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Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the progressive deterioration of
cognitive functions. Due to the extended global life expectancy, the prevalence of AD is increasing among aging
populations worldwide. While AD is a multifactorial disease, synaptic dysfunction is one of the major neuro-
pathological changes that occur early in AD, before clinical symptoms appear, and is associated with the pro-
gression of cognitive deterioration. However, the underlying pathological mechanisms leading to this synaptic
dysfunction remains unclear. Recent large-scale genomic analyses have identified more than 40 genetic risk
factors that are associated with AD. In this review, we discuss the functional roles of these genes in synapto-

genesis and synaptic functions under physiological conditions, and how their functions are dysregulated in AD.
This will provide insights into the contributions of these encoded proteins to synaptic dysfunction during AD

pathogenesis.

1. Introduction

Alzheimer’s disease (AD), the most common form of dementia, is
characterized by the progressive deterioration of cognitive functions,
typically in memory as well as language, comprehension, judgment and
orientation. Profound brain changes occur decades before observable
clinical pathologies appear. The major neuropathological hallmarks of
AD include amyloid plaque deposition (i.e., the extracellular aggrega-
tion of amyloid-beta [Af]) surrounded by dystrophic neurites and
neurofibrillary tangles (i.e., the intraneuronal accumulation of hyper-
phosphorylated tau protein). Other pathological features of AD include
microgliosis, neuroinflammation, and synaptic loss [1]. Evidence sug-
gests that the impairment of synapse functions occurs early before the
clinical manifestation of AD, and that synapse loss is correlated with the
clinical stages of AD progression [2]. Histological studies of
post-mortem AD brains demonstrate that AD brains show significant
synapse loss and postsynaptic density disruption when compared with
aged-matched control brains [3,4]. Consistently, multiple transgenic
mouse models of AD exhibit synaptic loss and dysfunction that are

correlated with the cognitive impairments [5,6].

There are two types of AD: autosomal dominant early-onset AD
(EOAD; onset between ages 30-65), which contributes to ~5% of AD
cases, and sporadic late-onset AD (LOAD; onset after age 65). Three
causative genes—APP, PSEN1, and PSEN2—for EOAD encode amyloid
precursor protein (APP) and the catalytic subunits of y-secretase pre-
senilin 1 (PS1) and presenilin 2 (PS2), respectively. APP undergoes
sequential proteolytic cleavage of the amyloidogenic pathway to
generate the pathological agent of AD, AB. APP is first cleaved by
fB-secretase to generate a C99 fragment and secreted APPp (sAPPf), and
the C99 fragment is subsequently cleaved by y-secretase to generate Ap
peptides and the APP intracellular domain (AICD). APP processing un-
dergoes a non-amyloidogenic pathway that is initially cleaved by
a-secretase followed by y-secretase, which prevents Ap formation [7].
The increased generation of Af peptides leads to the aggregation of
soluble AB oligomers, which plays a central role in mediating the
impairment of synaptic functions, triggering synapse loss, and inducing
neurotoxicity (review in [8]). However, the underlying signaling
mechanisms of Ap-induced synaptic impairments have not clearly
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understood. LOAD is a multifactorial disease and involves polygenic risk
factors. High-throughput genomic analyses such as genome-wide asso-
ciation studies (GWASs) have identified more than 40 AD-associated
genes [9]. Network analysis reveals that most of these genes are asso-
ciated with biological processes involved in glia and neurons, including
the production, aggregation, degradation, and clearance of Af} as well as
lipid metabolism and innate immune response [10]. Some of these genes
also play critical roles in regulating synaptogenesis, synaptic functions,
and synaptic plasticity. Deregulated expression and altered functions of
these proteins may contribute to the early impairment of synaptic
functions in AD before clinical symptoms occur. Herein, we present an
overview of the AD-associated genes that have been implicated in syn-
aptic functions (Fig. 1). Specifically, we will focus on those genetic risk
factors that are most prevalent or validated for LOAD, including SORL1,
BIN1, PICALM, CD2AP, CLU, PTK2B, APOE, and TREM?2. Moreover, we
will discuss genetic risk factors whose deregulated activities are sug-
gested to be involved in synaptic dysfunction in AD, including LILRB2,
IL33, and ADAM10.

1.1. Neuronal genes

Synapses, basic units that connect neurons in the neuronal network
to transmit and process information, are formed upon the innervation of
the presynaptic axonal terminal from one neuron to the postsynaptic
specialization located on the dendrite or neuronal soma of another
neuron. Activity-dependent changes of synaptic properties, such as
synapse size and density, release probability, and postsynaptic receptor
composition, can impact the efficacy of synaptic transmission. AD-
associated genetic risk factors, including SORL1, BIN1, PICALM,
CD2AP, CLU, PTK2B, LILRB2, and ADAM10, are expressed in neurons
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and exert functional roles in synapse morphogenesis as well as synaptic
plasticity. They regulate synaptic vesicle (SV) recycling for mediating
neurotransmitter release at presynaptic terminals, and trafficking and
functions of neurotransmitter receptors at postsynaptic specializations.

SORL1, BIN1, PICALM, and CD2AP—these four AD-associated ge-
netic risk factors are critical players in mediating protein trafficking and
endosomal pathways, which are required for SV maturation, neuro-
transmitter exocytosis, and SV endocytosis at the presynaptic terminals.
These pathways are also necessary for the post-translational modifica-
tion of neurotransmitter receptors and the regulation of balancing the
insertion or removal of neurotransmitter receptors at the postsynaptic
sites. Thus, deregulation of these pathways would affect synapse
maturation and impair the efficacy of synaptic transmission.

The SORL1 (sortilin related receptor 1) gene encodes a protein
known as SorLA, SorLA1, or LR11. SorLA is a membrane-bound receptor
that contains various extracellular domains including a VPS10 domain
and a YWTD/EGF-type repeat domain for protein interaction [11]. More
than a hundred SORL1 variants are associated with increased risk of AD;
many of them are loss-of-function variants or related to altered functions
of SorLA. SorLA is involved in protein sorting and trafficking within the
trans-Golgi network to the membrane, and in targeting proteins to the
endosomal/lysosomal system [11]. It is a critical player in regulating
APP processing and trafficking and has been shown to target Ap peptides
to lysosomal degradation, thus preventing Af overproduction [12,13].

Besides APP, SorLA also regulates the trafficking or signaling of other
cell surface receptors, such as TrkB, GFRal/RET, and EphA4 [14-16],
that are well known to be located at synapses and important for the
regulation of synapse formation and synaptic functions. These findings
suggest that SorLA dysfunction may impact synaptic functions. TrkB and
its cognate ligand, brain-derived neurotrophic factor (BDNF), play
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Fig. 1. Diagram illustrates the functional roles of Alzheimer’s disease-associated genetic risk factors at synapses. These genes/proteins are involved in synapse
morphogenesis as well as synaptic strengthening and stability. They have regulatory roles in the release of neurotransmitters (NT) and synaptic vesicle (SV) recycling
at presynaptic terminals, and regulate the trafficking and functions of NT receptors at postsynaptic specializations. They also modulate the expression of synaptic
proteins through altering their gene transcription and protein translation in neurons. Moreover, some of these factors are prominently expressed in glial cells (i.e.
microglia and astrocytes) to modulate synaptic connectivity through the regulation of synaptic elimination.
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pleiotropic roles in synaptic formation and functions [17]. Specifically,
SorLA mediates TrkB receptor trafficking; it interacts with TrkB via its
VPS10 domain, resulting in increased TrkB expression in the synaptic
plasma membranes, which in turn regulates the response of
BDNF-induced TrkB downstream signaling activation [14].
GDNF/GFRal/RET signaling is involved in regulating neuronal survival
and axon guidance during development as well as eliciting synaptogenic
effects in hippocampal neurons [18]. SorLA regulates the degradation
and subcellular localization of the GDNF/GFRa1/RET signaling complex
[16]. It interacts with GDNF and GFRal to regulate the endosomal
pathway and recycling of the GDNF/GFRal/RET complex. SorLA sorts
the GDNF/GFRal/RET complex to the endosome. In the endosome,
GDNF is directed to lysosomal degradation, but GFRal is recycled to the
cell surface. The GFRal/SorLA complex also sorts RET to early endo-
somes independent of GDNF, thereby affecting the cellular distribution
of RET and dampening the strength of GDNF/GFRal/RET signaling
[16]. Ephrin-induced EphA4 signaling plays important roles in homeo-
static plasticity by mediating the degradation of the AMPA receptor
subunit GluAl via the proteasomal degradation pathway and in the
retraction of dendritic spines [19-21]. Hippocampi in AD transgenic
APP/PS1 mice show aberrant EphA4 activation at the stage in which
amyloid plaque deposition is just initiated. This aberrant EphA4 acti-
vation is induced by soluble oligomer A, which leads to impaired
hippocampal synaptic plasticity [22]. SorLA can interact with EphA4
and attenuate the Ap-induced EphA4 activation [15]. Thus, SorLA acts
as a negative regulator of EphA4 signaling-mediated synapse loss,
probably in AD. SorLA overexpression in transgenic mice protects
spatial memory and synapse preservation in the dentate gyrus (DG)
upon Ap challenge [15].

The SorLA coding mutation F193S and N466S are associated with
EOAD [23], whereas E270K and A528T are identified from LOAD [24].
The four mutations are located in the VPS10P domain that is critical for
interacting with different signaling molecules, e.g. TrkB receptor and
GDNF/GFRal/RET receptor complex [14,16], to mediate protein sort-
ing and trafficking [25]. The effects of distinct mutations on EOAD and
LOAD may attribute to their interaction with different signaling mole-
cules. Thus, studies on how these mutants affect respective signaling
processes, including APP processing, TrkB and GDNF signalings, may
help to illustrate the pathological mechanisms of SorLA in AD. Another
SorLA coding mutation T947M, in the YWTD/EGF-like repeat domain of
SorLA, is associated with LOAD. It has been shown that T947M lowers
the expression of SorLA on cell membranes [24], thus, reducing the
ability of SorLA to interact with EphA4 and attenuate the receptor
activation [15]. Thus, SorLA dysfunction alters the expression of cell
surface receptors at synapses, and hence their signaling, that contributes
to the deregulation of synaptic dysfunction.

BIN1 (bridging integrator 1), also known as amphiphysin II, is a
member of the Bin/amphiphysin/Rvs (BAR) family that regulates
membrane dynamics and mediates protein trafficking and endocytosis.
The AD risk variants of BIN1 are mostly located in the noncoding region
and are associated with changes in the expression of the protein [26]. In
neurons, BIN1 is prominently expressed at excitatory presynaptic ter-
minals, but is also detected in postsynaptic compartments with a lower
expression [27]. Altered BIN1 expression is associated with A peptide
generation in axons [28] and tau spreading within the circuit connec-
tivity in AD [29,30]. Conditional knockout mice with BIN1 deletion in
excitatory neurons show defects in spatial memory consolidation and
impaired synaptic transmission in hippocampal neurons. [27].
BIN1-depleted neurons show a deficit in neurotransmitter release,
resulting from disorganized clusters of protein components of the
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) complex, which is critical for mediating SV fusion at presyn-
aptic terminals [27]. Meanwhile, in cultured neuronal systems, sup-
pressed expression of postsynaptic BIN1 slightly reduces the size of
dendritic spines and attenuates synaptic membrane expression of GluAl,
resulting in decreased efficacy of excitatory transmission with decreased
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amplitude of miniature excitatory postsynaptic currents (mEPSCs) [31].
BIN1 also regulates the network activity via regulating the trafficking of
L-type voltage-gated calcium channels (LVGCCs) to membranes, which
results in enhanced Ca®" response [32]. The interaction of BIN1 and
LVGCGCs is in a tau-dependent manner and involves the direct binding of
the SH3 domains of BIN1 and LVGCCs together with the central proline
rich region of tau. Indeed, BIN1 overexpression in cultured neurons
leads to network hyperexcitability with increased spontaneous excit-
atory and inhibitory synaptic transmission, while the decreasing of tau
protein abolishes these effects [32]. These findings suggest that it would
be of interest to investigate whether the deregulated expression of BIN1
and its interaction with tau contributes to the impaired neuronal activity
in AD.

The PICALM (phosphatidylinositol binding clathrin assembly pro-
tein) gene encodes a protein known as CALM (clathrin assembly
lymphoid myeloid), which plays roles in the recruitment and assembly
of the clathrin-associated proteins required for clathrin-mediated
endocytosis and endosome trafficking. Two single-nucleotide poly-
morphisms (SNPs) of PICALM are identified with increased CALM
expression and are associated with decreased occurrence of AD [33]. In
neurons, CALM is found in both presynaptic and postsynaptic com-
partments, and has a critical role in regulating SV recycling. While
VAMP2/synaptobrevin is a component of the SNARE complex for
mediating SV fusion triggered by fast calcium, CALM directly interacts
with VAMP2 to mediate SV endocytosis after neurotransmitter release.
[34,35]. Moreover, CALM regulates synaptic transmission through
modulating the expression levels of vesicular glutamate transporters
(VGLUTS) that are involved in loading glutamate into SVs at presynaptic
terminals, as well as the expression of glutamate receptors at the post-
synaptic membrane. The roles of CALM in synaptic dysfunction in AD
are supported in Drosophila. Af attenuates synaptic transmission and
leads to excitotoxicity in Drosophila; this involves the presynaptic
accumulation of VGLUTS to enhance spontaneous glutamate release and
alter the regulatory subunits of GIuRII receptors at the postsynaptic
membrane that impact receptor sensitivity. Overexpression of lap, the
Drosophila ortholog of CALM, restores the synaptic impairment induced
by AB [36].

The CD2AP (CD2-associated protein) gene encodes an actin-binding
adaptor protein that mediates the assembly of the cytoskeleton and
adhesion complexes [37]. It also plays a role in receptor-mediated
endocytosis [38]. CD2AP is enriched in brain endothelial cells and
CD2AP deficient mice exhibit an impairment in blood-brain barrier
[39]. Reduced CD2AP in endothelial cells thus may affect the trans-
cytosis of Ap across the blood-brain barrier [40]. CD2AP protein in
neurons regulates APP trafficking, decreased expression facilitates
amyloidogenic pathway in dendritic early endosomes, resulting in
increased AP generation in neurons [28]. Thus, deregulated CD2AP
signaling may impact amyloid pathology in AD. On the other hand,
CD2AP also regulates the collateral sprouting of intact axons via TrkA
signaling that may affect the number of nerve terminals [41]. In
Drosophila, deletion of the expression of cindr, the Drosophila homolog
of CD2AP, leads to impaired synapse maturation as well as defects in
synaptic transmission caused by an inability to maintain SV release and
recycling. Cindr/14-3-3( signaling regulates the ubiquitin proteasome
system to mediate the turnover of synapsin, a protein critical for
mobilization of SVs, which results in reduced efficacy of synaptic
transmission [42]. A similar role of CD2AP in regulating the ubiquitin
proteasome system is also found in the mammalian system [42]. Mul-
tiple CD2AP variants are identified to associate with LOAD risk; and
reduced expression or activity of CD2AP are shown to play critical roles
in LOAD development [43]. Recently, an SNP associated with both
LOAD and EOAD is correlated with increased expression of CD2AP in the
thalamus and cerebellar cortex [44]. These findings suggest that proper
CD2AP expression in specific cell types plays critical roles in AD path-
ogenesis, whether altered CD2AP expression in AD contributes to the
development of synaptic dysfunctions remains to be determined.
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The modeling of synaptic connectivity and the efficacy of synaptic
transmission involve the coordination of multiple modulatory signals in
neurons and glial cells. PTK2B and LILRB2 are 2 signaling molecules
involved in modulating synaptic functions; more importantly, both are
the critical downstream signals for Ap-mediated synapse loss [45,46].
The PTK2B (protein tyrosine kinase 2f) gene, also known as Pyk2 and
Fak2, encodes a non-receptor tyrosine kinase related to focal adhesion
kinase. It is a downstream signaling molecule for various signaling
cascades including integrin [47] and NRG1/ErbB4 [48]. Pyk2 is highly
expressed in the hippocampus. Pyk2 expression and activation at syn-
apses are regulated by synaptic activity. Specifically, NMDA receptor
activation-mediated Ca®" influx recruits Pyk2 to synapses via its inter-
action with scaffold proteins PSD-95 and SAP102 at dendritic spines
[49]. Pyk2 activation (i.e., revealed by its phosphorylation at Tyr 402)
induced by NMDA receptor activation plays critical roles in dendritic
spine structure. Activated Pyk2 also coordinates with Src family kinases
to phosphorylate PSD-95 and NMDA receptors, which results in
enhanced functions of NMDA receptors [48,50]. Multiple studies report
the roles of Pyk2 in synaptic plasticity regulation. Absence of Pyk2 im-
pairs long-term depression (LTD) in hippocampal slices [51]. Contra-
dictory findings are observed regarding the roles of Pyk2 in long-term
potentiation (LTP), which may be due to the different experimental
models used across studies (review in [52]). A recent report suggests
that Pyk2 participates in high frequency stimulation-LTP but not in theta
burst stimulation-LTP [53]. Nonetheless, Pyk2'/ " mice exhibit impaired
spatial memory [53].

In AD, genetic variants of PYK2B are correlated with increased Pyk2
expression, which is associated with increased disease risk [52]. Pyk2
signaling is involved in Af oligomer-triggered synapse loss [45]. Ap
binding to the cellular prion protein (PrP®) stimulates synaptic locali-
zation and Pyk2 activation. In turn, activated Pyk2 inhibits the activity
of Graflc, a Rho GTPase-activating protein (GAP), resulting in increased
RhoA activity which leads to the destabilization of actin dynamics [45].
Pyk2 depletion in AD transgenic APP/PS1 mice ameliorates synapse loss
and exhibits better reservation of spatial memory without significantly
affecting amyloid pathology [54].

The LILRB2 (leukocyte immunoglobulin-like receptor B2) gene en-
codes the receptor for major histocompatibility complex class I (MHC I)
proteins that mediate immune responses in the peripheral system.
Mouse PirB is the human ortholog for LILRB2. In the adult mouse ce-
rebrum, PirB is widely expressed in pyramidal neurons [55]. PirB”" mice
have better performance in acquiring, and flexibility in
hippocampal-dependent learning and memory [56]. These PirB”" mice
show abnormally higher dendritic spine density associated with
increased neurotransmission (i.e., higher mEPSC frequency) in the py-
ramidal neurons of the visual cortex and hippocampus [56-58]. This
excessive increase of spine density in PirB-deficient pyramidal neurons
shifts Hebbian synaptic plasticity toward synaptic strengthening, which
enhances LTP but impairs LTD at L4-1.2/3 synapses in the visual cortex
and at Schaffer collateral-CA1 synapses in the hippocampus [56-58].
Thus, PirB signaling is important for maintaining synapse density and
synaptic plasticity. In vivo imaging suggests that this increase of den-
dritic spines in PirB-deficient neurons may be contributed by the more
stable and less motile dendritic spines [57]. Several downstream sig-
nalings of PirB—including Shp-1, Shp-2, and cofilin—are critical actin
regulators [55,57,59], suggesting that the molecular roles of PirB in
dendritic spine mobility involves modulating actin dynamics.

A recent large-scale GWAS identified LILRB2 as a genetic risk for
LOAD [60]. In fact, LILRB2 is the receptor for AP oligomers with
nanomolar affinity [59]. Ap-dependent impairment of synaptic plas-
ticity is mediated through the activation of PirB signaling. The Ap
oligomer-stimulated attenuation of LTP is abolished in hippocampal
slices prepared from PirB”~ mice. Moreover, deletion of PirB in APP/PS1
mice leads to an amelioration of impairment in learning and memory
performance. Proteomic screening of AD transgenic mouse brains have
identified downstream signaling proteins of AB/PirB that are associated
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with enhancing cofilin signaling and that contribute to actin dynamic
instability [59]. Thus, it would be of interest to examine the mechanisms
of LILRAB2 risk associated with synaptic dysfunction in LOAD
pathology.

Most proteins undergo sequential proteolytic processing for matu-
ration and activation. The ADAM10 (A disintegrin and metalloprotease
domain-containing protein 10) gene, which encodes a-secretase, medi-
ates the ectodomain shedding of target membrane proteins to generate
secretary domains and membrane-associated domains, resulting in
mediating the downstream signaling of these membrane proteins [61].
Multiple genome-wide analyses have identified a number of genetic
variants, including non-coding variants and coding variants, of ADAM10
[62-64]. Mice with conditional knockout of neuronal ADAM10 at
postnatal stages exhibit learning and memory deficits. These transgenic
mice have normal synaptic transmission but impaired synaptic plasticity
in the hippocampal CAl region at the adult stage. They also exhibit
altered synapse morphology, with decreased dendritic spine density and
more stubby-shaped spines. [65].

More than 40 transmembrane proteins are substrates of ADAM10
[66]. A number of these transmembrane proteins—including APP,
N-cadherin, neurexin-1, neuroligin-1, and Cx3CLl1—are involved in
different aspects of synapse formation and maintenance as well as syn-
aptic plasticity. The synaptic roles of these proteins can be regulated by
their shedding by ADAM10. For example, APP and its cleavage products
regulate synaptic maturation and synaptic plasticity in physiological
conditions [67]. However, excessive production of sAPPa by increased
ADAM10 expression leads to an increased formation of immature den-
dritic spines [68]. N-cadherin, a homophilic cell adhesion protein, un-
dergoes sequential cleavage by ADAM10 and y-secretase upon NMDA
receptor activation. N-cadherin is critical for the regulation of synapse
morphology as well as the composition and functions of neurotrans-
mitter receptors at synapses [69]. Neurexin-1, a presynaptic cell adhe-
sion molecule, and its postsynaptic ligand neuroligin-1 are critical for
axon pathfinding and synapse formation [70]. Both N-cadherin and
neurexin-1 are substrates for ADAM10. Blockade of ADAM10-mediated
cleavage of neurexin-1 increases synaptic expression of neurexin-1,
which contributes to an increase of excitatory synapses [71].
Activity-regulated shedding of neuroligin-1 negatively regulates excit-
atory synaptic connection in hippocampal granule cells [72]. Cx3CL1 is
a chemokine in cortical neurons that is cleaved by ADAM10 in response
to reduced neuronal activity in the barrel cortex in mouse due to whisker
lesioning. The secreted form of Cx3CL1 binds to its cognate fractalkine
receptor, CX3CR1, which is expressed in microglia to mediate synapse
engulfment [73].

The synaptic localization of ADAM10 can be regulated by neuronal
activity that affects its action on protein shedding. For example, LTD
induces an interaction of ADAM10 with SAP97 and promotes the traf-
ficking of ADAM10 to synapses; and LTP induces removal of ADAM10
from membranes by clathrin-mediated endocytosis and reduces its ac-
tivity [74,75]. Furthermore, the maturation of ADAM10 requires the
removal of its prodomain by proprotein convertases (e.g., furin) to
expose its catalytic domain during trafficking [76]. Q170H and R181G
of ADAM10 are rare coding variants identified in AD that attenuate the
maturation of the protein by impairing the cleavage of the ADAM10
prodomain [62]. TspanC8, a subfamily member of tetraspanins, is
identified to be a critical regulator for the trafficking and maturation of
ADAM10 [77]. A locus near TSPAN14, a member of the Tspanc8 sub-
family, was recently identified to be associated with AD risk [78].
However, it remains unclear whether this TSPAN14 variant affects
expression and activity of ADAM10 and contributes to synaptic deficits.

1.2. Astrocytic genes
Astrocytes integrate into neural networks via their intricate pro-

cesses, which interact with pre- and postsynaptic neurons to form
“tripartite synapses.” The roles of astrocytes in synaptogenesis, synaptic
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connectivity, synaptic transmission, and synaptic plasticity have been
extensively studied [79].

The IL33 gene encodes a member of the interleukin (IL)— 1 family of
cytokines, IL-33, which has critical roles in immune homeostasis [80].
IL-33 binds to its cognate receptor, ST2 (suppression of tumorigenicity
2) and then recruits IL-1RAcP (interleukin-1 receptor accessory protein)
to trigger downstream signaling pathways [80]. IL-33 is prominently
expressed in astrocytes and oligodendrocytes, but is also found to be
expressed in neurons [81-83]. 1133”" mice or mice administered with
soluble ST2 (an endogenous decoy receptor of IL-33/ST2 signaling)
exhibit impairment of synaptic plasticity and dysfunction in learning
and memory [82-84]. Both neuronal and astrocytic IL-33 play critical
roles in modeling synaptic connectivity, but IL-33/ST2 signaling exerts
specific functional and mechanistic roles in distinct neuronal circuitry at
different developmental stages [82,83,85]. In the critical period of
neural circuitry refinement in postnatal development, astrocyte-derived
IL-33 binds to ST2 in microglia in the thalamus and spinal cord to
mediate microglial synaptic pruning [85]. In the hippocampi of adult
mice, astrocytic expression and IL-33 secretion increases upon neuronal
activity blockade, and that elevated IL-33 increases excitatory synapse
numbers and synaptic transmission through the activation of ST2 on
CA1 neurons in order to maintain network homeostasis [82]. In the DG,
a subgroup of neurons expresses IL-33 in response to experience, and
that neuronal-released IL-33 instructs the nearby ST2-positive microglia
to phagocytose extracellular matrix proteins, resulting in enhanced
synapse formation and the promotion of structural plasticity [83]. SNPs
of IL-33 are identified in AD and are associated with decreased IL-33
expression [86]. Moreover, decreased plasma level of IL-33 protein
and increased soluble ST2 are associated with patients with AD [87-89].
Importantly, replenishment of IL-33 rescues impaired hippocampal LTP
and hippocampal-dependent memory in APP/PS1 transgenic mice [88],
suggesting decreased IL-33/ST2 signaling contributes to synaptic
impairment in disease progression. Thus, it would be of great interest to
further examine the specific cellular roles of IL-33 and ST2 in synaptic
impairment in AD.

The APOE (apolipoprotein E) gene is the most significant genetic risk
factor for AD. APOE is a lipoprotein with three human APOE iso-
forms—APOEe2, APOEe3, and APOE¢4—that are associated with the
probability of AD development. APOEe3 is the most common form,
whereas APOEe4 carriers are more susceptible to AD and the gene
dosage of the APOEe4 allele is inversely related to age of AD onset. In the
human brain, under physiological conditions, APOE-containing lipo-
proteins are secreted from astrocytes, a major source of these lipopro-
teins. Under pathological conditions, APOE-containing lipoproteins can
be secreted from microglia as well as from neurons in some injury
conditions. APOE binds to the members of the low-density lipoprotein
receptor (LDLR) family, including the LDLR, apolipoprotein E receptor 2
(ApoER2), very-low-density lipoprotein receptor (VLDLR), and LDLR-
related protein 1 (Lrpl). Besides acting as a lipid-transporter from as-
trocytes to neurons in physiological conditions, APOE also participates
in multiple biological pathways—including neuronal morphogenesis,
protein trafficking, and calcium homeostasis—involved in the devel-
opment, maintenance, and repair of the central nervous system (CNS)
(review in [90]). APOE plays critical roles in amyloid pathology that
affect APP processing, fibrillation, and Af secretion in neurons. The
secreted form of APOE binds to Ap to facilitate its uptake and clearance
by microglia. APOE also affects the progression of tau pathology and
tau-mediated neurodegeneration (review in [91]). In addition, APOE
signaling is involved in regulating synaptic functions. Roles of different
APOE isoforms associated with synapse loss and dysfunction are re-
ported in AD progression: in patients with AD who carry the APOE €4
allele, synatotoxic AP oligomers have an increased association with
synapses [92]. This suggests APOE4 is involved in AB-mediated synapse
loss and dysfunction.

Extensive studies have characterized the effects of APOE isoforms in
synapse formation and maintenance, synaptic functions, and cognitive
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functions using different APOE2, APOE3, and APOE4 transgenic mouse
models. Kim et al. and Lewandowski et al. provide comprehensive
summaries on the characterization of different APOE mouse models,
specifically on synaptic structure, synaptic functions, and different
behavioral tests [93,94]. In brief, these transgenic mice studies suggest
APOE4 has aversive effects on synapse integrity and functions.
APOE4-harboring induced pluripotent stem cells (iPSCs) exhibit accel-
erated neuronal differentiation; and neurons or organoids derived from
these APOE4 human iPSCs or embryonic stem cells have more synapses
and increased synaptic transmission efficiency when compared to that of
APOE3-carrying iPSC-derived neurons. Similarly, iPSC-derived cerebral
organoids from patients with AD carrying the APOE4 allele show faster
synapse formation and maturation in early organoid development.
However, the APOE4-expressing organoids show an increase in synapse
loss and neuronal apoptosis together with Af accumulation at later
stages [95-98]. Thus, iPSC-derived neural cell systems may provide a
good cellular model for further study of the impacts of different APOE
isoforms on synaptic functions.

Different mechanisms of how the APOE4 protein causes disturbances
in synaptogenesis and synaptic functions have been suggested. Mice
with APOE4 expression have higher neurotransmitter glutamine levels
in the brain, contributed by a disturbance of the glutamate-glutamine
cycle, which result in neuronal excitotoxicity [99]. Postsynaptically,
APOE4 attenuates NMDA-dependent LTP via sequestering glutamate
receptors in intracellular compartments and preventing their membrane
expression, leading to decreased NMDA receptor-mediated Ca®* influx
and impaired synaptic plasticity [100]. Moreover, APOE4 attenuates the
maturation and function of synapses by altering the expression of
neuronal and synaptic proteins at both transcription and translation
levels [95-97,101]. Specifically, APOE4 signaling suppresses the activ-
ities of transcription factors such as CaMKIla and CREB in neurons,
which leads to altered synaptic gene expression and impaired synaptic
plasticity [101]. APOE signaling also participates in the epigenetic
regulation of gene expression by modulating the activity of the tran-
scription repressor REST (RE1-silencing transcription factor) in neurons;
APOE4 decreases the nuclear translocation and chromatin binding of
REST, which leads to the altered transcription of neuronal genes [96].
On the other hand, astrocyte APOE4 signaling attenuates synaptic gene
expression in neurons through regulating the accumulation of
acetyl-CoA and the subsequent histone acetylation. Astrocyte-derived
APOE-containing particles carry miRNA into neurons that specifically
suppress the translation of genes associated with cholesterol biosyn-
thesis, resulting in the accumulation of acetyl-CoA, an initiating sub-
strate for cholesterol biosynthesis. Acetyl-CoA is also a predominant
donor for histone acetylation, and its accumulation in neurons leads to
the promotion of gene transcription related to axonogenesis and syn-
aptogenesis. However, APOE4-containing particles have lower miRNA
content, which enables cholesterol biosynthesis and lowers acetyl-CoA
and leads to decreased histone acetylation and gene transcription
[102]. Neuronal APOE4 signaling also attenuates the protein translation
of synaptic proteins by stimulating eukaryotic translation elongation
factor (eEF2) phosphorylation in response to neuronal activity changes
[103]. Indeed, APOE signaling is also involved in sculpting synaptic
connectivity through regulating the phagocytic activity of glial cells.
During postnatal developmental stage, compared with APOE2 and
APOE3 knock-in (KI mice), astrocytes have a lower phagocytic activity
for synapse elimination in the dorsal lateral geniculate nucleus of
APOE4 KI mice [104]. Moreover, Clq is a recognition ligand of the
classical complement cascade and is involved in tagging weak synapses
in neurons to signal the microglia for synapse engulfment through
complement component-3 receptors [105]. Aged APOE4 KI mice have
increased Clq accumulation in hippocampus, suggest that APOE4 af-
fects the microglial synaptic pruning [104]. Transcriptomic and prote-
omics analyses of the brains of APOE4-expressing transgenic mouse
models, post-mortem human brains carrying different APOE isoforms,
and human iPSC cells further suggest the underlying mechanisms of
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APOE isoforms in altering synaptic functions. In these studies, proteins
associated with energy metabolism, phospholipid metabolism, immune
response, neuroinflammation, synapse organization, and synaptic
transmission are most differentially altered between APOE isoforms [95,
98,106-109].

The CLU gene encodes a lipoprotein called clusterin (also known as
APQJ) that is prominently expressed in astrocytes in the brain, while its
secreted form is enriched in plasma. CLU is a multifunction protein that
acts as an extracellular chaperone, which is involved in lipid metabolism
and immune modulation [110]. In LOAD, CLU is the third-most signif-
icant genetic risk factor. CLU is found to be colocalized with Ap depo-
sition, and involved in both Ap generation, fibrillization, and clearance.
A number of SNPs have been identified, including ones that are shown to
affect gene transcription, isoform expression, and protein trafficking or
secretion, while the roles of the identified CLU variants in association
with AD are not clearly understood (review in [110,111]). A recent
study suggested that astrocyte-secreted CLU also plays a role in synaptic
function, where it is found to bind at excitatory but not inhibitory pre-
synaptic sites. CLU knockout mice have impaired excitatory synaptic
transmission with decreased mEPSC frequency in hippocampal neurons.
This synaptic defect in CLU knockout neurons is contributed by
decreased neurotransmitter release probability and dendritic spine
density. In contrast, increased CLU expression in astrocytes by viral in-
jection not only ameliorates the amyloid pathology but also rescues
decreased mEPSC frequency in 5xFAD, an AD transgenic mouse model
[112].

1.3. Microglial genes

Microglia are the resident immune cells in the CNS that are respon-
sible for the surveillance of the environment, mediation of neuro-
inflammation, and clearance of pathogen/debris. During postnatal
development and in response to experiences, microglial-mediated syn-
apse pruning is critical for refining and sculpting synaptic connectivity
and mediating structural plasticity. Deregulation of these pathways af-
fects synaptic transmission efficacy and plasticity in pathological con-
dition. [105].

TREM?2 (triggering receptor expressed on myeloid cell 2) is a
transmembrane glycoprotein that is mainly expressed on the immune
cells of myeloid origin. TREM2 can be activated by different classes of
ligands including lipids, apolipoproteins, and DNA. Upon binding with
its ligand, TREM2 couples with an adaptor protein, DNAX-activating
protein of 12 kDa (DAP12, also known as TYROBP) to recruit and acti-
vate downstream signaling in microglia [113]. In physiological condi-
tions, TREM2 signaling is involved in promoting cell proliferation and
survival, anabolic metabolism, restricting inflammation, and phagocy-
tosis [114]. In AD, TREM2 is well known for its roles in mediating the
transition of disease-associated microglia (DAM) from homeostatic
microglia, and TREM2" microglia are localized in close proximity to
amyloid plaques[113,115].

TREM2 also acts as a microglial signal that regulates synapse elim-
ination. Proper regulation of its expression and activity is crucial for
sculpting synaptic connectivity and proper synaptic functions during
development. TREM2”" mice show an increase in excitatory synapse
numbers in the hippocampus at postnatal development with a higher
mEPSC frequency, whereas overexpressed TREM2 in microglia enhances
their phagocytic activity and contributes to synaptic impairment in
young adult mice [116]. Young adult TREM2”" mice (6-8 months old)
do not show any cognitive impairments [117], whereas aged TREM2”~
mice (>18 months old) have better preservation of dendritic spines in
hippocampal pyramidal neurons that contribute to maintaining normal
basal synaptic transmission with enhanced hippocampal LTP. These
transgenic mice also have better cognitive performance than that of aged
wild-type mice. Interestingly, in the early pathological stage of AD,
reduced TREM2 activity indeed is associated with prevention of synapse
loss. Depleted TREM2 expression in cortical and hippocampal microglia
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of APP/PS1 mice at the early to middle pathological transition stage (i.
e., 4-8 months old) leads to decreased microglial phagocytic activity;
these transgenic mice preserve excitatory synapse numbers, hippocam-
pal LTP, and spatial memory without affecting amyloidosis. However,
these transgenic mice with depleted TREM2 expression at the middle to
late pathological transition stage (~6-10 months old) exacerbates syn-
aptic dysfunction and cognitive impairment [116]. Moreover, compared
with ordinary 5xFAD mice, 5xFAD mice with increased microglial
TREM2 expression show ameliorated amyloid pathology and better
cognitive performance. Bulk transcriptomic analysis of the brains from
these mice revealed that, not only was decreased expression shown in
the gene signature of DAM, which is otherwise found to be prominently
induced in ordinary 5xFAD mice, decreased expression of some of the
neuronal and synaptic genes was also restored [118]. Further studies are
required to better understand the mechanistic roles of TREM2 signaling
in mediating the synaptic deficits at different pathological stages of AD
progression.

Most AD-associated TREM2 variants are loss-of-function variants
that are associated with reduced expression or reduced activity of the
protein. The most prevalent variant, R47H TREM2, is associated with
elevated AD risk [119]. TREM2 R47H KI young adult rats exhibit
enhanced glutamatergic transmission and decreased inhibitory trans-
mission in hippocampal pyramidal neurons that result in impaired
(excitation/inhibition) E/I balance. These transgenic rats also show
impaired synaptic plasticity with reduced LTP at Schaffer collateral-CA1
synapses [120,121]. Thus, the R47H variant of TREM2 plays a role in
deregulating synaptic connectivity and synaptic function at the early
stages of AD before clinical symptoms appear.

2. Conclusion

In the past two to three decades, therapeutic interventions for AD
have been based on the amyloid hypothesis. However, with the
continued failure of clinical trials, researchers have turned their focus to
understanding the underlying multifactorial mechanisms of AD to
develop novel therapeutic approaches. The deterioration of synaptic
functions is highly associated with the progression of cognitive impair-
ments in various neurodegenerative diseases [122]. In AD, synaptic
dysfunction is one of the neuropathological changes that occur in the
brain before clinical symptoms appear. Ap oligomers and abnormal
hyperphosphorylated tau are two critical players for initiating the syn-
aptic dysfunction and synaptic loss in AD [8]. They can act on multiple
signaling pathways to exert damage to the cellular processes on pre-
synaptic terminals, postsynaptic specializations, and glial cells wrapped
around synapses. Using the latest bioinformatics and quantitative tools,
including genomics, proteomics, and epidemiological studies, have
identified more genetic risks and biomarkers associated with AD pro-
gression. Understanding of how these AD-associated variants/bio-
markers regulate the homeostasis of synaptic circuitry and function may
help uncover the disease mechanisms and develop early interventions
for AD.
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