., 2020; D’Souza et al., 2021).

Neurodevelopmental diseases associated 
with trafficking pathway defects

Golgipathies is a term used to define all the diseases 
associated with defects in the trafficking pathway, in particular 
of the Golgi apparatus. Over 40% of GA-related genes known to 
be associated with diseases show central and peripheral nervous 
system clinical manifestations (Jaeken and Matthijs, 2001; Freeze 
et  al., 2014, 2015) (see Table  1). This might be  due to the 
extensive use of the trafficking pathway in neurons and glia, 
where traffic is used for synaptic transmission, for receiving 
signals or even to form the myelin sheet. Furthermore, evidences 
suggest that aberrations in ER- and GA-dependent trafficking 
could contribute to the pathophysiology and progression of 

FIGURE 3

Localization of trafficking organelles in APs and BPs. Golgi apparatus (GA, pink) is formed by separate stacks localized in the apical process of APs and 
fragmented in mitotic AP, whereas in bRG and IPs it has a more canonical position and organization in the cell. Centrosome is represented in grey, RER 
in turquois and ciliary membrane is painted in purple.
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several neurodegenerative diseases, however, in this case it is not 
yet clear if the aberrations are a cause or a consequence of 
disease (Caracci et al., 2019).

Disease genes associated with GA structure, 
integrity and functional maintenance

The structural integrity of the GA and its organization in stacks 
are maintained thanks to proteins such as golgin-45, GM130 and 
Giantin, GRASPs and the small GTPases RABs, ARFs, ARLs and 
TRAPPs (see Table 1). The TRAPP complex activates RAB1 which in 
turn recruits golgins and GM130 at the cis-Golgi level, to ensure 
vesicle tethering; furthermore, TRAPPC9 is also involved in the 
association between COPII-coated vesicles and dynein for the 
movement of vesicles on the cytoskeleton. Loss of function mutations 
of TRAPPC9 have been identified in Autosomal recessive mental 
retardation 13 (MRT13), that shows as a clinical manifestation 
moderate to severe post-natal onset microcephaly (POM), thinning 
of the corpus callosum, a peculiar facial appearance, hypotonia and 
obesity (Mochida et al., 2009). TRAPPC12 mutations are associated 
with progressive childhood encephalopathy, progressive microcephaly 
and developmental defects. Another example is represented by 
Takenouchi-Kosaki syndrome, caused by mutations in the GTPase 
CDC42 which regulates bidirectional Golgi transport, cargo sorting 
and COPI formation; affected patients show a wide range of 
phenotypes, including ID, POM or congenital microcephaly (Rasika 
et al., 2018). Recent work showed the relevance of LGALS3BP in the 
generation and positioning of apical and basal NPCs (Kyrousi et al., 
2021). LGALS3BP a cancer biomarker, is a galectin 3 binding protein, 
a secreted protein that interacts in the extracellular matrix with 
integrins, fibronectins and other components. Such example provides 
further evidence that the trafficking pathway, of which the GA is one 
of the central players, can influence brain development in multiple 
ways, affecting cellular components such as receptors, as well as the 
extracellular milieu (i.e., ECM components and interacting factors, 
secreted signals, etc.). Of note, receptors and ECM components are 
typically highly glycosylated proteins, suggesting the possibility that 
the change in the glycosylation state of these components might 
be  one of the pathophysiological mechanisms underlying 
neurological manifestations.

Disease genes associated with the GA 
glycosylation machinery

Though several diseases have been found to be associated with GA 
secretory and trafficking properties, we’d like to focus on one specific 
group of rare diseases called congenital disorders of glycosylation 
(CDGs). CDGs are a group of rare diseases associated with defects in 
glycosylation and aberrations on the ER and GA-trafficking pathways 
leading to (Jaeken and Casaer, 1997; Matthijs et al., 1997; Jaeken and 
Matthijs, 2001; Grunewald, 2002; Freeze and Ng, 2011; Freeze et al., 
2015; Chang et al., 2018; Linders et al., 2020; Paprocka et al., 2021). 
CDGs are typically due to either mutations in ER and GA structural 
components or in ER and GA glycosylation enzymes. In the latter case 
traffic is indirectly affected most likely because of the activation of 
glycosylation quality check and/or because of defective protein folding 
(see also the section on UPR).

N-glycosylation associated CDGs, that are easier to identify, can 
be subdivided in Type I, caused by defects in the association of the first 
oligosaccharides to the lipid anchor at the level of the ER or in the 
cytoplasm; Type II CDGs are instead associated with defects at the 
level of the ER or Golgi in the glycosylation process or on the 
remodeling of N-glycans. Though CDGs affect usually different organs 
of the body, the most severe effects are quite often noticed in the 

TABLE 1 Trafficking-related structural proteins and enzymes found 
mutated in neurodevelopmental disorders.

Protein Clinical 
manifestations

References

Structural proteins

TRAPPC9
Autosomal recessive mental 
retardation MRT13 Mir et al. (2009)

TRAPPC12 Progressive childhood 
encephalopaty Milev et al. (2017)

TRAPPC6B

Neurodevelopmental disorder 
with microcephaly, epilepsy 
and autistic features

Marin-Valencia et al. 
(2018)

CDC42 Takenouchi-Kosaki syndrome Flynn et al. (2021)

LGALS3BP Defects in neurodevelopment 
in de novo mutations Kyrousi et al. (2021)

GM130 Neuromuscular syndrome 
with microcephaly Shamseldin et al. (2016)

RABs

Several cancer types, Charcot 
Marie Tooth syndrome, 
Warburg micro syndrome Banworth and Li (2018)

VPS13B Cohen syndrome Seifert et al. (2011)

ARF1 Brain abnormality Ge et al. (2016)

ARF(3) De novo mutation with 
developmental delay, epilepsy 
and brain abnormalities Sakamoto et al. (2021)

ARFGEF Autosomal recessive 
periventricular heterotropia 
with microcephaly Xu et al. (2022)

COG complex

CDGII, mild to severe 
neurological impairment, 
microcephaly, mental 
retardation, cerebellar 
atrophy, hypotonia Climer et al. (2015)

Enzymes

DPM2 CDG I, muscular dystrophy-
dystroglycanopathy syndrome Barone et al. (2012)

ALG1 CDG I, with broad clinical 
spectrum of 
neurodevelopmental disease

Ng et al. (2016)

ALG3

CDG I, severe developmental 
delay, epilepsy, cortical 
atrophy cerebellar vermis 
hypoplasia and ocular 
impairment Farolfi et al. (2021)

ALG11 CDG I, neurodevelopmental 
defects, psycomotor 
disabilities and epilepsy Haanpää et al. (2019)

SLC35A CDG II, with severe ID and 
POM Ng et al. (2013)

POMT1, POMT2 O-mannose disorders, 
Walker-Warburg syndrome

Vajsar and Schachter 
(2006)
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central nervous system at birth, probably because of the relevance of 
trafficking in neurodevelopment. This observation might not come to 
a surprise, as both neurons and progenitors are highly polarized cells, 
relying on heavy supply of membrane components, a feature that can 
make them particularly sensitive to any perturbation of the 
secretory pathway.

Severe congenital malformations associated with CDGs include 
microcephaly, macrocephaly, ventriculomegaly/hydrocephalus, 
myelination disorders, corpus callosum anomalies and brain atrophy 
(Paprocka et al., 2021) (see Table 1). On the contrary O-linked CDGs, 
conditions that affect secreted protein, are often associated with 
neuronal migration defects, as illustrated by muscular dystrophy-
dystroglycanopathy (MDDG) syndrome (Nguyen et al., 2013). This 
could suggest that neuronal migration is dependent on accurate 
extracellular matrix deposition; on the other hand, plasma membrane-
bound glycans seem to affect intrinsic transcriptional programs, 
thereby influencing cell identity probably because most membrane 
glycans are receptors involved in signaling pathways.

Indeed, defects on structural proteins of the ER or of the GA 
impair the whole trafficking pathway, resulting in aberrations in how 
and where enzymes are partitioned. Yet another way to perturb the 
glycosylation process is through alteration of the sugar supply or 
directly of the enzymes involved in glycosylation. Biosynthesis of 
N-glycans starts in the ER, where the family of ALG enzymes 
sequentially add sugar moieties to dolichol phosphate (Dol-P). Dol-P 
is synthesized from GDP-Mannose by the multi subunit complex 
DPM (Dol-P-Man) (Lauc and Trbojević-Akmačić, 2021). Consistently, 
microcephaly and neurodevelopmental defects are also present in 
CDG patients with mutations on DPM2, ALG11, SLC35A, ALG1 and 
ALG3. SLC35A2 belongs to the SLC35A family of sugar transporters 
and mutations in the X-linked UDP-galactose transporter gene leads 
to CDGs as they cause defective galactosylation of glycoconjugates in 
GA (Quelhas et  al., 2021). ALG1, 3 and 11 enzymes are a b1,4 
mannosyltransferase, a1,3 mannosyltransferase and an asparagine 
linked glycosylation protein 11 respectively, and as mentioned they 
are involved in the glycosylation process at the ER level (Rasika et al., 
2018; Paprocka et al., 2021).

Along the glycosylation pathway, N-glycans are first transferred 
to the Asn residue of a protein by OST (oligosaccharyl-transferase) 
and then enter the GA, where further remodeling of the sugar chain 
is operated by mannosidase and/or fucosyltransferases (i.e., FUT). For 
example, mutations in the MGAT2 gene, that encodes for an 
acetylglucosaminyltransferase, is associated in CDG type II with 
neurological defects and hydrocephalus (Rasika et  al., 2018). 
Cerebellar defects are instead observed related to mutations to another 
GA enzyme, INPP5E (Rasika et al., 2018). Ng et al. (2018) described 
three unrelated children with FUT8 mutations associated with growth 
and developmental retardation, neurological impairments and 
respiratory complications among the clinical manifestations.

At the level of GA complex-type glycans are formed. N-glycans 
can undergo further modification via addition of fucose, sialic acid, 
sulfate residues that increase the glycans’ complexity (Lauc and 
Trbojević-Akmačić, 2021). Thus, disrupting GA at the structural or 
functional level can lead to several different outcomes that translate in 
different clinical manifestations of CDG.

Alternatively, the O-glycosylation pathway can happen in the GA, 
through a different set of glycosyltransferases (i.e., POMT1,2) (Vajsar 

and Schachter, 2006) that allows the addition of sugars to the serine 
or threonine of molecules that are mainly destined to the extracellular 
environment. POMT1 and POMT2 mutations have been observed in 
patients with muscular dystrophy and intellectual disability. The 
number of congenital disorders with neurological manifestations 
classified as CDGs is steadily increasing in the last years, clearly 
highlighting the relevant connections between the homeostasis of 
trafficking pathway and neurodevelopment. Of note, a precise 
mechanistic explanation of how traffic and associated glycosylation 
affect neural stem cell behavior and in turn brain development is 
still lacking.

We think this class of diseases will provide an excellent 
opportunity for researchers to dig further into the deep secrets of the 
trafficking and Golgi dynamics in neurons and in neural progenitors 
where the journey of the nervous system development starts.

Concluding remarks

In this review we summarize what is known up to date about 
the role of trafficking and in particular of Golgi apparatus in 
neurodevelopment. First of all, we  summarized the basics of 
neurodevelopment, introducing the relevant cell types that 
concur in defining the neocortex in mammals. Lot of work has 
been done in unraveling the pathways underlying trafficking in 
neurons, but lot has still to be  done in the context of neural 
progenitors and neurodevelopment. There is no doubt that 
research done on neurons provide a helpful access route to 
studies on NPCs, in particular on apical progenitors, as they 
(very much like neurons) are a case of extreme subcellular and 
architectural polarization and asymmetry. A question still left 
unanswered is the (possible) relation between cell identity and 
the Golgi complex, along with GA-dependent glycosylation, in 
light of the peculiarities of GA organization, localization and 
dynamics in APs. The occurrence of diseases, such as CDGs, 
where alterations in glycosylation are paralleled by strong 
neurodevelopmental manifestations, provide a real-life example 
of the functional link between the trafficking and glycosylation 
machinery and neurodevelopment. By leveraging CDG’s genetics 
researchers might hope to unravel the basic principles linking 
sugar modifications with NPC behavior and brain development 
in health and disease. The existence of a second route for protein 
and lipid glycosylation, could direct future research to unravel 
yet unknown functions of trafficking organelles in different 
processes, including regulation of cell polarity cues in the context 
of neurodevelopment.

In a broader perspective, given that the heterogeneity and 
specificity of the sugar components of the added oligosaccharide chain 
make glycosylation highly combinatorial, it would be interesting to 
understand if a sugar-code exists, and if so, how it is exploited during 
brain development and evolution to affect and influence fate choice 
and cell identity. In this context is worth remembering that also lipids 
can be  glycosylated, further increasing the level of complexity 
potentially reached by the sugar-code. A relevant step in this direction 
has been recently made by Lee et  al. (2020) by showing that the 
glycome signature diverge spatially and temporally in mouse and 
human brain samples.
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The advent of new techniques for lineage tracing and glycan 
analysis, along with the possibility to tightly control cell polarity and 
microenvironment using microfabrication, will certainly increase 
access and interest to this research field. At the same time, when 
considering pathological conditions, the possibility to use patient 
derived iPSC to grow brain organoids and organs on chip, will help 
recapitulating in vitro what happens in vivo, opening new avenues in 
our understanding of physiological processes and opening up, in 
future, to therapeutical interventions.
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