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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease is a neurodegenerative disease mainly characterized by cortico-neuronal atrophy, impaired
Alzheimer memory and other cognitive declines. On the other hand, schizophrenia is a neuro-developmental disorder with
Schizophrenia an overtly active central nervous system pruning system resulting into abrupt connections with common
BACE1 . . . . s .
N lin 1 symptoms including disorganised thoughts, hallucination and delusion. Nevertheless, the fronto-temporal
euregulin . . . N

8 anomaly presents itself as a common denominator for the two pathologies. There is even a strong presump-
PAPP . - . . . . . . .
Psychosis tion of increased risk of developing co-morbid dementia for schizophrenic individuals and psychosis for Alz-

heimer’s disease patients, overall leading to a further deteriorated quality of life. However, convincing proofs of
how these two disorders, although very distant from each other when considering their aetiology, develop
coexisting symptoms is yet to be resolved. At the molecular level, the two primarily neuronal proteins f-amyloid
precursor protein and neuregulin 1 have been considered in this relevant context, although the conclusions are
for the moment only hypotheses. In order to propose a model for explaining the psychotic schizophrenia-like
symptoms that sometimes accompany AD-associated dementia, this review projects out on the similar sensi-

tivity shared by these two proteins regarding their metabolism by the p-site APP cleaving enzyme 1.

1. Introduction

Neurodegenerative diseases and mental disorders attack rates are
growing sharply all over the world and the estimated risk of health
hazards and the subsequent economical burden are going to be huge in
no time. Thus, sufficient preventives and proper therapeutics are strong
demands of the running century. Dementia is one of the very common
symptoms among different neural and neuropsychiatric disorders. Alz-
heimer’s disease (AD) is a leading neurodegenerative disease associated
with severe dementia, memory loss and neurobehavioral problems
(Zhao et al., 2016). However, schizophrenia, is too a frequently diag-
nosed neuro-psychiatric disorder and these two disorders often coexist.
Dementia-like symptoms at late phase of schizophrenia have been re-
ported since long (Prohovnik et al., 1993) and this coincidence was
evident even in absence of organic factors aiding in dementia directly
(de Vries et al., 2001). In 1999, schizophrenia was claimed to be a
“dementia praecox” to include all aspects of cognition impairment in
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this brain disorder (Adityanjee et al., 1999).

In the first decade of the twentieth century, while AD was being
modelled by the German psychiatrist and neuropathologist Alois Alz-
heimer in 1906 on the basis of the presenting symptoms and silver
stained brain tissue of his first patient (Alzheimer, 1906; Shakir and
Dugger, 2022), memory decrement in schizophrenia individuals was
reported in 1908 by the Swiss psychiatrist Eugen Bleuler (Bleuler, 1908;
Hany et al., 2022). He explained this symptom of dementia as “Organic
psychosyndrome” (Bondi et al., 2017). Later on, in the mid-20th cen-
tury, the Diagnostic and Statistical Manual of Mental Disorders, Second
Edition (DSM-2) combined the features and categorized it as “Organic
brain syndrome” (Bondi et al., 2017). However, the apparent simplistic
grouping was further criticized (Fox, 1983) and, in fact, the classifica-
tion of the disorders is still in the process of reformation (Laughren,
2011; Simpson, 2014). With the advent of DSM-5, the specifications
were stringently made, yet an underlying gap remains to be (Lacasse,
2014; Nemeroff et al., 2013).
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According to DSM-5, AD falls under the umbrella of Major Neuro-
cognitive Disorder while schizophrenia belongs to the Schizophrenia
Spectrum Disorder group (American Psychiatric Association 2013;
Sachdev et al., 2015). However, it is a fact that chances of developing AD
pathology in elderly schizophrenia and the chances of psychosis during
the course of AD are not exceptional, rather very obvious. Different
approaches have been adopted to resolve this paradox. Evidences for
common genetic mediators of variable penetrance, heritability and fa-
miliarity between them have been frequently suggested (Creese et al.,
2019; DeMichele-Sweet et al., 2018). Here, we propose, in spite of
appreciating the substantial contributions of genes, to focus on the
symptomatic manifestation of the disorders and then adopted a top
down view on what may be considered significant in term of patho-
physiology at the molecular level, rather than looking into the genetic
makeover of these diseases.

2. The occurrence of schizophrenic-like symptoms in AD and
AD-related alteration in schizophrenia

Based on the diagnostic criteria outlined by the 10th revision of the
International Statistical Classification of Diseases and Related Health
Problems (ICD-10) and DSM-5, schizophrenia and AD are completely
different neurobiological disorders residing at opposite poles. Schizo-
phrenic patients suffer from disorganized thoughts, psychosis, social
withdrawal and most of them present the symptoms in adolescence or
young adulthood. The psychosis in schizophrenia refers to auditory
hallucination and delusion of one’s insecurity or vulnerability of getting
harmed by others. AD starts penetrating much later in life (after 65 if
sporadic). The initial symptoms of AD starts with declarative memory
loss, working memory inefficiencies and gradually lead to wider range of
memory loss and several domain of cognitive impairment (Jahn, 2013).

Nevertheless, as originally reported as early as 1998 (Gormley and
Rizwan, 1998), a subgroup of AD patients do exhibit behavioural ab-
normalities, also known as behavioural and psychological symptoms of
dementia (BPSD) (Lanctot et al., 2017) that are very similar to schizo-
phrenia symptoms (Gaser et al., 2004; Plaze et al., 2011). However, the
psychotic symptoms are mostly observed as apathy, visual hallucination
and specific forms of delusions, (delusion of persecution or abandon-
ment) (Koppel et al., 2014; Ropacki and Jeste, 2005; Zhao et al., 2016).
Often, the severity is so high that it was proposed to consider the psy-
chotic symptoms of AD as a separate endophenotype (Jeste and Finkel,
2000). In spite of different magnitude of frequency and severity of BPSD,
psychosis and apathy were found to be common in AD (Lanctot et al.,
2017), more especially in late onset form of the disease (Ferreira et al.,
2018). In a three-year longitudinal study, it has been shown that the
severities of hallucination and or delusion increase along with sharp fall
in cognitive functions necessitating institutionalization (Connors et al.,
2018) and that these symptoms are strongly correlated to the level of
cognitive impairment (Fuller et al., 2020). This psychotic problem of AD
is also as heritable as the disease itself (DeMichele-Sweet and Sweet,
2010). An in-depth review work involving fifty five studies from 1990 to
2003 also affirmed the presence of psychotic symptoms like delusion
(36%) and hallucination (18%) among AD patients (Ropacki and Jeste,
2005). However, it was also reflected from the same study that the
incidence of psychosis was gradually increased within the first three
years of observation, after which it seemed to be consistent without any
further increase. The psychotic symptoms on an average lasted for
several months, but the severity was less following one year.

Importantly, psychotic AD patients (AD+P) showed reduced accu-
racy in rapid visual performance and lack of adequate identification skill
as compared to non-psychotic AD (Reeves et al., 2015). In a comparative
analysis on the severity in neuro-psychiatric symptoms among AD+P,
Lewy body dementia and late onset schizophrenia, the AD+P group was
found to be placed at the middle and was affected by higher delusions,
reduced learning and consolidation (Van Assche et al., 2019).

Similarly, with a close resemblance to AD, schizophrenic patients do
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show cognitive decline and executive dysfunction (Seidman and Mirsky,
2017). An exhaustive study from South Korea found that prevalence of
dementia was higher in schizophrenic individuals than in control pa-
tients (Ku et al., 2016). In this national study carried out between 2010
and 2013 and involving a large cohort of more than 275,000 individuals,
out of which 26591 were diagnosed with schizophrenia, they projected
that the chance of getting dementia among schizophrenic to
non-schizophrenic was 4.7 odds. In addition, an eighteen-year follow up
study on 20683 individuals from six nationwide registers of Denmark
reached to the similar conclusion (Ribe et al., 2015). They found almost
three-time higher risk of developing dementia among the schizophrenic
patients than their non-schizophrenic controls. Another three years
down the line, a meta-analytic report (5,063,316 participants and 206,
694 schizophrenic cases) suggested the same notion of increased risk of
dementia in the schizophrenic patients (Cai and Huang, 2018).

At the molecular level, it has been shown 25 years ago, at a time
when it was thought that schizophrenic patients were less prone to
develop AD, that haloperidol, a classical antipsychotic given as a first
line medicine for schizophrenia, could reduce Af in cultured cells
(Higaki et al., 1997). In addition, Ap level was found to be associated
with more severe psychotic symptoms (Goukasian et al., 2019). It was
also proposed that neuro-stimulation could be an effective intervention
to reduce the risk of developing AD in schizophrenic individuals (Sfera,
2013). Moreover, high anti-cholinergic burden was suggested to be a
risk factor for developing AD-like dementia in advanced stage of
schizophrenia (Tsoutsoulas et al., 2017). Finally, while impaired adult
neurogenesis appears as an early event in transgenic mouse models of
AD (Unger et al.,, 2016), an aberrant neurogenesis during critical
post-natal developmental periods leads to the manifestation of
schizophrenia-like symptoms (Sheu et al., 2019). Therefore, the devel-
opmental consequences during childhood and the geriatric changes
taking place at the old age may be the possible manifestations of similar
deficits at different time points. On the backdrop of these facts and
figures, it is necessary to consider AD and schizophrenia common
neuropathological roots. In this context, BACE1-dependent Ap pathol-
ogy is central to AD and the BACE1-neuregulin-ErbB axis is involved in
schizophrenia. In order to model a concept linking both diseases, we
thus focussed on the BACE1-dependent processing of both the -amyloid
precursor protein (BAPP) and neuregulin 1 (Nrgl) in a way to under-
stand their possible substantial and complementary implications in the
concomitant manifestation of “classical” memory impairment and the
more intriguing schizophrenia-like psychosis during the time course of
AD.

3. The p-amyloid precursor protein and neuregulin 1 share a
common sensitivity to secretases

3.1. The p-amyloid precursor protein (fAPP)

ADAM10, BACE1 and the heterotetrameric y-secretase complex are
the three main proteases involved in PAPP processing (Fig. 1). However,
in addition to BAPP, there exists a large and constantly growing number
of membrane proteins identified as ADAM10 (>50) (Vincent and Che-
cler, 2012), BACE1 (>20) (Barao et al., 2016) and y-secretase (>150)
(Giiner and Lichtenthaler, 2020) substrates.

The BAPP type-I transmembrane glycoprotein is involved in many
important processes during neuronal development (Cho et al., 2022).
However, in the context of AD, it is crystal clear that the p-site amyloi-
dogenic processing of BAPP by BACEI1 is the rate-limiting step for Af
generation that ultimately leads to the formation of one main hallmark
of AD, the senile plaque (Luo et al., 2001). Nevertheless, there exists an
alternate, concomitant, competitive and major non amyloidogenic
processing of BAPP carried out by the a-secretase ADAM10 cleavage,
which, beyond its ability to prevent the production of Af, provides a
neuroprotective environment thanks to the secreted metabolite sSAPPa
(Mockett et al., 2017). Back to the amyloidogenic processing of BAPP,



B. Vincent and S. Maitra Ageing Research Reviews 89 (2023) 101988

Nrg1-mediated BAPP-mediated

Hypofunctioning of Behavioural and psychological =
NMDA receptors symptoms of dementia (BPSD A D WI t h

psychosis

(Excessive NRG/ErbB signaling) a——

"forward” | >
* signaling/ \
| |

\ learning and memory

€= ADAM17
A I y Apoptosis
Paracrine Neurotoxicity,
C-peptide N f .
| ; i ABgz
- ) I Ue=BACE1 ; ‘
D N b - | |
£ T BACET is ,
SPPL2a/2b “,L{' ) .~ L # inAD o W %
a %/ S f<e=BACE1 Y- /G
o Bng: : A ok S -
{ A . 'y-secretase
\ ¢t ‘ \ \ ./Z&
| / Nrg1 NTF’ Nrg1 NTF v 1 Ay
f Nrg1 N-CD, P ' ' c ‘ IR
A y ’ \ I
e (o] e
27? ’, N
LA C99 / \
Nrg1- , I Type lll . P ot
| ¢ R pro Nrg1 \ learning and memory |
"back” or ' 7sites Iﬂ I ’ o ) Synaptic alteration
“retrograde” =Sk . Psychosis in LOAD is @ @ \
signaling to — v ; associated with NRG1 AICD
lhelneles 3 , polymorphism Cholinergic dysfunction ke
g eseleg .
% g . CEDTED
A plasma of AD patients Y H :
‘ NIGEETGR Nrg1 is associated with Mitochondrial dysfunction Tau phosphorylation

*\\_Nr91 ¢-cp neuritic plaques in AD brain

\\ neurogenesis

Fig. 1. Schematic representation of the possible dual implication of BACE1 in AD through the processing of both APP and Nrgl. On the one hand, BACEL is the first
of a series of cleavages of the type 1 transmembrane PAPP ultimately leading to Ap generation (light blue background, right side of the figure). Indeed, BACE1 is
directly producing C99 that conveys a certain number of harmful events and is thereby initiating the two-step process (which then requires the cleavage of C99 by
y-secretase) engendering the AICD and AP metabolites, both fragments also promoting the occurrence of deleterious effects. On the other hand, BACE1 is a major
player in the metabolism of Type III Nrgl (light orange background, left side of the figure). Thus, it first cleaves the polytopic pro Nrgl type III transmembrane
protein to release the EGF-like domain, therefore able to transduce ErbB4-mediated signals in a juxtacrine manner. In a second time, BACE1 will increase the field of
action of the EGF domain by dissociating it from the NTFf fragment and thus allowing it to act remotely in a paracrine fashion. Ultimately, BACE1 is therefore
regulating Nrgl-ErbB4 signaling to monitor the activity of NMDA receptors. In parallel and as is also the case vis-a-vis BAPP, BACE1 initiates a cascade of proteolytic
events leading to the intracellular production of Nrgl C-ICD capable of transcriptional regulation of certain genes. Because BACE1 activity is obviously increased in
AD, BAPP and Nrgl metabolism will be amplified, thereby exacerbating C99-, Ap-, AICD- and EGF-like domain of Nrgl-mediated effects. Particularly concerning
Nrgl, the overproduction of sEGF and the subsequent hyper activation of the Nrgl/ErbB4 signaling are supposed to both trigger an excessive hypo functioning of
NMDARs putatively responsible for BPSD and to theoretically alter learning and memory. In summary, high BACE1-dependent processing of Nrgl (orange arrow)
may account for the psychotic schizophrenic-like symptoms sometimes accompanying the classical BAPP-driven cognitive decay (blue arrow) observed during the
time course of AD.

the BACE1 cleavage gives rise to the production of the secreted sAPPB
product with properties not yet clearly established, as well as the C99
C-terminal fragment (CTF) that triggers a series of deleterious processes
more and more suspected to be at the origin of the early (even before Af
is overproduced) pathological events of AD (Lauritzen et al., 2019;
Vaillant-Beuchot et al., 2021). Finally and interestingly, although both
a-derived (C83) and p-generated (C99) PAPP CTF are subjected to pro-
teolysis by y-secretase to produce a similar AICD product, the fate of
which is different depending on the pathway considered. Thus, since it is
suggested to be rapidly degraded by the proteasome and
insulin-degrading enzyme (IDE) in the non amyloidogenic pathway
(Flammang et al., 2012; Goodger et al., 2009), AICD is stabilized by
adaptors in the amyloidogenic route of production and can therefore
migrate to the nucleus to transcriptionally regulate some genes with a
globally deleterious effect (Bukhari et al., 2017).

In summary, any increase in the activity of BACEL is expected to be

triply deleterious with regard to BAPP processing since it directly (C99)
or indirectly (AB42 and AICD) increases the production of three harmful
BAPP-derived metabolites (Fig. 1, right panel).

3.2. Neuregulin 1 (Nrgl)

Neuregulins (Nrgs) belong to the epidermal growth factor (EGF)
family of extracellular ligands and have gained much attention for their
role in myelination, synapse formation, plasticity, migration and
neuronal growth via their binding to the ErbB class of receptor tyrosine
kinases (Mei and Nave, 2014). In mammals, the neuregulin family
members are the products of 4 distinct genes NRG1, NRG2, NRG3 and
NRG4 with NRG1-3 being expressed in the central nervous system
(CNS). Nrgl is by far the most studied neuregulin due to its numerous
pivotal roles in the CNS and its implication in neurodevelopmental and
neurodegenerative disorders (Mei and Nave, 2014; Ou et al., 2021; Shi
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and Bergson, 2020). Thus, under physiological conditions, Nrgl plays
important roles in the CNS first by controlling several key processes
occurring during development such as the promotion of synapse matu-
ration and function (Li et al., 2007; Ting et al., 2011), the assembly of
neural circuitry (Fazzari et al., 2010; Ozaki et al., 1997) and myelination
(Willem et al., 2006). Later on in the adult brain, Nrgl is implicated in
the control of several neurotransmitters including dopamine (Kwon
et al., 2008) and GABA (Woo et al., 2007) as well as in myelin repair
(Stassart et al., 2013) and synaptic plasticity (Jiang et al., 2013).

Nrgl exists as six different isoforms (type I to type VI) deriving from
alternative splicing of the NRG1 gene. On a structural point of view, all
Nrgl isoforms are single pass transmembrane proteins except type III
that has a cysteine-rich hydrophobic domain in place of an Ig-like
domain and therefore possesses an additional transmembrane region.

Because type III is the predominant Nrg1 isoform in the human brain
(Liu et al., 2011), given its important contribution in the control of
hippocampal glutamatergic transmission (Zhong et al., 2017) and syn-
aptic plasticity (Agarwal et al., 2014) and considering its particular to-
pology requiring twice the intervention of BACE1 to fully release the
EGF domain, we have decided to focus exclusively on this isoform in the
context of this review.

Initially anchored to the plasma membrane through two trans-
membrane segments as a pro-protein, type III Nrgl will undergo several
proteolytic attacks allowing the EGF-like ectodomain to bind to the ErbB
family of receptors and to initiate signaling cascades involved in several
important brain functions. The first cleavage occurs between the EGF-
like domain and the C-terminal transmembrane segment and is mainly
carried out by BACE1 (Fleck et al., 2013; Hu et al., 2006; Luo et al.,
2011; Willem et al., 2006) to give rise to the production of Nrgl-NTFp
and Nrgl-CTFp (Fig. 1, left panel), in opposition to the NTFa and CTF«
fragments derived from the processing of Nrgl by some members of the
ADAM family of protease (ADAM10, ADAM17 and ADAM19) at slightly
different sites (Horiuchi et al., 2005; Luo et al., 2011; Willem et al.,
2006) (not shown). Of note, the involvement of ADAM10 in this process
has been questioned (Freese et al., 2009). At this stage, Nrgl-NTFp can
only operate in a juxtacrine manner (requiring cell-cell contact) since
the EGF-like domain is retained at the plasma membrane by the
cysteine-rich transmembrane domain. In order to release soluble
EGF-like domain (sEGF) able to fulfill paracrine functions, additional
cuts are made by ADAM17 and BACEL1 in two distinct places (Fig. 1, left
panel) (Fleck et al., 2013). sEGF will then transduce some intracellular
signals via its binding to the ErbB4 receptor resulting in the regulation of
inhibitory local neural circuit processes (Shi and Bergson, 2020).

Importantly, the two sequential here above described extracellular
proteolytic events both stimulate the intramembranous processing of the
membrane-bound stubs that they themselves engendered (Nrgl CTEp
and Nrgl NTF’ respectively) by intramembrane cleaving proteases (I-
CLiPs). The identity of the proteases involved (y-secretase for Nrgl CTFp
and SPPL2a/2b for Nrgl NTF’ (Fleck et al., 2016)) as well as the
demonstration of functional roles of the y-secretase-derived C-ICD
product in the transcriptional regulation of some genes expression (Bao
etal., 2004; Bao et al., 2003), undoubtedly consisted of a step forward in
our comprehension of the fine mechanisms regulating the physiology of
this protein.

4. Neuregulin 1 is functionally linked with both schizophrenia
and Alzheimer’s disease

4.1. Nrgl in schizophrenia

4.1.1. Genetic

The Nrgl gene (NRG1) located on human chromosome 8 was iden-
tified as the first gene to be linked with schizophrenia and has been
considered a candidate gene for the disease for now more than 20 years
(Mostaid et al., 2016, for review). Thus, following genome wide genetic
linkage analyses that have identified chromosomes 8p as a susceptibility
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loci for schizophrenia (Gurling et al., 2001; Kendler et al., 1996; Pulver
et al., 1995), extensive fine-mapping of this locus in an Icelandic pop-
ulation and haplotype-association analysis, supplemented by a trans-
mission/disequilibrium test, identified NRG1 as a candidate gene for this
brain disorder, with the single nucleotide polymorphism (SNP)
SNP8NRG221533 giving the best association score (Stefansson et al.,
2002). Subsequently, several studies carried out on various populations
have confirmed this fact (Stefansson et al., 2003; Williams et al., 2003;
Yang et al., 2003a, 2003b). To date, a significant number of SNPs (>80)
located in either the coding or the non coding regions of NRG1 have
been associated with schizophrenia (Mostaid et al., 2016). Among them,
a valine to leucine substitution at position 322 of exon 11 of NRGI
(rs74942016) is located at the C-terminal end of the Nrgl type III
trans-membrane domain (Walss-Bass et al., 2006), close to the y-secre-
tase-dependent ¢ cleavage site (Fleck et al., 2016).

4.1.2. Expression

Despite the high genetic polymorphism associated with schizo-
phrenia, how genetic variation in NRGI impacts the disease suscepti-
bility long remained elusive mostly because the SNPs associated with
schizophrenia are in their vast majority noncoding elements. In this
context of uncertainty, a slight increase in the mRNA levels of type-1
Nrgl isoform (23%) has been observed in the post mortem dorsolat-
eral prefrontal cortex (PFC) of schizophrenic patients (Hashimoto et al.,
2004). Subsequently, this initial tendency has been supported by the
demonstration that the SNPs that localized to the 5’ region of NRG1 up
regulate Nrgl expression, as shown by a 34% increase in Nrgl mRNA
levels in the hippocampus of schizophrenic individuals (Law et al.,
2006). In addition, an investigation of the effect of the disease on Nrg1 at
the protein level has reported an increase in the amounts of Nrg1-ICD by
20% in the cytoplasmic fraction of the PFC of schizophrenic subjects
(Chong et al., 2008). At that time, whether these observations were truly
a reflection of an increase in the expression of Nrgl or simply reflected
an increase in the cleavage of the protein by y-secretase remained un-
clear. The development of transgenic mice overexpressing Nrgl made it
possible to decide on this question and to establish that schizophrenia
and an increase in the protein levels of Nrgl were intimately associated.
Thus, inducible over-expression of Type I Nrgl (Yin et al., 2013),
neuronal-specific overexpression of Type IV Nrgl (Papaleo et al., 2016)
and forebrain-driven overexpression of Type III Nrgl (Olaya et al., 2018)
all display schizophrenia-like behaviors.

4.1.3. Mechanisms

The molecular mechanisms through which Nrgl is promoting
schizophrenia most likely rely on an excessive Nrgl-EGF-like domain/
ErbB4 interaction and signalling at the post-synaptic level (for review
see (Banerjee et al., 2010)). This is primarily supported by the fact that,
in addition to the observed increase in Nrgl expression in schizophrenic
subjects (Chong et al., 2008; Hashimoto et al., 2004; Law et al., 2006)
theoretically leading to an enhanced production of sEGF, ErbB4 protein
levels is also boosted (~30%) in the PFC of schizophrenic patients
(Chong et al., 2008). Furthermore, a marked augmentation of
Nrgl-induced activation of ErbB4, together with a significant increase in
ErbB4/PSD-95 interactions in the PFC of schizophrenic patients has
been reported, thus suggesting that an aberrant NRG1 signaling may
contribute to N-methyl-D-aspartate (NMDA) hypo function in schizo-
phrenia (Hahn et al., 2006). Concomitantly, Nrgl/ErbB4 interaction has
been shown to heighten the susceptibility to schizophrenia (Norton
et al., 2006). The additional observation that the Nrgl/ErbB4 pathway
lessens the Src-dependent up-regulation of the NMDA receptors
(NMDARs) interestingly further goes in favor of a deleterious and
schizophrenia-promoting Nrgl/ErbB4-dependent hyper hypo activation
of the glutamatergic transmission (Pitcher et al., 2011). Moreover, in-
hibition of the Nrgl/ErbB4-mediated PI3K/Akt signaling pathways has
been identified as a possible therapeutic target for the treatment of
schizophrenia (Law et al., 2012).
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4.1.4. BACEI-dependent Nrgl processing and schizophrenia

The probable implication of the BACEl-dependent processing of
Nrgl on the development of schizophrenia comes from several inde-
pendent observations. At first glance and in a very factual way, BACE1 is
involved twice in the metabolism of type III Nrgl, a first time to produce
the NTFp and CTFp fragments and a second time to release the EGF-like
domain in the extracellular medium and allow it to act in a paracrine
manner (Fig. 1). Therefore, BACEL1 is preponderantly responsible for the
production of sEGF, which binding to its ErbB4 receptor is tightly
associated with schizophrenia.

It also appeared that a drastic modification of BACE1 levels in any
direction (invalidation or overexpression) initiates the symptoms of
schizophrenia. Thus, while BACE1 knockout and the consequent sup-
pression of Nrgl signalling was shown to impart schizophrenia-like
phenotypes in mice by affecting the BACE1/Nrgl/ErbB4/PSD-95 sig-
nalling cascade (Hu et al., 2016 for review, Savonenko et al., 2008),
abnormally high Nrgl signalling also raised schizophrenia-like symp-
toms in transgenic mice overexpressing either full length Nrgl (Olaya
et al., 2018) or the BACE1-derived NTFf fragment (Luo et al., 2014). In
line with this, enhanced BACE1 catalytic activity was found in the
plasma of schizophrenic patients when compared to control subjects and
was correlated with the disease severity and duration (Zhang et al.,
2019). Also going in the same direction, a preliminary study carried out
on a relatively low number of post mortem samples (6) has detected a
higher production of Nrgl-NTFp in the PFC but not in the hippocampus
of schizophrenic individuals (Marballi et al., 2012). Finally, a
case-control study performed with 50 patients with schizophrenia and
50 healthy controls has reported an up-regulation of BACE1 gene
expression in the blood of schizophrenic subjects, this increment being
more pronounced in male (Nafisi-Far et al., 2018). Taken together, these
data, although requiring confirmation on a larger number of cases, make
it possible to reasonably postulate that an increase in the activity of
BACE], the cause of which remains unknown to date, could contribute
to the development of schizophrenia.

4.2. Nrgl in AD

4.2.1. Genetic

Besides the ample number of evidences suggesting a plausible role of
the Nrgl-ErbB4 axis in schizophrenia, there are also countable reports
on its effect on AD pathology. Nevertheless, the genetic link between
Nrgl and AD is much less than that established with respect to schizo-
phrenia. Indeed, a study reported the existence of one SNP within NRG1
showing a significant association with late onset AD+P (LOAD)
(rs392499, arginine to glutamine substitution in exon 2 at position 38 of
the Ig-like domain of Nrgl) (Go et al., 2005), while a later work did not
find any association between this SNP and psychotic symptoms of AD in
a different LOAD cohort (Middle et al., 2010). It should be noted, in
addition to this, that more recently, two SNPs (rs17685233 and
rs17101017) within the neuregulin 3 gene (NRG3) were significantly
associated with AD, regardless of the occurrence of psychoses (Wang
et al., 2014).

4.2.2. Expression

Several studies have documented some changes in the expression/
level of either Nrgl or its receptor ErbB4. Taking advances in the field in
chronological order, it has been shown twenty years ago that ErbB4 and
Nrgl are strongly associated with neuritic plaques in the hippocampus
of both AD patients and APP/PS1 transgenic mice (Chaudhury et al.,
2003). It took another 8 years before substantial progress was made on
the question with the demonstration of an increase in hippocampal
levels of erbB4 and phospho-erbB4 both in the brains of Alzheimer’s
patients and in that of APP/ transgenic mice PS1 (Woo et al., 2011).
Additional more recent works in the field have respectively evidenced
that Nrgl expression was increased in the frontal cortex of AD patients
(Jiang et al., 2016) and that the levels of soluble Nrgl were significantly
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higher in the plasma of AD subjects than in age-matched controls (Chang
etal., 2016; Mouton-Liger et al., 2020). However, an important decrease
(~70%) in Nrgl protein levels in the hippocampus of AD patients was
evidenced (Kim et al., 2018). Finally, Nrgl has been very recently pro-
posed as a synaptic marker of AD (Vrillon et al., 2022).

4.2.3. Mechanisms

It is currently difficult to locate the cause as well as the true impact
(beneficial or harmful) of the observed variations in Nrgl levels in AD.
Indeed, the significant number of studies having shown the same ability
for Nrgl to protect against the toxic events associated with AD suggests
that these increases in Nrgl levels could reflect a phenomenon of
compensation.

First regarding the effect of Nrgl on PAPP, contrary results have been
reported. Thus, while recombinant Nrgl decreases PAPP protein and
mRNA levels in mouse skeletal muscle cells (Rosen et al., 2003), it in-
creases the amount of BAPP at the cell surface in SH-SY5Y cells and in rat
primary cortical neurons (Kim et al., 2018). Whether this discrepancy is
due to different mechanism of action of Nrg1 depending on the cell types
remains to be clarified.

Turning now to the impact of this protein in conditions mimicking
Alzheimer’s disease, Nrgl was found to protect against apoptosis in
BAPPg,-overexpressing and Ap4o-treated human neuroblastoma cells by
increasing Bcl2 expression and decreasing caspase3 activation and
mitochondrial ROS generation in an ErbB4-dependent manner (Woo
et al., 2012). Another study reported a protective effect of Nrgl against
ABgs_ss-induced cell death through a PI3K-dependent signalling
pathway in ErbB4-overexpressing PC12 cells (Di Segni et al., 2005). The
involvement of an ErbB4-dependent and PI3K-mediated pathway in the
anti-apoptotic effect of Nrgl was later confirmed in vivo in APP/PS1 Tg
mice and in vitro in Af4y- and Apgs ss-treated primary hippocampal
neurons (Cui et al., 2013). In agreement with these results, PI3K inhi-
bition suppresses the Nrgl-dependent rescue of neurotoxicity induced
by Af4 treatment in primary rat cortical neurons (Baik et al., 2016).

Moreover, Nrgl prevents Afsp-induced impairment of long-term
potentiation (LTP) in mice hippocampal slices in an ErbB4-dependent
manner (Min et al., 2011). Interestingly, ErbB4 is also mandatory for
Nrgl to protect against APP-CTF (C59 and C100)-induced neurotoxicity
(Ryu et al., 2012) and APP-CT31-induced apoptosis (Yoo et al., 2021) in
the human SH-SY5Y neuroblastoma cell line.

In addition, the intracerebroventricular delivery of Nrgl attenuates
cognitive impairment in Tg2576 transgenic mice, while treatment with
recombinant Nrgl reduces the loss of dendritic spine density in Af42
oligomers-treated rat primary hippocampal neurons and alleviates the
decrease in neural differentiation in APy oligomers-treated mouse foetal
neural stem cells (Ryu et al., 2016). Recently it has been shown that the
intracerebroventricular injection of recombinant Nrgl can improve
spatial and associative learning and memory in Afg4p-injected rats
(Jalilzad et al., 2019).

Finally, Nrgl also increases the protein level of the Af-degrading
enzyme neprilysin both in vivo after the injection of lentiviruses
expressing Nrgl in the hippocampus of APP Tg mice and in vitro
following treatment of mouse primary hippocampal neurons with re-
combinant Nrgl (Xu et al., 2016).

The opposite variations in Nrgl levels observed depending on
whether one considers the prefrontal cortex (increase in a region of the
brain mainly involved in schizophrenia (Jiang et al., 2016)) or the
hippocampus (decrease in an area particularly affected in Alzheimer’s
disease (Mouton-Liger et al., 2020)) further support the probable
compensatory nature of these phenomena, especially considering that
repression of the Nrgl/ErbB4 signaling pathway is critical for learning
and memory (Tian et al., 2016).

5. BACEI1 levels and activity are increased in AD

As is the case for BAPP, Nrgl-type III is processed by ADAMs, BACE1
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and I-CLiPs and can therefore produce a variety of distinct fragments
(Fleck et al., 2013; Fleck et al., 2016) (Fig. 1), the balanced production
of which is expected to be disturbed by any modification of these cata-
lytic activities. Specifically referring to BACE1 that stands as the rate--
limiting initiator of Ap generation from BAPP and represents the major
enzyme responsible for the release of the EGF-like domain from Nrgl,
despite the lack of genetic association of the protease with AD (Cruts
et al., 2001; Li et al., 2004; Zhou et al., 2010), it has been largely evi-
denced that BACE1 levels and catalytic activity are increased in many
ways in the pathology. Thus, several studies have evidenced an
augmentation of both BACE1 protein levels and BACE1 catalytic activity
in several regions of the brain of sporadic AD patients including the
temporal cortex, the frontal cortex and the hippocampus (Ahmed et al.,
2010; Cheng et al., 2014; Fukumoto et al., 2002; Li et al., 2004; Tyler
et al., 2002; Yang et al., 2003a, 2003b) and that the elevation of BACE1
activity correlates with Ap plaques number (Li et al., 2004). Other
studies have reported an elevation of BACE1 protein amounts alone in
the brain of sporadic AD cases (Holsinger et al., 2002; Sun et al., 2002).
The fact that BACE1 mRNA levels were also shown to be increased in the
frontal cortex (Li et al., 2004) and the superior parietal gyrus (Coulson
et al., 2010) of sporadic AD subjects suggests that the observed rises in
BACE1 protein loads may result from the transcriptional up-regulation
of the protease.

The interesting additional observation that BACE1 catalytic activity
is also higher in the cerebrospinal fluid (CSF) of AD subjects when
compared to age-matched controls (Holsinger et al., 2004; Holsinger
et al., 2006) identified BACE1l as a possible diagnostic biomarker
candidate of AD. Such an eventuality, requiring that the rise in BACE1 is
an early event of the pathology, has received support from two works
having reported an augmentation of BACE1 protein levels and catalytic
activity in mild cognitive impairment (MCI) brains (Cheng et al., 2014)
as well as an increased BACE1 activity in the CSF of MCI patients
(Alexopoulos et al., 2018).

Finally, in another attempt to determine the potential use of BACE1
as an AD biomarker, it has been evidenced that BACE1 mRNA levels are
augmented and that the BACE1 promoter region is more accessible and
more prone to histone H3 acetylation in peripheral blood mononuclear
cells (PBMC) from AD subjects when compared to controls (Marques
et al., 2012), this later observation denoting some epigenetic regulation
of BACE1. However, measurement of BACE1 protein levels at the pe-
riphery in leucocytes and platelets did not reveal any difference between
AD patients and control individuals (Bram et al., 2019).

6. A synergy between the excessive BACE1-dependent cleavages
of BAPP and Nrgl in AD?

The well established up regulation of BACE1 in AD combined to the
importance of this protease in the metabolism of BAPP and Nrgl and to
the obvious association of both substrates with the pathology, make it
reasonable to think that a deleterious synergy can be set up, causing the
appearance, via PAPP, of the stigmata classically associated with Alz-
heimer’s disease (cognitive deficits) and, via Nrgl, associated symptoms
more related to psychosis (BPSD). Indeed, a close look at the BACE1-
dependent processing of BAPP and Nrgl indicates that any elevation
of BACE1 activity is likely to produce abnormally high quantities of
metabolites causing a whole series of deleterious events. In the case of
BAPP, BACE1 over activation leads to overproduction of the C99 frag-
ment and subsequently to an excessive release of Ap and AICD, all of
these three metabolites conveying adverse effects through neurotoxicity
and the loss of function of several vital physiological processes, as
extensively described in recent reviews (Bukhari et al., 2017; Checler
et al., 2021; Findeis, 2007) (Fig. 1). Two distinct and fully independent
origins for the increased BACE1-mediated processing of BAPP have to be
considered: a double mutation (Swedish) at the f site of BAPP (familial
AD, representing less than 1% of all AD cases) conferring higher sus-
ceptibility of PAPP to be cut by BACE1 and a higher expression/activity
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of BACE1 (sporadic AD) discussed above and the cause of which is at
present still unknown. This later phenomenon, beside its consequences
on BAPP metabolism leading to an increased AP production, is also
promoting the two-step processing of Nrgl-type III, first by cleaving
between the EGF-like domain and to produce the membrane-tethered
NTFf and CTFJ metabolites, and then by releasing sEGF from NTFp
(Fig. 1).

As a result, excessive production of SEGF will trigger ErbB4 receptors
dimerization and activation via the so-called “forward” signaling
pathway of Nrgl to promote ErbB4/PSD-95 interaction and conse-
quently ErbB4/NMDARs association (Hahn et al., 2006). This will then
cause a reduction in NMDA currents due to an induced internalization of
the NR1 subunit of NMDA receptors (Gu et al., 2005). In the end, the
increase in the activity of BACE1 would therefore lead to an excessive
hypo regulation of NMDA transmission, which could underlie the
symptoms of psychosis observed in certain Alzheimer’s subjects. This
hypothetical AD-associated and BACE1/Nrgl-mediated cascade of
events (Fig. 2) is strongly reinforced by the fact that the
schizophrenia-like phenotypes observed in mice overexpressing the
BACE1-cleaved Nrgl NTFp fragment are reversible (Luo et al., 2014). In
summary, the increased levels and activity of BACE1 associated with
Alzheimer’s disease induces a triad of adverse events through the
metabolism of two distinct substrates. Two of these proteolytic cascades
lead to an alteration of cognitive functions associated with memory and
learning, one via the production of C99 from BAPP and the subsequent
production of Af and AICD by y-secretase (Fig. 1, right panel), the other
via the release of SEGF from Nrgl and the sole over activation of the
Nrgl/ErbB4 pathway. (Fig. 1 left panel and Fig. 2 right panel). The third
deleterious event stems from the same over activation of the
Nrgl/ErbB4 pathway but acts downstream of it by disrupting NMDARs
activity both through a lessening of the Src-dependent up-regulation of
NMDARs (Pitcher et al., 2011) and an increase of their internalization
rate (Gu et al., 2005) (Fig. 2). As a consequence, the deficits in NMDARs
activity will induce psychotic schizophrenia-like behaviour as demon-
strated long ago (Belforte et al., 2010; Mohn et al., 1999).

Another important perspective linked to BACE1 hyper activation is
the influence of Nrgl on the dopaminergic system, which is a vital
mediator of learning, memory and other cognitive functions. Thus, Nrgl
induces LTP de-potentiation by increasing extracellular dopamine (DA)
levels via type-4 dopamine receptors (D4Rs) in the hippocampus
(Andersson et al., 2012; Kwon et al., 2008), although it has been shown
that Nrgl and D4Rs can also operate independently (Izumi and Zor-
umski, 2017). Therefore, dysfunctions of the dopaminergic transmission
reported in AD, schizophrenia and BPSD is also connected to the BACE1-
Nrgl axis.

On a therapeutic point of view, it seems obvious that BACE1 inhi-
bition as an anti-AD therapy has its own pitfall, because of which most of
the clinical trials using this strategy probably failed. In this context, it
has been suggested to specifically deliver BACE1 inhibitor within the
endosomal compartment to select BAPP processing without affecting the
metabolism of its other substrates (Ben Halima et al., 2016). However, at
the light of what is discussed in the present review, the recommendation
to be extremely careful when considering therapeutic strategies aimed at
developing BACE1-targeting drugs by focusing on the preferential in-
hibition of the amyloidogenic processing of PAPP versus the cleavages of
other BACE1 substrates, including Nrgl, has to be tempered, all the
more so if we consider that BACE1 physiological roles evolve drastically
during lifespan. Thus, while BACE1 inhibition during the neuronal
development of mice is undoubtedly deleterious due to severe hypo-
myelination (Hu et al., 2006; Willem et al., 2006), it has been evidenced
that long term BACEL1 inhibition leads to a loss of synaptic proteins at
different developmental stages but is not affecting the already developed
synapses (Kamikubo et al., 2017). This altogether means that dimin-
ishing BACE1 activity at adulthood, at advanced ages and even more so
in AD subjects, could be triply beneficial via the decrease in both APP
and Nrgl processing, this hypothesis of course having to be confirmed
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Fig. 2. Illustration of BACE1-dependent Nrgl-mediated signalling pathways under normal and AD conditions. Under normal conditions (green background, left side
of the figure), basal BACE1 activity will engender physiological levels of SEGF that will trigger the dimerization and activation of ErbB4 receptors. This will lead to a

double inhibition of NMDARs, one via the association with the PSD-95 protein

which promotes its internalization, the other via the inhibition of Src, an activating

kinase of NMDARs. Under AD pathological conditions where BACE1 activity is increased (orange background, right side of the figure), the dimerization/activation of
ErB4 receptors is exacerbated following an higher production of sEGF. This consequently provides an increased inhibition of Src as well as more NMDARs inter-
nalization via PSD-95, thereby causing an abnormally strong drop in the activity of these receptors, resulting in the manifestation of AD-associated psychotic

syndromes (BPSD).

by additional studies.
7. Concluding remarks

The occurrence of psychotic symptoms resembling those observed in
schizophrenia during the time course of AD has been well documented
over the past three decades. Thus, approximately 50% of AD subjects
develop such signs among which 35% experiencing delusions and 15%
hallucinations (Gormley et al., 1998; Jeste and Finkel, 2000; Ropacki
et al., 2005). The reason why not all Alzheimer’s patients develop these
symptoms remains unknown, although it may be based on genetic
and/or environmental factors. Anyhow, the ability of BACE1 to simul-
taneously convey psychosis and cognitive deficits via the processing of
two distinct substrates, combined with the fact that its activity is
increasing with age (Fukumoto et al., 2004) and is higher in AD than in
healthy individuals (Ahmed et al., 2010; Cheng et al., 2014; Coulson
et al., 2010; Fukumoto et al., 2002; Holsinger et al., 2002; Holsinger
et al., 2004; Holsinger et al., 2006; Li et al., 2004; Sun et al., 2002; Tyler
et al., 2002; Yang et al., 2003a, 2003b), make this protease a credible
initiator of the onset of schizophrenia-like psychotic disorders in about
half of Alzheimer’s patients.

In summary, this review brings, in the light of the work carried out in
the field, an additional stone to the concept according to which most
brain disorders share common pathogenic processes involving in some
cases the same molecular entities.

Thus, this overlap of AD with schizophrenia described here via
BACEI adds to the already established existence of shared mechanisms

and molecular common denominators between AD and other brain
disorders including PD (Checler and Alves da Costa, 2022; Tan et al.,
2019; Xie et al., 2014), Huntington disease (HD) (Ehrnhoefer et al.,
2011; Spires and Hannan, 2007), amyotrophic lateral sclerosis (ALS)
(Bryson et al., 2012; Mhatre et al., 2004) and prion diseases (Checler and
Vincent, 2002; Purro et al., 2018). These multiple overlaps could allow
the implementation of therapeutic strategies aimed at targeting path-
ways shared by distinct neurodegenerative pathologies.
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