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Abstract
Alzheimer’s disease (AD) causes the majority of dementia cases worldwide. Early pathological hallmarks include the accu-
mulation of amyloid-ß (Aß) and activation of both astrocytes and microglia. Neurons form the building blocks of the central 
nervous system, and astrocytes and microglia provide essential input for its healthy functioning. Their function integrates at 
the level of the synapse, which is therefore sometimes referred to as the “quad-partite synapse”. Increasing evidence puts AD 
forward as a disease of the synapse, where pre- and postsynaptic processes, as well as astrocyte and microglia functioning 
progressively deteriorate. Here, we aim to review the current knowledge on how Aß accumulation functionally affects the 
individual components of the quad-partite synapse. We highlight a selection of processes that are essential to the healthy 
functioning of the neuronal synapse, including presynaptic neurotransmitter release and postsynaptic receptor functioning. 
We further discuss how Aß affects the astrocyte’s capacity to recycle neurotransmitters, release gliotransmitters, and maintain 
ion homeostasis. We additionally review literature on how Aß changes the immunoprotective function of microglia during 
AD progression and conclude by summarizing our main findings and highlighting the challenges in current studies, as well 
as the need for further research.
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Introduction

AD constitutes the largest known form of dementia, with 
current estimates ranging from 25 to 50 million people suf-
fering from AD worldwide [1]. AD patients either suffer 
from familial AD or develop AD on a sporadic basis [2]. 
The familial form is caused by specific missense mutations 
in the amyloid precursor protein (APP) and presenilin 1 and 
2 (PSEN1, PSEN2), and symptoms usually develop between 
the age of 30 and 50 [3]. Sporadic late-onset AD, however, 
is expected to develop due to a complex interplay between 
genetic and environmental factors [4]. Biologically, AD is 
a neurodegenerative disease that is characterized by patho-
logical hallmarks, including the accumulation of amyloid-ß 
(Aß) peptides and phosphorylation of tau protein, resulting 

in the presence of Aß plaques (Fig. 1a, b) and neurofibril-
lary tangles (NFTs), respectively [5]. NFTs are specific for 
late-stage disease progression [6, 7]. The initial phase of 
AD development is typically characterized by the accumu-
lation of Aß peptides [7], which are derivatives of cleavage 
of the APP, which is a transmembrane protein abundantly 
expressed by neurons, particularly at the synapse [8]. The 
APP is considered important for synaptic transmission and 
its expression is strictly regulated. Up- or downregulation 
of the APP negatively impacts synaptic plasticity and cog-
nitive performance, as indicated by reduced performance 
on behavioral paradigms and impaired levels of long-term 
potentiation [9–12]. Regulatory processes include cleavage 
and breakdown of the APP, which, in the case of AD, deteri-
orate and initiate a cascade of events that ultimately leads to 
cognitive decline. In AD, excessive APP cleavage results in 
a relative shift of Aß peptides, increasing the Aß42/Aß40 ratio 
[13]. These longer Aß peptides (e.g. Aß42) have an increased 
aggregation capacity and progressively form Aß oligomers 
[14]. Currently, especially these Aß oligomers are consid-
ered toxic for neurotransmission. As the APP is abundantly 
expressed at the synapse and Aß accumulation is apparent 
at the start of AD pathogenesis, it has been suggested that 
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AD is a synaptopathy [15], in which pre- and postsynaptic 
processes progressively deteriorate.

In addition to its direct effect on neuronal function, 
Aß accumulation affects the function of glial cells. Glial 
cells include a range of cell types, including astrocytes and 
microglia [16]. They act as important modulators of synaptic 
transmission and do so by closely interacting with the pre- 
and postsynapse. Astrocyte processes encapsulate the syn-
aptic cleft and ensure recycling of released neurotransmit-
ters, release co-factors important for physiological neuronal 
transmission, and maintain tissue ion homeostasis [17]. 
Astrocytes are connected via gap-junction-coupled networks 
that synchronize neuronal activity within brain regions and 
prevent focal epileptic seizures [17]. Microglia are the resi-
dent immune cells of the brain and constantly explore the 
environment for pathogens [16]. They phagocytose inactive 
synapses and release co-factors that are important for the 
induction and maintenance of synaptic plasticity [18–21]. 
Together, astrocytes and microglia are considered essential 
parts of the neuronal synapse. As such, the synaptic complex 
is sometimes referred to as the “quad-partite synapse” [22], 
consisting of the pre- and postsynapse, the astrocyte, and 
microglia.

The components of the quad-partite synapse have been 
studied extensively using many different approaches, rang-
ing from post-mortem AD patient material, to in-vitro and 
in-vivo model systems. In-vivo model systems include 
AD mouse models, which often express a humanized chi-
meric form of the APP combined with the expression of 

a mutated form of PSEN, which is the active part of the 
gamma-secretase complex and actively cleaves the APP 
[5]. There are several AD mouse models available based 
on familial mutations in the APP, PSEN1, PSEN2, and risk 
genes APOE4 and TREM1. These models are characterized 
by the in-vivo accumulation of Aß peptides that develop 
into Aß oligomers and ultimately fibrillar plaque deposits. 
These models develop deficits across cognitive domains, 
including contextual and spatial memory, and impairments 
at the microcircuit level include activation of astrocytes and 
microglia near Aß plaques (Fig. 1a, b), neuronal hyperactiv-
ity, and impaired synaptic plasticity [23].

The need for an AD treatment and the awareness that Aß 
pathology plays a key role in AD progression, as well as the 
readily available AD mouse models, has triggered a grow-
ing interest in the effect of Aß accumulation on synaptic 
physiology. Here, we aimed to discuss the current view on 
how Aß pathology in AD affects the individual components 
of the quad-partite synapse. We first discuss the components 
of the quad-partite synapse separately and conclude by sum-
marizing our main findings and highlighting the challenges 
in current research.

Neurons

A healthy balance between presynaptic neurotransmitter 
release and postsynaptic activation of α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) and 
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Fig. 1  Pathological hallmarks of AD include the presence of Aβ 
plaques, and reactivity of astrocytes and microglia. a An Aβ plaque 
(red) surrounded by reactive astrocytes in the stratum radiatum (SR) 
of a 9-month-old APPswe/PSEN1dE9 mouse. Activated astrocytes 
(white) undergo clear cytoskeletal changes in response to Aβ pathol-

ogy. b An Aβ plaque (red) surrounded by activated microglia (white) 
in the SR of a 9-month-old APPswe/PSEN1dE9 mouse. Microglia 
respond to Aβ pathology and are actively involved in clearing Aβ due 
to their phagocytotic capacity. Hoechst nuclei staining is indicated in 
blue. Scale bars: 50 µm
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N-methyl-d-aspartate receptors (NMDARs) is essential for 
physiological neurotransmission. Impaired neurotransmis-
sion is a key characteristic for AD progression, and loss of 
functional synapses is considered an important pathological 
correlate of AD severity [24, 25]. Aβ fulfils an important 
regulatory role in preserving synaptic transmission within 
its physiological limits. Experiments indicate that neuronal 
activity and Aβ expression maintain a tight balance, where 
increased neuronal activity induces Aβ production, which in 
turn suppresses synaptic transmission. Indeed, administra-
tion of Aβ in low concentrations improved the induction of 
synaptic plasticity in the hippocampal CA1, whereas high 
concentrations resulted in the opposite effect [26, 27]. As 
such, excessive accumulation of Aß acts as a synaptotoxin 
and can interfere with synapse function directly [28]. Aß 
demonstrates a high affinity with receptors and proteins 
expressed at the pre- and postsynaptic membrane and pre-
vents their physiological functioning [29–31]. This disrupts 
regulatory processes that are essential for the induction and 
maintenance of synaptic plasticity, such as receptor exo- 
and endocytosis, receptor trafficking and mobilization, and 
receptor conductance and subunit composition [32–35]. 
As such, the direct administration of Aß has been shown 
to inhibit the induction of synaptic plasticity and alter the 
physiological properties of neurons [36]. Central to the 
adverse effect of Aß are changes in pre- and postsynaptic 
 Ca2+ homeostasis [37], of which tight regulation is essential 
for the changes in gene expression to occur that ultimately 
induce synaptic plasticity. The various ways in which Aß 
affects  Ca2+ homeostasis are biologically diverse and the 
most important ones will be discussed below.

Presynaptic Activity

Presynaptic nerve terminals accommodate a large range of 
biological mechanisms, which include the transport of cargo 
towards the synapse, and processes related to neurotrans-
mitter recycling and release. Exposure to Aß pathology is 
associated with aberrant presynaptic physiology. Studies 
indicate that exposure to Aβ pathology interferes with the 
presynaptic release of neurotransmitters in multiple systems, 
including glutamatergic, γ-aminobutyric acid (GABA)ergic, 
and serotoninergic circuitry [38].

The effect of Aβ on presynaptic physiology appears to be 
dose-dependent (Fig. 2). Low concentrations of extracellular 
Aβ increased presynaptic glutamate release without affect-
ing postsynaptic activity [39–41], presumably by stimulating 
vesicle fusion with the presynaptic membrane. Aß addition-
ally affects synaptic transmission via the increased release 
of co-factors important for postsynaptic receptor function. 
An important co-factor is D-serine, which binds to, and acti-
vates, postsynaptic NMDARs. Experiments indicate that 
Aβ administration enhances the extracellular presence of 

D-serine, possibly due to activation of presynaptic alanine-
serine-cysteine transporter 1 (asc-1) [42, 43]. The enhanced 
release of presynaptic glutamate and D-serine in the pres-
ence of Aß augments its concentration in the synaptic cleft. 
As such, hyper-excitability and excitotoxicity are key char-
acteristics of early AD development [44, 45].

High concentrations of Aβ reduce presynaptic glutamate 
release and promote excessive GABA release by interneu-
rons in the hippocampal CA1 (Fig. 2) [40, 41, 46]. This 
is partially mediated by the effect of Aβ on acetylcholine 
circuitry, as Aβ interacts with cholinergic receptors in a 
dose-dependent manner [30, 31, 47, 48]. Acetylcholine as 
a neurotransmitter is essential for attention, learning and 
memory, and high concentrations of Aβ have been shown to 
interfere with α7-containing nicotinic acetylcholine receptor 
(α7-nAChR) activation in such a way that neurotransmitter 
release was reduced [40]. This dual effect of Aß pathology 
underscores the importance of maintaining healthy Aß con-
centrations and indicates that Aß accumulation induces a 
transition in which the neuronal network becomes increas-
ingly inhibitory in nature with progressive Aß pathology.

Presynaptic physiology and mechanisms associated with 
neurotransmitter release all highly depend on the intracel-
lular  [Ca2+]. The presynaptic  [Ca2+] results from intra- and 
extracellular  Ca2+ sources. Studies indicate that Aß pathol-
ogy affects the presynaptic  [Ca2+] directly. For instance, Aß 
displays a high affinity to presynaptic voltage-gated  Ca2+ 
channels, enhances their activity, and promotes the influx 
of  Ca2+ [49]. An important intracellular  Ca2+ source is the 
endoplasmatic reticulum (ER), which extends towards pre-
synaptic axon terminals [50, 51]. The efflux of  Ca2+ is pre-
dominantly provided by ryanodine receptors (RyR), which 
are abundantly expressed in the ER membrane [52]. The 
upregulation of RyR expression correlates with an increased 
presynaptic  [Ca2+] and was associated with the impaired 
induction of synaptic plasticity in a mouse model for AD 
[53]. The same upregulation of RyR altered the paired-pulse 
facilitation in APP/PS1 mice, affecting neurotransmitter 
release [53–55]. The application of RyR inhibitors rescued 
this effect, illustrating the importance of intracellular  Ca2+ 
sources and enhanced RyR activity in presynaptic pathology 
present in AD.

The Aß-induced increase in the intracellular  [Ca2+] dis-
turbs presynaptic mechanisms, including enzymatic phos-
phorylation, which ultimately affects axonal transport, neu-
rotransmitter vesicle trafficking, recycling, and release, in a 
dual manner [29, 56, 57]. That is, Aß exposure results in the 
enhanced activity of presynaptic cyclin-dependent kinase 5, 
which reduces the neurotransmitter vesicle recycling pool 
and increases the number of resting neurotransmitter vesi-
cles [56], thereby reducing presynaptic activity. Simultane-
ously, reports indicate that Aβ stimulates the phosphoryla-
tion of proteins in the SNARE complex, such as syntaxin 1, 
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and competes with synaptobrevin and VAMP2 for binding 
with synaptophysin, which promotes presynaptic vesicle 
fusion [58–60]. This apparently conflicting effect of Aß on 
presynaptic activity likely results from a gradual increase in 
the presynaptic  [Ca2+], where moderate increases initially 
stimulate biological pathways but prolonged exposure to Aß 
ultimately depresses presynaptic transmission. Nevertheless, 
how exactly Aß exerts its dual effect, what downstream path-
ways are involved, and how they are temporally regulated 
remains to be elucidated.

Overall, Aβ pathology affects presynaptic activity in 
many ways that ultimately converge into the altered release 

of neurotransmitters (Fig. 2). Initially, low concentrations of 
Aβ support synaptic transmission, but the excessive accu-
mulation of Aβ in AD triggers the transition towards exci-
totoxicity and prolonged exposure to Aβ ultimately results 
in a network that is characterized by presynaptic depression.

Postsynaptic AMPA Receptors

AMPARs are expressed at the postsynapse and their physi-
ology is strictly regulated. Their activation facilitates depo-
larization of the postsynapse through the influx of  Na+. 
AMPARs are heterotetramers that generally consist of two 

Fig. 2  Aβ accumulation affects pre- and postsynaptic neurotrans-
mission. Aβ stimulates presynaptic RyR, voltage-gated  Ca2+ chan-
nel, and α7-nAChR activity. This increases the presynaptic  [Ca2+]. 
Short-term fluctuations in the presynaptic  [Ca2+] promote kinase (K) 
activity and stimulate neurotransmitter release. Long-term  [Ca2+] 
increases result in presynaptic depression and a subsequent decrease 
in neurotransmitter (i.e., glutamate) release. More advanced stages of 
Aβ pathology are associated with enhanced GABA release and thus, 
an increase in tonic neuronal network inhibition. Aβ accumulation 
has furthermore been shown to affect axonal transport and presyn-
aptic d-serine release. Postsynaptically, Aβ stimulates NMDAR and 

AMPAR subunit phosphorylation. This initially promotes NMDAR 
and AMPAR expression and conductance. Aβ additionally binds 
and activates postsynaptic α7-nAChRs. Subsequent increases in the 
postsynaptic  [Ca2+] stimulate kinase activity and activate down-
stream pathways and gene expression important for synaptic plastic-
ity induction and maintenance. Prolonged increases in the postsynap-
tic  [Ca2+] stimulate endocytosis, ubiquitination, and degradation of 
NMDARs and AMPARs. The subsequent reduction in NMDAR and 
AMPAR expression and function results in postsynaptic depression 
and a reduction in gene transcription important for synaptic plasticity 
induction. Figure was created with the help of BioRender.com
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symmetric dimers containing one of four subunits; GluA1, 
GluA2, GluA3, and GluA4 [61]. The AMPAR subunit 
composition greatly affects its function and is regulated 
in a spatiotemporal manner [61, 62]. GluA4 heterodimers 
are exclusively expressed in the hippocampus during early 
development and are replaced by heterodimers containing 
GluA1, GluA2, and GluA3 subunits in adulthood [63]. 
The effect of early Aß pathology on AMPAR physiology 
appears to be subunit-specific. That is, exposure to Aß facili-
tates phosphorylation of the GluA1 subunit, which results 
in enhanced AMPAR exocytosis and increased AMPAR 
expression at the postsynaptic membrane [64]. It addition-
ally raises AMPAR channel conductance and immobilizes 
AMPARs to ensure stable incorporation of GluA1-contain-
ing AMPARs into the postsynaptic density (PSD) [65, 66]. 
The Aß-induced increase in GluA1-containing AMPARs 
goes at the expense of GluA2-containing AMPAR expres-
sion [67, 68]. The absence of the GluA2 subunit renders 
AMPAR permeable to  Ca2+, increasing the likelihood of 
local postsynaptic increases in the  [Ca2+] as a result of Aß 
pathology [69]. Interestingly, it appears that the expression 
of the GluA3 AMPAR subunit is essential for Aß to exert its 
pathological effect at the initial stages of AD progression. 
That is, hippocampal neurons in APP/PS1 mice showed a 
reduced AMPAR-mediated response when exposed to Aß, 
whereas GluA3-deficient APP/PS1 mice did not [70].

Prolonged exposure to Aß and the persistent expression 
of GluA1-containing AMPARs eventually force the post-
synaptic  [Ca2+] outside of its physiological limits. Pro-
longed increases of the postsynaptic  [Ca2+] promote the 
downregulation of AMPAR expression and prevent GluA1 
subunit incorporation into the PSD [71]. It furthermore 
alters AMPAR kinetics by reducing the channel open prob-
ability and the occurrence of subsequent  [Ca2+] fluctuations 
[33]. It also enables the mobilization and internalization of 
AMPARs through clathrin-mediated endocytosis [72]. This 
process is, among other things, facilitated by endophilin 
2, which increases its activity in the presence of Aß [73]. 
AMPARs are then recycled or degraded which involves 
ubiquitination and subsequent breakdown by the protea-
some. High concentrations of Aß have been shown to pro-
mote ubiquitination of AMPARs through activation of the 
E3 ubiquitin-protein ligase NEDD4 [73, 74]. Aß recruits 
NEDD4 to the synapse, where it strongly associates with, 
and promotes the breakdown of, AMPAR subunits. This 
imbalance in AMPAR physiology eventually initiates a 
biological cascade of events that involves the pathological 
regulation of protein and enzyme phosphorylation. Affected 
proteins include cyclic adenosine monophosphate (cAMP), 
protein kinase A (PKA), and cAMP response element-
binding protein (CREB), which are all essential for inducing 
gene expression and the maintenance of synaptic plasticity 
[75–78].

Overall, AMPAR physiology involves a delicate balance 
between alterations in subunit composition, receptor traf-
ficking, and endo- and exocytosis, all heavily regulated by 
the postsynaptic  [Ca2+]. Aß pathology disturbs this balance 
by promoting the influx of  Ca2+, ultimately downregulat-
ing AMPAR expression and preventing the upregulation of 
genes essential for synaptic plasticity (Fig. 2).

Postsynaptic NMDA Receptors

Functional NMDA receptors are heterotetramers that in 
most cases contain two GluN1 subunits and a combination 
of GluN2 subunits [79]. The GluN2 subunits contain a gluta-
mate binding site, whereas the GluN1 subunit has high affin-
ity for important co-factors for glutamatergic transmission, 
such as D-serine and glycine [79]. Sporadically, NMDA 
receptors include a GluN3 subunit that contains an addi-
tional glycine binding site and is characterized by reduced 
 Ca2+ permeability [80]. NMDARs are both ligand- and 
voltage-gated and depend on AMPAR activation for release 
of the  Mg2+ block. When activated, NMDARs are highly 
permeable to  Ca2+, which acts as an important second mes-
senger and triggers essential downstream pathways.

Reports indicate that Aß directly interacts with NMDAR 
subunits and cause over-activation of predominantly GluN1- 
and GluN2-containing NMDARs [81]. Especially the 
GluN2B NMDAR subunit appears to be prone to Aß pathol-
ogy [82, 83]. Indeed, direct administration of Aß induced 
synapse loss and changes in NMDAR-dependent synaptic 
plasticity only in the absence of GluN2B blockers [84].

Like AMPARs, NMDAR activity is subject to the regula-
tory processes of receptor trafficking and mobilization. For 
this, NMDARs depend on membrane scaffolding proteins 
present in the PSD that ensure attachment to the postsyn-
aptic membrane and actively regulate NMDAR expression 
and function [85–87]. Aß has been shown to bind directly 
to some of these proteins in a time- and dose-dependent 
manner, including to PSD 95 [88], which negatively affected 
NMDAR activity. Aß also shows high affinity with the cel-
lular prion protein  (PrPc), an alternative protein present in 
the PSD. Various studies indicate that interaction of Aß with 
the  PrPc affects NMDAR activity and subsequently reduces 
synaptic plasticity induction [89, 90]. There is, however, also 
evidence that activation of the  PrPc is not essential for the 
induction of AD-specific impairments [91, 92].

Aß-PrPc signaling and the activation of NMDARs have 
been shown to activate downstream pathways important for 
protein phosphorylation. This includes the activation of Fyn 
kinase, which has been shown to increasingly phosphoryl-
ate the GluN2B subunit in the presence of Aß pathology 
[93]. The enhanced phosphorylation of NMDAR subunits 
and related proteins further alters NMDAR trafficking and 
activity [94].
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To summarize, Aß pathology impairs postsynaptic physi-
ology by binding to NMDARs directly, as well as by trig-
gering a pathological cascade of events. The effect of Aß on 
NMDAR physiology is time- and dose-dependent, where ini-
tial exposure to Aß facilitates postsynaptic transmission, but 
prolonged increases of the postsynaptic  [Ca2+] ultimately 
inhibit NMDARs activation and induce postsynaptic depres-
sion that involves downregulation of gene expression essen-
tial for synaptic plasticity (Fig. 2).

Astrocytes

Astrocytes form an intricate part of the central nervous sys-
tem (CNS) and provide for molecular, cellular and organ 
homeostasis. Astrocytes are heterogeneous overall and 
appear in many forms that differ in their morphology, func-
tionality, and physiology. They maintain tight connections 
with neuronal synapses via perisynaptic processes. It is esti-
mated that a single astrocyte can contact between 20,000 and 
120,000 synapses in the rodent brain and up to two million 
in the human brain [95, 96]. Given the intimate relationship 
they have with neuronal synapses, astrocytes are essential 
for neurophysiological signaling. Their function includes 
the maintenance of tissue ion homeostasis, neurotransmitter 
recycling, and the regulation of synaptic transmission via the 
release of gliotransmitters [16, 17, 97]. As such, astrocytes 
synchronize neuronal activity within brain regions and pre-
vent excitotoxicity of neuronal networks [98–100]. In AD, 
astrocytes lose their supportive function and change their 
state towards a pro-inflammatory profile [101]. This shift 
includes changes in morphology, function, and transcrip-
tional signature (Fig. 3). Reactive astrocytes increase their 
expression of important intermediate filament proteins that 
largely consist of glial fibrillary acidic protein (GFAP) and 
vimentin (VIM) [102, 103]. Functionally, reactive astro-
cytes display calcium waves that are higher in frequency and 
longer in duration [104–106] and increase their sensitivity 
to glutamate through the enhanced expression of AMPARs, 
but simultaneously reduce the expression of glutamate 
transporters necessary for neurotransmitter uptake. Gener-
ally, chronic astrocyte reactivity is considered detrimental 
for AD progression. Nevertheless, early astrocyte reactivity 
has been suggested to be protective against AD pathology 
due to increased Aβ clearance or the upregulation of proteins 
important for neurophysiology (Fig. 3) [107–109]. Next, we 
will discuss the most prominent changes in astrocyte physi-
ology as a consequence of AD pathology.

Ion Homeostasis

Ion homeostasis is essential for healthy brain functioning. 
Astrocytes are specifically involved in maintaining  K+ ion 

homeostasis and do so through their  K+ buffering capacity 
[42, 43]. To effectively carry out their function, the astrocyte 
membrane is highly permeable to  K+, causing the astrocyte 
membrane potential to be very close to the  K+ equilibrium 
potential. Neuronal activity increases the extracellular  [K+], 
which leads to a difference in the reversal potential of  K+. A 
subsequent change in driving force then induces an inward 
 K+ current. To efficiently buffer large amounts of  K+, astro-
cytes are electrically coupled to neighboring astrocytes 
[110–113], allowing them to distribute  K+ towards sites with 
reduced neuronal activity. Reactive astrocytes change their 
function in response to Aβ pathology [101], which includes 
altered gap junction coupling efficiency [114]. Consequently, 
post-mortem AD patient material and primary astrocyte cul-
tures exposed to Aβ display dysregulated  K+ and  Na+ home-
ostasis [115]. Furthermore, an imbalance in  K+ homeosta-
sis has been suggested to cause hyperexcitability in mouse 
models for AD. Astrocytes depend on inward-rectifier  K+ 
(Kir) channels for the efficient uptake of extracellular  K+. 
Kir channels are a subset of  K+ channels that favor inward 
 K+ currents over outward  K+ currents. Astrocytes express 
several Kir channel subtypes, including Kir2.1, Kir4.1, and 
Kir5.1 [110, 116]. Especially Kir4.1 has been implicated 
in the aberrant homeostatic function of astrocytes in neu-
rodegenerative diseases. For instance, Kir4.1 function is 
impaired in epilepsy and Huntington’s disease [117]. In AD, 
Kir4.1 mRNA expression was found to be downregulated in 
mice characterized by severe Aβ pathology [118]. Recent 
evidence, however, suggests that Kir4.1 channel dysfunc-
tion is most likely not implicated in the pathology of early 
AD [107]. Kir4.1 expression was, however, upregulated in 
astrocytes near Aβ plaques. This implicates that astrocytes 
in early stages of AD progression try to rectify imbalances 
in  K+ homeostasis by upregulating Kir4.1 expression near 
areas with severe Aβ pathology, and thus are predominantly 
protective at the early stages of disease progression (Fig. 3) 
[107].

Neurotransmitter Recycling

Astrocytes regulate neuronal transmission via the uptake and 
recycling of neurotransmitters and are especially important 
for the uptake of glutamate to prevent neuronal network 
hyperexcitability [119]. Upon presynaptic release, excess 
glutamate is internalized by astrocyte glutamate trans-
porters, including the l-glutamate/l-aspartate transporter 
(GLAST) and the glial glutamate transporter-1 (GLT-1) 
[120]. The uptake of glutamate by astrocytes is essential 
for healthy neurotransmission and impaired function and 
expression of GLT-1 and GLAST has been implicated in 
AD pathology (Fig. 3) [121]. Indeed, reduced glutamate 
uptake by GLAST and GLT-1 resulted in excitotoxicity in 
rat organotypic cultures [119]. Glutamate that is taken up 
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by astrocytes is converted into glutamine by the enzyme 
glutamine synthetase (GS). Glutamine is then shuttled back 
to the presynaptic neuron [122–124]. Studies using post-
mortem AD patient material indicate decreased levels of 
GLT-1 in the cortex and hippocampus [125, 126]. The 

reduced expression of GLAST has been implicated by some 
studies [121, 125], but not all [126, 127]. Similar results 
were found by studies using astrocyte cultures or animal 
models for Aβ pathology [128, 129]. For instance, treatment 
with Aβ reduced glutamate uptake by cultured astrocytes, 

Fig. 3  Dysregulation of cellular processes in reactive astrocytes. 
The figure illustrates a reactive astrocyte displaying differentially 
regulated processes in response to Aβ pathology. Aβ pathology 
does not only impact astrocyte function at the single-cell level, but 
affects the entire astrocyte network. Long-term astrocyte reactivity 
is associated with a pro-inflammatory transcriptional profile and the 
decreased expression of neuronal support genes. Functionally, reac-
tive astrocytes display an increase in calcium-wave signaling, which 
is associated with the increased release of gliotransmitters, including 
glutamate and GABA. Reactive astrocytes additionally upregulate 
the expression of several receptors which further stimulates gliotrans-
mitter release. Simultaneously, reactive astrocytes downregulate the 

expression of glutamate transporters (GLAST/GLT-1), which pro-
motes the presence of glutamate in the synapse. This is further stimu-
lated by the decreased expression of GS. Astrocytes are furthermore 
important for maintenance of the  K+ homeostasis and its dysfunc-
tion has been implicated in more advanced stages of AD progres-
sion, characterized by the decreased expression of Kir4.1 mRNA and 
impaired gap-junction coupling. In early-stage AD, however, reac-
tive astrocytes ameliorate disease progression by the upregulation of 
Kir4.1 protein expression near Aβ-plaque enriched areas and protect 
against Aβ pathology through their active participation in Aβ clear-
ance and the formation of a protective border surrounding the Aβ 
plaque. Figure was created with the help of BioRender.com
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mainly mediated by reduced GLT-1 function [130–132]. 
This Aβ-induced reduction in glutamate uptake was asso-
ciated with reduced expression levels of both GLT-1 and 
GLAST protein [131]. Studies indicate reduced expression 
of GLT-1 and GLAST in many brain regions. However, 
this appears to be regulated in a spatiotemporal-dependent 
manner. GLAST was only downregulated in adult AßPP23 
mice, and not in old AßPP23 mice [133], and APP/PS1 mice 
showed reduced GLT-1 levels in the cortex, but not in the 
hippocampus [134]. Nevertheless, the impaired function and 
expression of GLT-1 and GLAST are clearly implicated in 
AD pathogenesis. This possibly results from the increased 
activity of mitogen-activated protein kinases (MAPK) [131], 
which increasingly phosphorylate GLT-1 and GLAST when 
exposed to Aß pathology. Alternatively, studies suggest 
that Aß stimulates GLT-1 internalization and ubiquitination 
directly [135]. Downregulation of GLT-1 expression also 
results from adenosine  A2a receptors, which are expressed by 
astrocytes and whose activation has been connected to AD 
pathology [136, 137]. Alternatively, the presence of reactive 
oxygen species (ROS) has been implicated in AD pathol-
ogy as the exposure of the mouse hippocampus and cortex 
to Aß increased ROS formation [128, 138]. ROS stimulate 
ubiquitination of proteins, including GLT-1, and subsequent 
anti-oxidant treatment prevented Aß-induced deficits [135]. 
Further processes that are involved in the reduced recycling 
of neurotransmitters include the reduced expression of GS 
[139], ultimately decreasing neurotransmitter availability 
at the presynapse. GS expression is, however, differen-
tially regulated per brain region [140], and it is currently 
unclear whether its reduced expression is a direct effect of 
Aβ pathology or otherwise results from the reduced avail-
ability of astrocyte glutamate.

Astrocytes additionally regulate inhibitory network 
activity by the uptake of GABA via GABA transport-
ers (GATs). Astrocytes express multiple GATs, including 
GAT1, GAT2, and GAT3 [141]. Given that GATs function 
bi-directionally, they are important for both the release and 
uptake of GABA. Currently, few studies report on the uptake 
of GABA by astrocytes in AD. There is evidence for the 
reduced expression of GAT3 in astrocytes obtained from 
human induced pluripotent stem cells carrying mutations 
in the APP or splicing enzymes. This resulted in reduced 
oxidative GABA metabolism mediated by a decrease in the 
GABA uptake capacity [142]. Accordingly, many studies 
report on increased GABA concentrations in the AD brain, 
both in rodents and AD patients [143, 144]. Most studies, 
however, attribute this effect to increased astrocyte GABA 
release rather than reduced GABA uptake. Another study 
reported on increased GABA content in cortical astrocytes 
of APP/PS1 mice, whereas there were no signs of altered 
GABA release [145]. They suggest, however, that this 
might be mediated by the increased synthesis of GABA by 

astrocytes directly, and additional research is required to find 
out how changes in GABA uptake specifically relate to AD 
pathology.

Gliotransmitter Release

Astrocytes regulate neuronal activity through the release of 
gliotransmitters, which include GABA, glycine, glutamate, 
adenosine triphosphate (ATP), and D-serine [146–150]. 
Whereas glutamate, ATP, and D-serine support excitatory 
neurotransmission, astrocytes release GABA and glycine 
to prevent hyperactivity of the neuronal network [144]. 
Gliotransmitters released by astrocytes act on ionotropic, 
metabotropic, and purinergic receptors expressed on the pre- 
and postsynaptic membrane, and as such, astrocytes regulate 
pre- and postsynaptic activity directly [151].

Hyperactivity of astrocytes in AD pathology is associ-
ated with the excessive release of gliotransmitters. Astrocyte 
gliotransmitter release involves channel-mediated release 
[152] and calcium-mediated exocytosis [153, 154]. Given 
that reactive astrocytes display enhanced calcium-wave 
activity [104, 105], astrocyte glutamate and D-serine release 
are characteristically upregulated in AD pathogenesis [155, 
156].

Activation of purinergic receptors and ionotropic and 
metabotropic glutamate receptors (mGluRs) promotes astro-
cyte glutamate and D-serine release [148, 149, 152, 157]. 
Studies report that Aβ affects astrocyte receptor expres-
sion and function directly. For instance, Aβ administration 
increased the expression of P2X purinergic receptors [158], 
and mGluR subtypes [159, 160], as well as the activity of 
α7-nAChRs [155]. Aβ further induced overexpression of 
mGluRs by astrocytes via downstream activation of cal-
cineurin and the protein complex NF-κB [160]. This increase 
in receptor expression and activity has been implicated in the 
excessive release of astrocyte glutamate, predominantly via 
the facilitation of calcium-mediated exocytosis [30, 31, 155]. 
Indeed, administration of Aβ induced a  Ca2+-dependent 
increase in serum glutamate levels in cultured astrocytes 
[156]. Moreover, astrocytes released glutamate after activa-
tion of the tumor necrosis factor receptor 1 by tumor necrosis 
factor α (TNF-α) in a  Ca2+-dependent manner [161], which 
was found to be altered in PDAPP mice [162]. This increase 
in  Ca2+-dependent glutamate release is possibly mediated 
by downstream pathways that result in enhanced kinase 
activity, including the activity of MAPK [163]. Moreover, 
the increased expression of especially astrocyte purinergic 
receptors coincides with synaptic failure, thereby linking Aβ 
pathology to reduced synaptic transmission via the altered 
function of astrocytes [158].

To maintain physiological network activity, astrocytes 
release GABA through reversal of GATs and channel-
mediated release, including the activation of Bestrophin-1 



1034 Neurochemical Research (2023) 48:1026–1046

1 3

(Best1) [164–166]. Astrocyte GABA release activates neu-
ronal ionotropic  GABAa and metabotropic  GABAb recep-
tors [147]. As such, astrocytes contribute to the tonic inhi-
bition of neuronal networks upon the excessive release of 
glutamate [167], further confirming their role in network 
synchronization. GABAergic circuits are affected by AD 
pathology, as suggested by studies showing increased 
GABA concentrations in the hippocampus of AD patients 
and AD mouse models, especially near Aβ plaques [143, 
144]. Experiments suggest that reactive astrocytes increase 
their expression of GAT3 and GAT4 [144], and use those to 
promote GABA release [165]. Indeed, the increased release 
of GABA by reactive astrocytes caused tonic inhibition in 
the hippocampus, only in the absence of GAT3 and GAT4 
inhibitors [144]. Hyperactivity of Best1 is also implicated 
in the increased release of GABA by reactive astrocytes, 
as Best1 short-hairpin RNA prevented enhanced GABA 
expression in cultured astrocytes [143]. Astrocytes gener-
ate GABA directly via the glutamic-acid-decarboxylase 
(GAD) and glial-monoamine-oxidase B (MAOB) pathways 
[168, 169]. Recent evidence indicates that astrocytes primar-
ily depend on the MAOB pathway [169]. Its activity was 
found to be upregulated when exposed to Aβ pathology in 
AD model mice and post-mortem AD patient material [143, 
170]. Moreover, glutamic acid decarboxylase 67 (GAD67) 
was found to be significantly increased in reactive astro-
cytes in the dentate gyrus of 5xFAD mice [144]. Overall, the 
increased release of GABA by reactive astrocytes reduced 
the presynaptic release probability and excitability of neu-
rons in the dentate gyrus [143]. This ultimately resulted in 
the impaired induction of synaptic plasticity and cognitive 
deficits [143, 144].

To summarize, whereas astrocytes generally ensure phys-
iological activity of the neuronal network, Aβ pathology 
induces excessive release of excitatory and inhibitory gli-
otransmitters, including glutamate and GABA (Fig. 3). Their 
release might be differentially regulated, as hippocampal 
GABA content was found to be upregulated mainly at later 
stages of AD progression near Aβ plaques [170, 171]. On the 
contrary, hyperexcitability of neuronal networks is typically 
present in early stages of Aβ pathology [45]. This implicates 
that the regulation of neuronal activity by astrocytes in AD 
is affected in a spatiotemporal-dependent manner.

Microglia

Microglia are the brain’s primary immune cells and are the 
first to act in case of neuronal injury. Microglia respond to 
a variety of signals that lead to polarization into distinct 
phenotypes, both pro-inflammatory and anti-inflammatory 
[172]. This activation is essential for a proper induction 
and subsequent resolution of the brain’s immune response. 

Furthermore, microglia act as the primary regulators of 
neuronal plasticity during development and adulthood [21, 
173–175]. For this, they regulate the elimination of inactive 
synaptic connections and maintain functional synapses by a 
process often referred to as “synaptic stripping” or “pruning” 
[20, 176, 177]. Neurons form an excess of synapses during 
development and microglia eliminate weak or unnecessary 
synapses based on neuronal activity [178]. Furthermore, 
microglia are regarded as important mediators of neuronal 
plasticity by the release of cytokines and the expression of 
enzymes [21, 179, 180]. Throughout these processes, the 
microglial phenotype is highly dynamic, and mature micro-
glia contain a vast number of receptors to quickly respond 
to changes in their environment [181, 182]. This response 
includes microglial activation, which is accompanied by 
transcriptional and phenotypic changes that are essential for 
a proper response to any disturbance of brain homeostasis 
[182–184].

Microglia Phenotypes

Until recently, the microglia phenotype was subdivided 
according to the M1/M2 classification. Recent insights, how-
ever, have led to the understanding that the microglia phe-
notype includes a spectrum of states between which micro-
glia can freely transition based on the signals present in the 
microenvironment (Fig. 4) [185]. Under physiological cir-
cumstances, microglia are characterized by a branched mor-
phology and their protrusions continuously undergo cycles 
of formation and withdrawal to scavenge/scan the extracel-
lular environment [182]. This process plays a key role in 
monitoring the ingress of pathogens and detection of neu-
ronal damage [186]. Moreover, microglia interact directly 
with neurons, preferentially contacting neurons with high 
levels of activity [187], which is essential for regulating syn-
aptic plasticity. Microglia maintain their ramified morphol-
ogy through homeostatic neuronal and astrocyte signaling 
[188]. Threats to the structural and functional integrity of 
the CNS may, however, lead to microglial activation towards 
an anti-inflammatory or pro-inflammatory state [172]. These 
states are accompanied by changes in appearance, including 
enlargement of the soma and reduced ramification.

Microglia become polarized towards a pro-inflamma-
tory state as a response to pathogens, trauma, or ischemia 
[189–192]. Their main function is to mount an adaptive 
immune response. Accordingly, a pro-inflammatory response 
by microglia is characterized by an increased antigen-pre-
senting activity through upregulation of the major histocom-
patibility complex II, CD86, and Fc-γ receptors, allowing 
for improved crosstalk between immune cells [193–196]. 
Downstream signaling pathways of these receptors lead to 
the release of pro-inflammatory signaling molecules, such as 
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interleukin 6 (IL-6), interleukin 1-bèta (IL-1ß), and TNF-α 
(Fig. 4) [195, 197, 198].

Alternatively, the presence of anti-inflammatory 
cytokines in the microenvironment induces microglia dif-
ferentiation towards an anti-inflammatory state, which is 
essential for dampening of the pro-inflammatory response 
[199, 200]. These cytokines include interleukin 4 (IL-4), and 
interleukin 13 (IL-13), secreted by immune cells at the end 
of an inflammatory response [201, 202]. In response, micro-
glia secrete a range of anti-inflammatory factors, includ-
ing IL-4, IL-13, interleukin-10 (IL-10), and transforming 
growth factor beta (Fig. 4) [202, 203]. Anti-inflammatory 
cytokine signaling also induces the upregulation of scav-
enger receptors and enhancement of neurotrophic factor 
release [200, 204]. These promote debris clearance and reso-
lution of inflammation, respectively. The anti-inflammatory 
response of microglia is implicated in neuronal protection 
and repair. Indeed, inhibiting the anti-inflammatory response 

by microglia worsened pathology after neuronal damage 
induced by stroke [205].

Microglia in AD

In AD, microglia are tightly associated with Aß plaques and 
their activation may play a complex but dual role [206]. For 
instance, microglia are known for the uptake and degradation 
of Aß, thereby initially counteracting AD pathology [206, 
207]. Prolonged exposure to Aß, however, pushes micro-
glia towards a pro-inflammatory phenotype, which plays a 
key role in neuro-inflammation and neurodegeneration by 
secreting a range of pro-inflammatory cytokines, indicated 
by increased levels of IL-1ß and TNF-α (Fig. 4) [208, 209].

Underlying the pro-inflammatory response of microglia 
is a broad intracellular signaling cascade, involving both 
toll-like receptors (TLRs) and the nod-like receptor protein 
3 (NLRP3) inflammasome [210, 211]. Microglia express 
a range of TLRs that are essential in recognizing harmful 

Fig. 4  Microglia are highly dynamic throughout various physiologi-
cal states. Homeostatic microglia monitor the ingress of pathogens 
and interact directly with neurons, which is essential for regulating 
synaptic plasticity. Threats to the structural and functional integ-
rity of the CNS may lead to microglial polarization towards various 
activated states. The presence of anti-inflammatory cytokines in the 
microenvironment pushes microglia towards an anti-inflammatory 
state, which is essential in the resolution of the immune response. 
In AD, microglia initially participate in Aβ clearance through their 
phagocytotic capacity. However, the continued exposure to soluble 
and oligomeric Aβ induces a pro-inflammatory microglial response 

through TLR, NLRP3 inflammasome, and NF-κB signaling. These 
microglia release pro-inflammatory cytokines that affect the capabil-
ity of neurons to induce synaptic plasticity via the activation of down-
stream pathways involving P38 MAPK and c-Jun N terminal kinase 
signaling and activation of the JAK/STAT pathway. Moreover, micro-
glia lose their potential to mount an anti-inflammatory response as a 
result from Aβ accumulation. DAM are microglia specifically asso-
ciated with Aβ-plaque pathology in AD. DAM are neuroprotective 
in the initial stages of AD pathology but due to chronic stimulation 
become increasingly pro-inflammatory with disease progression. Fig-
ure was created with the help of BioRender.com
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stimuli and in the induction of the innate immune response 
[212, 213]. In AD, TLRs fulfil a dual role. Whereas TLR2 
and TLR4 are important for the phagocytosis of Aß by 
microglia [214], loss-of-function-mutations in the TLR4 
gene result in significantly decreased microglial activation 
and release of pro-inflammatory cytokines [211]. Moreo-
ver, deficiency for TLR4 proved to be sufficiently protec-
tive against microglia activation, neuro-inflammation, and 
subsequent memory impairments in mice exposed to Aß 
[215]. The transcription factor NF-κB acts as a downstream 
effector of TLR4 and its activation results in the expression 
of pro-inflammatory cytokines, including TNF-α, IL-6 and 
IL-1 [216]. NF-κB additionally triggers transcription and 
activation of the NLRP3 inflammasome, which promotes 
the formation and secretion of IL-1ß [210, 217, 218]. Aß 
also stimulates the NLRP3 inflammasome directly, which 
further promotes IL-1ß production and microglia reactivity 
[210, 219, 220]. A similar mechanism applies to human AD 
pathology, as hippocampal lysates from AD patients with 
mild cognitive impairments showed elevated caspase 1 con-
centrations, which is an important component of the NLRP3 
inflammasome [210]. Additional pathways implicated in 
the Aß-induced activation of the NLRP3 inflammasome 
are cathepsin activation [221] and  Ca2+-mediated activa-
tion of the calcium-sensing receptor [222]. The importance 
of NLRP3 inflammasome activation in microglia reactivity 
becomes apparent from experiments indicating that NLRP3 
deficiency successfully protects against microglia activation, 
decreases Aß accumulation, and prevents spatial memory 
loss [210, 219].

While the secretion of pro-inflammatory cytokines is 
initially important for driving microglial activation and 
Aß phagocytosis [223–225], excessive release of pro-
inflammatory cytokines is linked to neurotoxicity and 
reduced synaptic plasticity [175, 226, 227]. For example, 
overexpression of IL-1ß led to a significant decrease in 
long-term contextual and spatial memory in mice [228], 
whereas inhibition of pro-inflammatory signaling in AD 
mouse models significantly decreased cognitive deficits 
[175, 229]. Moreover, exposure to TNF-α decreased spa-
tial memory performance in mice [230] and reduced hip-
pocampal synaptic plasticity [231]. Studies indicate that 
both IL-1ß and TNF-α activate p38 MAPK [231, 232], 
which subsequently stimulates NMDAR phosphorylation 
[233] and glutamate receptor-dependent long-term depres-
sion [234]. p38 MAPK additionally inhibits brain-derived 
neurotrophic factor, an important positive modulator of 
synaptic plasticity [235, 236]. Indeed, selective inhibition 
of p38 MAPK rescued synaptic plasticity in the cortex 
of AD model mice [237]. TNF-α has further been impli-
cated in impaired synaptic plasticity via interaction with 
the c-Jun N-terminal kinase [238], whose activation has 
been implicated in AD pathology and inhibition leads to 

significant improvements in cognitive performance [239]. 
In addition to IL-1ß and TNF-α, exposure to IL-6 reduced 
synaptic plasticity induction in-vitro in hippocampal 
neurons [240, 241] and downregulated synaptic protein 
expression, including AMPAR subunits [242]. Chronic 
exposure to IL-6 further induced neuronal circuitry imbal-
ance and deficits in learning and memory in adult mice 
[243], possibly through activation of the JAK/STAT3 path-
way [244, 245].

The constant release of pro-inflammatory cytokines 
results in a vicious cycle between neuronal tissue dam-
age and subsequent inflammation. Since inflammation 
and increased levels of pro-inflammatory cytokines are 
an intrinsic part of AD, pro-inflammatory microglia are 
proposed to play an important role in AD pathology. The 
increased neuro-inflammation in AD suggests that the anti-
inflammatory response of microglia and corresponding 
release of anti-inflammatory factors are downregulated. 
Indeed, AD progression is associated with a microglial 
switch towards an increasingly pro-inflammatory phe-
notype in AD model mice [246]. Furthermore, with age, 
microglia become less responsive to signals that resolve 
the pro-inflammatory response [247], which further stimu-
lates neuro-inflammation (Fig. 4).

Recently, the interpretation of the balancing process 
between pro-inflammatory and anti-inflammatory micro-
glia became increasingly complex with the discovery of 
a microglial signature exclusively present in neurodegen-
erative diseases, including AD. These “disease-associ-
ated microglia” (DAM) were first discovered in a mouse 
model of AD in proximity to Aß plaques [248]. Later, 
DAM were detected in models for tau pathology and in 
post-mortem brain tissue of AD patients [249]. DAM 
display a unique transcriptional profile that includes the 
downregulation of homeostatic microglial genes and the 
upregulation of genes involved in phagocytosis and lipid 
metabolism [248]. Their close proximity to Aß plaques 
and their increased phagocytotic capacity implicates a 
protective role in AD (Fig. 4), further endorsed by the 
increased expression of triggering receptor expressed on 
myeloid cells 2 (TREM2), a receptor known to facilitate 
Aß degradation [250]. Recent studies indicate, however, 
that DAM also include pro-inflammatory subtypes [251]. 
As such, it has been proposed that DAM are neuroprotec-
tive in the initial stages of AD progression by phagocy-
tosing Aß, which due to chronic stimulation transitions 
into a pro-inflammatory state. As such, the AD micro-
environment pushes microglia from a homeostatic to an 
increasingly pro-inflammatory state, while at the same 
time inhibiting the anti-inflammatory response. This shift 
in microglia signature has detrimental consequences for 
tissue homeostasis and neurophysiology, ultimately lead-
ing to cognitive decline.
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Microglia and Synapse Loss

Synapse loss is a major characteristic of early-stage AD [25]. 
The total number of synapses decreases significantly in AD 
patients and this decrease positively correlates to cogni-
tive decline [252]. Underlying this reduction is a process 
called synaptic pruning, which involves the engulfment 
and removal of synapses by microglia. The elimination of 
synapses is likely based on their activity. Indeed, microglia 
eliminate weak or unnecessary synapses, based on neuronal 
activity in the visual cortex [253]. Furthermore, it was con-
firmed that synapse elimination is necessary for the develop-
ment of mature brain circuitry in the hippocampus [20]. The 
pro-inflammatory microglia response has been implicated in 
excessive synaptic pruning in many neurodegenerative dis-
eases, including AD [19, 254]. Microglia regulate synaptic 
pruning via several pathways, including activation of the 
CX3C chemokine receptor 1 (CX3CR1) and the complement 
system. Fractalkine (a.k.a. CX3CL1) functions as a ligand 
for the CX3CR1 and is a chemokine expressed by neurons in 
a membrane-anchored and soluble form. Fractalkine acts as 
a synaptic chemoattractant and induces microglial synapse 
engulfment through binding to its microglial receptor [255, 
256]. Accordingly, fractalkine knock-out mice show defec-
tive synaptic pruning in the developing hippocampus [20]. In 
AD, the dysregulation of synaptic pruning is also regulated 
by the complement system and Aß is able to bind directly to 
complement system components [21, 257]. Moreover, com-
plement factors were found upregulated in the cerebrospinal 
fluid of AD patients with mild cognitive impairments [258]. 
The complement system allows for the opsonization and 
subsequent phagocytosis of pathogens and cellular debris via 
complement factor signaling. Synaptic pruning is induced 
by the synaptic expression of complement components 1q 
(C1q) and 3 (C3). The C3 complement receptor (CR3) is 
specific for microglia and binding of processed C3 leads to 
phagocytosis of the synapse in an activity-dependent manner 
[255, 256]. Evidence indicates that processed C3 preferen-
tially co-localizes with weaker synapses during development 
of the visual system [178]. Furthermore, it was determined 
that disruption of the CR3/C3 pathway leads to an increased 
synaptic density and increased excitatory neurotransmission. 
In AD, the CR3/C3 pathway is most likely over-activated, 
as C3 deficiency appeared to protect against hippocampal 
synapse loss in an AD mouse model [254]. Moreover, C1q 
and C3 were found upregulated preceding synapse loss in 
a mouse model for AD and mice deficient for C1q, C3, 
or C3R completely rescued the reduction in synapse den-
sity [19]. The involvement of microglia in synaptic prun-
ing was further confirmed by a recent study that indicates 
increased C3R-dependent phagocytosis in microglia-neuron 
co-cultures upon the administration of Aß, involving a pro-
cess called desialylation [259]. Together, this suggests that 

synaptic pruning as a result of pro-inflammatory microglia 
activation plays an important role in AD pathology.

Conclusion

The literature discussed here indicates that AD is a multi-
modal neurodegenerative disease that includes the patho-
physiology of neurons, astrocytes, and microglia. Their func-
tions integrate at the synapse, which physiology is essential 
for healthy brain functioning and cognitive performance. In 
AD, the excessive accumulation of Aß pushes the synapse 
away from its physiological equilibrium towards a patho-
physiological state. This switch is accompanied by similar 
changes in astrocyte and microglia function. Astrocytes and 
microglia are initially protective in AD pathology and try to 
rectify abnormal synaptic transmission by participating in 
Aß clearance and the compensatory expression of functional 
proteins. Nevertheless, chronic activation of astrocytes and 
microglia works aversive and provides an additional trigger 
for aberrant synaptic transmission. Reactive astrocytes lose 
their supportive function and microglia transition towards 
a pro-inflammatory phenotype. Cytokines released dur-
ing this inflammatory response act on neurons, astrocytes, 
and microglia directly, providing an important cross-link 
between cells of different origins in AD pathology. Studies 
increasingly focused on the interplay between different cell 
types using novel approaches, such as spatiotemporal tran-
scriptomics and the use of transgenic (mouse) models con-
ditionally expressing cell-type specific mutations [260–262]. 
Yet, the high similarity between affected mechanisms in dif-
ferent cell types and the current technical possibilities make 
it challenging to unravel functional dynamic changes at the 
synapse with a high spatiotemporal resolution. Furthermore, 
the tight interaction between components of the quad-partite 
synapse and the highly dynamic processes that are at play 
make it difficult to determine the timescale at which changes 
occur throughout AD pathogenesis. The high diversity of 
mouse models used in AD studies contributes to this and 
makes it difficult to interpret the impact of new findings on a 
larger scale. Still, advances have been made in recent years, 
with new insights into how astrocytes and microglia function 
as direct modulators of synaptic plasticity [180, 263]. This 
shows that the way in which astrocytes and microglia are 
implicated in synaptic plasticity is even more complex than 
previously anticipated and this raises the question of how 
similar mechanisms relate to AD pathology. Overall, AD 
etiology involves a complex interplay between (epi)genetic 
changes and environmental risk factors, that ultimately leads 
to changes at the microcircuit level. Future studies are war-
ranted to unravel these functional changes in more detail 
using new experimental approaches that allow manipula-
tion of neuron–glia interactions with high spatiotemporal 
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resolution, with the hope of developing novel treatments for 
AD.

Author Contributions Conceptualization: CFMH, JM, and EMH; Writ-
ing—original draft: CFMH; Writing—review & editing: CFMH, JM, 
and EMH; Visualization: CFMH; Supervision: JM and EMH; Fund-
ing acquisition: JM and EMH. All authors read and approved the final 
manuscript.

Funding This work was supported by ZonMw [733050816, 2017—
EMH, JM, and CFMH] and [73305054, 2015—JM]: The Nether-
lands Organisation for Health Research and Development, Dementia 
Research and Innovation Program “Memorabel” with additional sup-
port from Alzheimer Nederland (73305054), and the UMC Utrecht 
Rudolf Magnus Young Talent fellowship 2017 (JM).

Data Availability Enquiries about data availability should be directed 
to the authors.

Declarations 

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Querfurth HW, LaFerla FM (2010) Alzheimer’s disease. N Engl 
J Med 362:329–344. https:// doi. org/ 10. 1056/ NEJMr a0909 142

 2. Lane CA, Hardy J, Schott JM (2018) Alzheimer’s disease. Eur J 
Neurol 25:59–70. https:// doi. org/ 10. 1111/ ene. 13439

 3. Bateman RJ, Aisen PS, De Strooper B et al (2010) Autosomal-
dominant Alzheimer’s disease: a review and proposal for the 
prevention of Alzheimer’s disease. Alzheimers Res Ther 3:1. 
https:// doi. org/ 10. 1186/ alzrt 59

 4. Marques S, Outeiro TF (2013) Epigenetics in Parkinson’s and 
Alzheimer’s diseases. Subcell Biochem 61:507–525. https:// doi. 
org/ 10. 1007/ 978- 94- 007- 4525-4_ 22

 5. Sasaguri H, Nilsson P, Hashimoto S et al (2017) APP mouse 
models for Alzheimer’s disease preclinical studies. EMBO J 
36:2473–2487. https:// doi. org/ 10. 15252/ embj. 20179 7397

 6. Braak H, Braak E (1991) Neuropathological stageing of Alzhei-
mer-related changes. Acta Neuropathol 82:239–259. https:// doi. 
org/ 10. 1007/ BF003 08809

 7. Braak H, Braak E (1996) Evolution of the neuropathology of 
Alzheimer’s disease. Acta Neurol Scand 94:3–12. https:// doi. org/ 
10. 1111/j. 1600- 0404. 1996. tb058 66.x

 8. Zheng H, Koo EH (2006) The amyloid precursor protein: 
beyond amyloid. Mol Neurodegener 1:5. https:// doi. org/ 10. 1186/ 
1750- 1326-1-5

 9. Dawson GR, Seabrook GR, Zheng H et al (1999) Age-related 
cognitive deficits, impaired long-term potentiation and reduction 
in synaptic marker density in mice lacking the beta-amyloid pre-
cursor protein. Neuroscience 90:1–13. https:// doi. org/ 10. 1016/ 
s0306- 4522(98) 00410-2

 10. Hsiao K, Chapman P, Nilsen S et al (1996) Correlative memory 
deficits, Abeta elevation, and amyloid plaques in transgenic mice. 
Science 274:99–102. https:// doi. org/ 10. 1126/ scien ce. 274. 5284. 
99

 11. Mucke L, Masliah E, Yu GQ et al (2000) High-level neuronal 
expression of abeta 1–42 in wild-type human amyloid protein 
precursor transgenic mice: synaptotoxicity without plaque forma-
tion. J Neurosci 20:4050–4058. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 20- 11- 04050. 2000

 12. Seabrook GR, Smith DW, Bowery BJ et al (1999) Mechanisms 
contributing to the deficits in hippocampal synaptic plasticity 
in mice lacking amyloid precursor protein. Neuropharmacology 
38:349–359. https:// doi. org/ 10. 1016/ s0028- 3908(98) 00204-4

 13. Chávez-Gutiérrez L, Bammens L, Benilova I et al (2012) The 
mechanism of γ-Secretase dysfunction in familial Alzheimer 
disease. EMBO J 31:2261–2274. https:// doi. org/ 10. 1038/ emboj. 
2012. 79

 14. Rosenberg RN, Lambracht-Washington D, Yu G, Xia W (2016) 
Genomics of alzheimer disease: a review. JAMA Neurol 73:867–
874. https:// doi. org/ 10. 1001/ jaman eurol. 2016. 0301

 15. Selkoe DJ (2002) Alzheimer’s disease is a synaptic failure. Sci-
ence 298:789–791. https:// doi. org/ 10. 1126/ scien ce. 10740 69

 16. Verkhratsky A, Butt A (2013) Glial physiology and pathophysiol-
ogy. Wiley, Hoboken

 17. Verkhratsky A, Nedergaard M (2018) Physiology of astroglia. 
Physiol Rev 98:239–389. https:// doi. org/ 10. 1152/ physr ev. 00042. 
2016

 18. Hayashi Y, Ishibashi H, Hashimoto K, Nakanishi H (2006) Poten-
tiation of the NMDA receptor-mediated responses through the 
activation of the glycine site by microglia secreting soluble fac-
tors. Glia 53:660–668. https:// doi. org/ 10. 1002/ glia. 20322

 19. Hong S, Beja-Glasser VF, Nfonoyim BM et al (2016) Comple-
ment and microglia mediate early synapse loss in Alzheimer 
mouse models. Science 352:712–716. https:// doi. org/ 10. 1126/ 
scien ce. aad83 73

 20. Paolicelli RC, Bolasco G, Pagani F et al (2011) Synaptic pruning 
by microglia is necessary for normal brain development. Science 
333:1456–1458. https:// doi. org/ 10. 1126/ scien ce. 12025 29

 21. Rogers JT, Morganti JM, Bachstetter AD et al (2011) CX3CR1 
deficiency leads to impairment of hippocampal cognitive func-
tion and synaptic plasticity. J Neurosci 31:16241–16250. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 3667- 11. 2011

 22. Schafer DP, Lehrman EK, Stevens B (2013) The “quad-partite” 
synapse: microglia–synapse interactions in the developing and 
mature CNS. Glia 61:24–36. https:// doi. org/ 10. 1002/ glia. 22389

 23. Smit T, Deshayes NAC, Borchelt DR et al (2021) Reactive astro-
cytes as treatment targets in Alzheimer’s disease: systematic 
review of studies using the APPswePs1de9 mouse model. Glia. 
https:// doi. org/ 10. 1002/ glia. 23981

 24. Fagiani F, Lanni C, Racchi M, Govoni S (2021) (Dys)regulation 
of synaptic activity and neurotransmitter release by β-amyloid: 
a look beyond alzheimer’s disease pathogenesis. Front Mol Neu-
rosci 14:635880. https:// doi. org/ 10. 3389/ fnmol. 2021. 635880

 25. Terry RD, Masliah E, Salmon DP et al (1991) Physical basis of 
cognitive alterations in Alzheimer’s disease: synapse loss is the 
major correlate of cognitive impairment. Ann Neurol 30:572–
580. https:// doi. org/ 10. 1002/ ana. 41030 0410

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1111/ene.13439
https://doi.org/10.1186/alzrt59
https://doi.org/10.1007/978-94-007-4525-4_22
https://doi.org/10.1007/978-94-007-4525-4_22
https://doi.org/10.15252/embj.201797397
https://doi.org/10.1007/BF00308809
https://doi.org/10.1007/BF00308809
https://doi.org/10.1111/j.1600-0404.1996.tb05866.x
https://doi.org/10.1111/j.1600-0404.1996.tb05866.x
https://doi.org/10.1186/1750-1326-1-5
https://doi.org/10.1186/1750-1326-1-5
https://doi.org/10.1016/s0306-4522(98)00410-2
https://doi.org/10.1016/s0306-4522(98)00410-2
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1523/JNEUROSCI.20-11-04050.2000
https://doi.org/10.1523/JNEUROSCI.20-11-04050.2000
https://doi.org/10.1016/s0028-3908(98)00204-4
https://doi.org/10.1038/emboj.2012.79
https://doi.org/10.1038/emboj.2012.79
https://doi.org/10.1001/jamaneurol.2016.0301
https://doi.org/10.1126/science.1074069
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1002/glia.20322
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/science.1202529
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1523/JNEUROSCI.3667-11.2011
https://doi.org/10.1002/glia.22389
https://doi.org/10.1002/glia.23981
https://doi.org/10.3389/fnmol.2021.635880
https://doi.org/10.1002/ana.410300410


1039Neurochemical Research (2023) 48:1026–1046 

1 3

 26. Puzzo D, Privitera L, Leznik E et al (2008) Picomolar amyloid-
beta positively modulates synaptic plasticity and memory in hip-
pocampus. J Neurosci 28:14537–14545. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 2692- 08. 2008

 27. Puzzo D, Privitera L, Fa M et al (2011) Endogenous amyloid-β is 
necessary for hippocampal synaptic plasticity and memory. Ann 
Neurol 69:819–830. https:// doi. org/ 10. 1002/ ana. 22313

 28. Lacor PN, Buniel MC, Chang L et al (2004) Synaptic target-
ing by Alzheimer’s-related amyloid beta oligomers. J Neurosci 
24:10191–10200. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3432- 04. 
2004

 29. Decker H, Jürgensen S, Adrover MF et al (2010) N-methyl-
D-aspartate receptors are required for synaptic targeting of 
Alzheimer’s toxic amyloid-β peptide oligomers. J Neurochem 
115:1520–1529. https:// doi. org/ 10. 1111/j. 1471- 4159. 2010. 
07058.x

 30. Wang HY, Lee DH, Davis CB, Shank RP (2000) Amyloid pep-
tide Abeta(1–42) binds selectively and with picomolar affinity to 
alpha7 nicotinic acetylcholine receptors. J Neurochem 75:1155–
1161. https:// doi. org/ 10. 1046/j. 1471- 4159. 2000. 07511 55.x

 31. Wang HY, Lee DH, D’Andrea MR et  al (2000) beta-Amy-
loid(1–42) binds to alpha7 nicotinic acetylcholine receptor with 
high affinity. Implications for Alzheimer’s disease pathology. J 
Biol Chem 275:5626–5632. https:// doi. org/ 10. 1074/ jbc. 275.8. 
5626

 32. Kessels HW, Nabavi S, Malinow R (2013) Metabotropic NMDA 
receptor function is required for β-amyloid-induced synaptic 
depression. Proc Natl Acad Sci USA 110:4033–4038. https:// 
doi. org/ 10. 1073/ pnas. 12196 05110

 33. Parameshwaran K, Sims C, Kanju P et al (2007) Amyloid beta-
peptide Abeta(1–42) but not Abeta(1–40) attenuates synaptic 
AMPA receptor function. Synap NY N 61:367–374. https:// doi. 
org/ 10. 1002/ syn. 20386

 34. Rui Y, Gu J, Yu K et al (2010) Inhibition of AMPA receptor 
trafficking at hippocampal synapses by beta-amyloid oligomers: 
the mitochondrial contribution. Mol Brain 3:10. https:// doi. org/ 
10. 1186/ 1756- 6606-3- 10

 35. Snyder EM, Nong Y, Almeida CG et al (2005) Regulation of 
NMDA receptor trafficking by amyloid-beta. Nat Neurosci 
8:1051–1058. https:// doi. org/ 10. 1038/ nn1503

 36. Lambert MP, Barlow AK, Chromy BA et al (1998) Diffusible, 
nonfibrillar ligands derived from A 1–42 are potent central 
nervous system neurotoxins. Proc Natl Acad Sci 95:6448–6453. 
https:// doi. org/ 10. 1073/ pnas. 95. 11. 6448

 37. Stutzmann GE (2007) The pathogenesis of alzheimers disease—
is it a lifelong “calciumopathy”? Neuroscientist 13:546–559. 
https:// doi. org/ 10. 1177/ 10738 58407 299730

 38. Lanni C, Fagiani F, Racchi M et al (2019) Beta-amyloid short- 
and long-term synaptic entanglement. Pharmacol Res 139:243–
260. https:// doi. org/ 10. 1016/j. phrs. 2018. 11. 018

 39. Abramov E, Dolev I, Fogel H et al (2009) Amyloid-β as a posi-
tive endogenous regulator of release probability at hippocampal 
synapses. Nat Neurosci 12:1567–1576. https:// doi. org/ 10. 1038/ 
nn. 2433

 40. Mura E, Zappettini S, Preda S et al (2012) Dual effect of beta-
amyloid on α7 and α4β2 nicotinic receptors controlling the 
release of glutamate, aspartate and GABA in rat hippocampus. 
PLoS ONE 7:e29661. https:// doi. org/ 10. 1371/ journ al. pone. 
00296 61

 41. Zappettini S, Grilli M, Olivero G et al (2012) Beta amyloid differ-
ently modulate nicotinic and muscarinic receptor subtypes which 
stimulate in vitro and in vivo the release of glycine in the rat 
hippocampus. Front Pharmacol 3:146. https:// doi. org/ 10. 3389/ 
fphar. 2012. 00146

 42. Brito-Moreira J, Paula-Lima AC, Bomfim TR et al (2011) Aβ 
oligomers induce glutamate release from hippocampal neurons. 

Curr Alzheimer Res 8:552–562. https:// doi. org/ 10. 2174/ 15672 
05117 96391 917

 43. Rosenberg D, Artoul S, Segal AC et al (2013) Neuronal D-serine 
and glycine release via the Asc-1 transporter regulates NMDA 
receptor-dependent synaptic activity. J Neurosci 33:3533–3544. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 3836- 12. 2013

 44. Palop JJ, Chin J, Roberson ED et al (2007) Aberrant excitatory 
neuronal activity and compensatory remodeling of inhibitory 
hippocampal circuits in mouse models of Alzheimer’s disease. 
Neuron 55:697–711. https:// doi. org/ 10. 1016/j. neuron. 2007. 07. 
025

 45. Palop JJ, Mucke L (2009) Epilepsy and cognitive impairments 
in Alzheimer disease. Arch Neurol 66:435–440. https:// doi. org/ 
10. 1001/ archn eurol. 2009. 15

 46. Hijazi S, Heistek TS, van der Loo R et al (2020) Hyperexcitable 
parvalbumin interneurons render hippocampal circuitry vulner-
able to amyloid beta. Science 23:101271. https:// doi. org/ 10. 
1016/j. isci. 2020. 101271

 47. Khan GM, Tong M, Jhun M et al (2010) β-Amyloid activates 
presynaptic alpha7 nicotinic acetylcholine receptors reconstituted 
into a model nerve cell system: involvement of lipid rafts. Eur J 
Neurosci 31:788–796. https:// doi. org/ 10. 1111/j. 1460- 9568. 2010. 
07116.x

 48. Tong M, Arora K, White MM, Nichols RA (2011) Role of key 
aromatic residues in the ligand-binding domain of alpha7 nico-
tinic receptors in the agonist action of beta-amyloid. J Biol Chem 
286:34373–34381. https:// doi. org/ 10. 1074/ jbc. M111. 241299

 49. Gan KJ, Silverman MA (2015) Dendritic and axonal mechanisms 
of  Ca2+ elevation impair BDNF transport in Aβ oligomer-treated 
hippocampal neurons. Mol Biol Cell 26:1058–1071. https:// doi. 
org/ 10. 1091/ mbc. E14- 12- 1612

 50. Benedeczky I, Molnár E, Somogyi P (1994) The cisternal orga-
nelle as a  Ca2+-storing compartment associated with GABAergic 
synapses in the axon initial segment of hippocampal pyramidal 
neurones. Exp Brain Res 101:216–230. https:// doi. org/ 10. 1007/ 
BF002 28742

 51. Spacek J, Harris KM (1997) Three-dimensional organization of 
smooth endoplasmic reticulum in hippocampal CA1 dendrites 
and dendritic spines of the immature and mature rat. J Neurosci 
17:190–203. https:// doi. org/ 10. 1523/ JNEUR OSCI. 17- 01- 00190. 
1997

 52. Bouchard R, Pattarini R, Geiger JD (2003) Presence and func-
tional significance of presynaptic ryanodine receptors. Prog 
Neurobiol 69:391–418. https:// doi. org/ 10. 1016/ s0301- 0082(03) 
00053-4

 53. Unni VK, Zakharenko SS, Zablow L et al (2004) Calcium release 
from presynaptic ryanodine-sensitive stores is required for long-
term depression at hippocampal CA3-CA3 pyramidal neuron 
synapses. J Neurosci 24:9612–9622. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 5583- 03. 2004

 54. Chakroborty S, Goussakov I, Miller MB, Stutzmann GE (2009) 
Deviant ryanodine receptor-mediated calcium release resets syn-
aptic homeostasis in presymptomatic 3xTg-AD mice. J Neurosci 
29:9458–9470. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2047- 09. 
2009

 55. Chakroborty S, Kim J, Schneider C et al (2012) Early presynaptic 
and postsynaptic calcium signaling abnormalities mask underly-
ing synaptic depression in presymptomatic Alzheimer’s disease 
mice. J Neurosci 32:8341–8353. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 0936- 12. 2012

 56. Park J, Jang M, Chang S (2013) Deleterious effects of soluble 
amyloid-β oligomers on multiple steps of synaptic vesicle traf-
ficking. Neurobiol Dis 55:129–139. https:// doi. org/ 10. 1016/j. 
nbd. 2013. 03. 004

 57. Ramser EM, Gan KJ, Decker H et al (2013) Amyloid-β oligomers 
induce tau-independent disruption of BDNF axonal transport via 

https://doi.org/10.1523/JNEUROSCI.2692-08.2008
https://doi.org/10.1523/JNEUROSCI.2692-08.2008
https://doi.org/10.1002/ana.22313
https://doi.org/10.1523/JNEUROSCI.3432-04.2004
https://doi.org/10.1523/JNEUROSCI.3432-04.2004
https://doi.org/10.1111/j.1471-4159.2010.07058.x
https://doi.org/10.1111/j.1471-4159.2010.07058.x
https://doi.org/10.1046/j.1471-4159.2000.0751155.x
https://doi.org/10.1074/jbc.275.8.5626
https://doi.org/10.1074/jbc.275.8.5626
https://doi.org/10.1073/pnas.1219605110
https://doi.org/10.1073/pnas.1219605110
https://doi.org/10.1002/syn.20386
https://doi.org/10.1002/syn.20386
https://doi.org/10.1186/1756-6606-3-10
https://doi.org/10.1186/1756-6606-3-10
https://doi.org/10.1038/nn1503
https://doi.org/10.1073/pnas.95.11.6448
https://doi.org/10.1177/1073858407299730
https://doi.org/10.1016/j.phrs.2018.11.018
https://doi.org/10.1038/nn.2433
https://doi.org/10.1038/nn.2433
https://doi.org/10.1371/journal.pone.0029661
https://doi.org/10.1371/journal.pone.0029661
https://doi.org/10.3389/fphar.2012.00146
https://doi.org/10.3389/fphar.2012.00146
https://doi.org/10.2174/156720511796391917
https://doi.org/10.2174/156720511796391917
https://doi.org/10.1523/JNEUROSCI.3836-12.2013
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1001/archneurol.2009.15
https://doi.org/10.1001/archneurol.2009.15
https://doi.org/10.1016/j.isci.2020.101271
https://doi.org/10.1016/j.isci.2020.101271
https://doi.org/10.1111/j.1460-9568.2010.07116.x
https://doi.org/10.1111/j.1460-9568.2010.07116.x
https://doi.org/10.1074/jbc.M111.241299
https://doi.org/10.1091/mbc.E14-12-1612
https://doi.org/10.1091/mbc.E14-12-1612
https://doi.org/10.1007/BF00228742
https://doi.org/10.1007/BF00228742
https://doi.org/10.1523/JNEUROSCI.17-01-00190.1997
https://doi.org/10.1523/JNEUROSCI.17-01-00190.1997
https://doi.org/10.1016/s0301-0082(03)00053-4
https://doi.org/10.1016/s0301-0082(03)00053-4
https://doi.org/10.1523/JNEUROSCI.5583-03.2004
https://doi.org/10.1523/JNEUROSCI.5583-03.2004
https://doi.org/10.1523/JNEUROSCI.2047-09.2009
https://doi.org/10.1523/JNEUROSCI.2047-09.2009
https://doi.org/10.1523/JNEUROSCI.0936-12.2012
https://doi.org/10.1523/JNEUROSCI.0936-12.2012
https://doi.org/10.1016/j.nbd.2013.03.004
https://doi.org/10.1016/j.nbd.2013.03.004


1040 Neurochemical Research (2023) 48:1026–1046

1 3

calcineurin activation in cultured hippocampal neurons. Mol Biol 
Cell 24:2494–2505. https:// doi. org/ 10. 1091/ mbc. E12- 12- 0858

 58. Marsh J, Bagol SH, Williams RSB et al (2017) Synapsin I phos-
phorylation is dysregulated by beta-amyloid oligomers and 
restored by valproic acid. Neurobiol Dis 106:63–75. https:// doi. 
org/ 10. 1016/j. nbd. 2017. 06. 011

 59. Russell CL, Semerdjieva S, Empson RM et al (2012) Amyloid-β 
acts as a regulator of neurotransmitter release disrupting the 
interaction between synaptophysin and VAMP2. PLoS ONE 
7:e43201. https:// doi. org/ 10. 1371/ journ al. pone. 00432 01

 60. Yang Y, Kim J, Kim HY et al (2015) Amyloid-β oligomers may 
impair SNARE-mediated exocytosis by direct binding to syn-
taxin 1a. Cell Rep 12:1244–1251. https:// doi. org/ 10. 1016/j. cel-
rep. 2015. 07. 044

 61. Cull-Candy S, Kelly L, Farrant M (2006) Regulation of 
 Ca2+-permeable AMPA receptors: synaptic plasticity and 
beyond. Curr Opin Neurobiol 16:288–297. https:// doi. org/ 10. 
1016/j. conb. 2006. 05. 012

 62. Lu W, Shi Y, Jackson AC et al (2009) Subunit composition 
of synaptic AMPA receptors revealed by a single-cell genetic 
approach. Neuron 62:254–268. https:// doi. org/ 10. 1016/j. neu-
ron. 2009. 02. 027

 63. Zhu JJ, Esteban JA, Hayashi Y, Malinow R (2000) Postnatal 
synaptic potentiation: delivery of GluR4-containing AMPA 
receptors by spontaneous activity. Nat Neurosci 3:1098–1106. 
https:// doi. org/ 10. 1038/ 80614

 64. Boehm J, Kang M-G, Johnson RC et al (2006) Synaptic incor-
poration of AMPA receptors during LTP is controlled by a 
PKC phosphorylation site on GluR1. Neuron 51:213–225. 
https:// doi. org/ 10. 1016/j. neuron. 2006. 06. 013

 65. Derkach V, Barria A, Soderling TR (1999)  Ca2+/calmodulin-
kinase II enhances channel conductance of alpha-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionate type glutamate recep-
tors. Proc Natl Acad Sci USA 96:3269–3274. https:// doi. org/ 
10. 1073/ pnas. 96.6. 3269

 66. Opazo P, Labrecque S, Tigaret CM et al (2010) CaMKII trig-
gers the diffusional trapping of surface AMPARs through phos-
phorylation of stargazin. Neuron 67:239–252. https:// doi. org/ 
10. 1016/j. neuron. 2010. 06. 007

 67. Whitcomb DJ, Hogg EL, Regan P et al (2015) Intracellular 
oligomeric amyloid-beta rapidly regulates GluA1 subunit of 
AMPA receptor in the hippocampus. Sci Rep 5:10934. https:// 
doi. org/ 10. 1038/ srep1 0934

 68. Whitehead G, Regan P, Whitcomb DJ, Cho K (2017) 
 Ca2+-permeable AMPA receptor: a new perspective on amy-
loid-beta mediated pathophysiology of Alzheimer’s disease. 
Neuropharmacology 112:221–227. https:// doi. org/ 10. 1016/j. 
neuro pharm. 2016. 08. 022

 69. Hollmann M, Hartley M, Heinemann S (1991)  Ca2+ permeabil-
ity of KA-AMPA–gated glutamate receptor channels depends 
on subunit composition. Science 252:851–853. https:// doi. org/ 
10. 1126/ scien ce. 17093 04

 70. Reinders NR, Pao Y, Renner MC et al (2016) Amyloid-β effects 
on synapses and memory require AMPA receptor subunit 
GluA3. Proc Natl Acad Sci USA 113:E6526–E6534. https:// 
doi. org/ 10. 1073/ pnas. 16142 49113

 71. Miñano-Molina AJ, España J, Martín E et al (2011) Soluble 
oligomers of amyloid-β peptide disrupt membrane trafficking 
of α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
receptor contributing to early synapse dysfunction. J Biol 
Chem 286:27311–27321. https:// doi. org/ 10. 1074/ jbc. M111. 
227504

 72. Carroll RC, Beattie EC, von Zastrow M, Malenka RC (2001) 
Role of AMPA receptor endocytosis in synaptic plasticity. Nat 
Rev Neurosci 2:315–324. https:// doi. org/ 10. 1038/ 35072 500

 73. Zhang J, Yin Y, Ji Z et al (2017) Endophilin2 interacts with glua1 
to mediate AMPA receptor endocytosis induced by oligomeric 
amyloid-β. Neural Plast 2017:8197085. https:// doi. org/ 10. 1155/ 
2017/ 81970 85

 74. Guntupalli S, Jang SE, Zhu T et al (2017) GluA1 subunit ubiqui-
tination mediates amyloid-β-induced loss of surface α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. 
J Biol Chem 292:8186–8194. https:// doi. org/ 10. 1074/ jbc. M116. 
774554

 75. Deisseroth K, Bito H, Tsien RW (1996) Signaling from synapse 
to nucleus: postsynaptic CREB phosphorylation during multiple 
forms of hippocampal synaptic plasticity. Neuron 16:89–101. 
https:// doi. org/ 10. 1016/ s0896- 6273(00) 80026-4

 76. Impey S, Mark M, Villacres EC et al (1996) Induction of CRE-
mediated gene expression by stimuli that generate long-lasting 
LTP in area CA1 of the hippocampus. Neuron 16:973–982. 
https:// doi. org/ 10. 1016/ s0896- 6273(00) 80120-8

 77. Nguyen PV, Kandel ER (1996) A macromolecular synthesis-
dependent late phase of long-term potentiation requiring cAMP 
in the medial perforant pathway of rat hippocampal slices. J 
Neurosci 16:3189–3198. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
16- 10- 03189. 1996

 78. Vitolo OV, Sant’Angelo A, Costanzo V et al (2002) Amyloid beta 
-peptide inhibition of the PKA/CREB pathway and long-term 
potentiation: reversibility by drugs that enhance cAMP signal-
ing. Proc Natl Acad Sci USA 99:13217–13221. https:// doi. org/ 
10. 1073/ pnas. 17250 4199

 79. Furukawa H, Singh SK, Mancusso R, Gouaux E (2005) Subunit 
arrangement and function in NMDA receptors. Nature 438:185–
192. https:// doi. org/ 10. 1038/ natur e04089

 80. Das S, Sasaki YF, Rothe T et al (1998) Increased NMDA current 
and spine density in mice lacking the NMDA receptor subunit 
NR3A. Nature 393:377–381. https:// doi. org/ 10. 1038/ 30748

 81. De Felice FG, Velasco PT, Lambert MP et al (2007) Abeta oli-
gomers induce neuronal oxidative stress through an N-methyl-
D-aspartate receptor-dependent mechanism that is blocked by 
the Alzheimer drug memantine. J Biol Chem 282:11590–11601. 
https:// doi. org/ 10. 1074/ jbc. M6074 83200

 82. Hu N-W, Klyubin I, Anwyl R, Rowan MJ (2009) GluN2B 
subunit-containing NMDA receptor antagonists prevent Abeta-
mediated synaptic plasticity disruption in vivo. Proc Natl Acad 
Sci USA 106:20504–20509. https:// doi. org/ 10. 1073/ pnas. 09080 
83106

 83. Rönicke R, Mikhaylova M, Rönicke S et al (2011) Early neuronal 
dysfunction by amyloid β oligomers depends on activation of 
NR2B-containing NMDA receptors. Neurobiol Aging 32:2219–
2228. https:// doi. org/ 10. 1016/j. neuro biola ging. 2010. 01. 011

 84. Li S, Jin M, Koeglsperger T et al (2011) Soluble Aβ oligomers 
inhibit long-term potentiation through a mechanism involving 
excessive activation of extrasynaptic NR2B-containing NMDA 
receptors. J Neurosci 31:6627–6638. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 0203- 11. 2011

 85. Kornau HC, Schenker LT, Kennedy MB, Seeburg PH (1995) 
Domain interaction between NMDA receptor subunits and the 
postsynaptic density protein PSD-95. Science 269:1737–1740. 
https:// doi. org/ 10. 1126/ scien ce. 75699 05

 86. Lin Y, Skeberdis VA, Francesconi A et al (2004) Postsynaptic 
density protein-95 regulates NMDA channel gating and surface 
expression. J Neurosci 24:10138–10148. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 3159- 04. 2004

 87. Lin Y, Jover-Mengual T, Wong J et al (2006) PSD-95 and PKC 
converge in regulating NMDA receptor trafficking and gating. 
Proc Natl Acad Sci USA 103:19902–19907. https:// doi. org/ 10. 
1073/ pnas. 06099 24104

 88. Roselli F, Tirard M, Lu J et al (2005) Soluble beta-amyloid1-40 
induces NMDA-dependent degradation of postsynaptic 

https://doi.org/10.1091/mbc.E12-12-0858
https://doi.org/10.1016/j.nbd.2017.06.011
https://doi.org/10.1016/j.nbd.2017.06.011
https://doi.org/10.1371/journal.pone.0043201
https://doi.org/10.1016/j.celrep.2015.07.044
https://doi.org/10.1016/j.celrep.2015.07.044
https://doi.org/10.1016/j.conb.2006.05.012
https://doi.org/10.1016/j.conb.2006.05.012
https://doi.org/10.1016/j.neuron.2009.02.027
https://doi.org/10.1016/j.neuron.2009.02.027
https://doi.org/10.1038/80614
https://doi.org/10.1016/j.neuron.2006.06.013
https://doi.org/10.1073/pnas.96.6.3269
https://doi.org/10.1073/pnas.96.6.3269
https://doi.org/10.1016/j.neuron.2010.06.007
https://doi.org/10.1016/j.neuron.2010.06.007
https://doi.org/10.1038/srep10934
https://doi.org/10.1038/srep10934
https://doi.org/10.1016/j.neuropharm.2016.08.022
https://doi.org/10.1016/j.neuropharm.2016.08.022
https://doi.org/10.1126/science.1709304
https://doi.org/10.1126/science.1709304
https://doi.org/10.1073/pnas.1614249113
https://doi.org/10.1073/pnas.1614249113
https://doi.org/10.1074/jbc.M111.227504
https://doi.org/10.1074/jbc.M111.227504
https://doi.org/10.1038/35072500
https://doi.org/10.1155/2017/8197085
https://doi.org/10.1155/2017/8197085
https://doi.org/10.1074/jbc.M116.774554
https://doi.org/10.1074/jbc.M116.774554
https://doi.org/10.1016/s0896-6273(00)80026-4
https://doi.org/10.1016/s0896-6273(00)80120-8
https://doi.org/10.1523/JNEUROSCI.16-10-03189.1996
https://doi.org/10.1523/JNEUROSCI.16-10-03189.1996
https://doi.org/10.1073/pnas.172504199
https://doi.org/10.1073/pnas.172504199
https://doi.org/10.1038/nature04089
https://doi.org/10.1038/30748
https://doi.org/10.1074/jbc.M607483200
https://doi.org/10.1073/pnas.0908083106
https://doi.org/10.1073/pnas.0908083106
https://doi.org/10.1016/j.neurobiolaging.2010.01.011
https://doi.org/10.1523/JNEUROSCI.0203-11.2011
https://doi.org/10.1523/JNEUROSCI.0203-11.2011
https://doi.org/10.1126/science.7569905
https://doi.org/10.1523/JNEUROSCI.3159-04.2004
https://doi.org/10.1523/JNEUROSCI.3159-04.2004
https://doi.org/10.1073/pnas.0609924104
https://doi.org/10.1073/pnas.0609924104


1041Neurochemical Research (2023) 48:1026–1046 

1 3

density-95 at glutamatergic synapses. J Neurosci 25:11061–
11070. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3034- 05. 2005

 89. Barry AE, Klyubin I, Mc Donald JM et al (2011) Alzheimer’s 
disease brain-derived amyloid-β-mediated inhibition of LTP 
in vivo is prevented by immunotargeting cellular prion protein. 
J Neurosci 31:7259–7263. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
6500- 10. 2011

 90. Laurén J, Gimbel DA, Nygaard HB et al (2009) Cellular prion 
protein mediates impairment of synaptic plasticity by amyloid-
beta oligomers. Nature 457:1128–1132. https:// doi. org/ 10. 1038/ 
natur e07761

 91. Calella AM, Farinelli M, Nuvolone M et al (2010) Prion protein 
and Abeta-related synaptic toxicity impairment. EMBO Mol Med 
2:306–314. https:// doi. org/ 10. 1002/ emmm. 20100 0082

 92. Kessels HW, Nguyen LN, Nabavi S, Malinow R (2010) The prion 
protein as a receptor for amyloid-beta. Nature 466:E3-4. https:// 
doi. org/ 10. 1038/ natur e09217

 93. Um JW, Nygaard HB, Heiss JK et al (2012) Alzheimer amyloid-β 
oligomer bound to postsynaptic prion protein activates Fyn to 
impair neurons. Nat Neurosci 15:1227–1235. https:// doi. org/ 10. 
1038/ nn. 3178

 94. Prybylowski K, Chang K, Sans N et al (2005) The synaptic local-
ization of NR2B-containing NMDA receptors is controlled by 
interactions with PDZ proteins and AP-2. Neuron 47:845–857. 
https:// doi. org/ 10. 1016/j. neuron. 2005. 08. 016

 95. Bushong EA, Martone ME, Jones YZ, Ellisman MH (2002) Pro-
toplasmic astrocytes in CA1 stratum radiatum occupy separate 
anatomical domains. J Neurosci 22:183–192. https:// doi. org/ 10. 
1523/ JNEUR OSCI. 22- 01- 00183. 2002

 96. Oberheim NA, Takano T, Han X et al (2009) Uniquely hominid 
features of adult human astrocytes. J Neurosci 29:3276–3287. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 4707- 08. 2009

 97. Wallraff A, Köhling R, Heinemann U et al (2006) The impact of 
astrocytic gap junctional coupling on potassium buffering in the 
hippocampus. J Neurosci 26:5438–5447. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 0037- 06. 2006

 98. Angulo MC, Kozlov AS, Charpak S, Audinat E (2004) Glutamate 
released from glial cells synchronizes neuronal activity in the 
hippocampus. J Neurosci 24:6920–6927. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 0473- 04. 2004

 99. Fellin T, Pascual O, Gobbo S et al (2004) Neuronal synchrony 
mediated by astrocytic glutamate through activation of extrasyn-
aptic NMDA receptors. Neuron 43:729–743. https:// doi. org/ 10. 
1016/j. neuron. 2004. 08. 011

 100. Fellin T, Halassa MM, Terunuma M et al (2009) Endogenous 
nonneuronal modulators of synaptic transmission control cortical 
slow oscillations in vivo. Proc Natl Acad Sci USA 106:15037–
15042. https:// doi. org/ 10. 1073/ pnas. 09064 19106

 101. Orre M, Kamphuis W, Osborn LM et al (2014) Isolation of glia 
from Alzheimer’s mice reveals inflammation and dysfunction. 
Neurobiol Aging 35:2746–2760. https:// doi. org/ 10. 1016/j. neuro 
biola ging. 2014. 06. 004

 102. Escartin C, Galea E, Lakatos A et al (2021) Reactive astrocyte 
nomenclature, definitions, and future directions. Nat Neurosci 
24:312–325. https:// doi. org/ 10. 1038/ s41593- 020- 00783-4

 103. Hol EM, Pekny M (2015) Glial fibrillary acidic protein (GFAP) 
and the astrocyte intermediate filament system in diseases of the 
central nervous system. Curr Opin Cell Biol 32:121–130. https:// 
doi. org/ 10. 1016/j. ceb. 2015. 02. 004

 104. Delekate A, Füchtemeier M, Schumacher T et al (2014) Metabo-
tropic P2Y1 receptor signalling mediates astrocytic hyperactivity 
in vivo in an Alzheimer’s disease mouse model. Nat Commun 
5:5422. https:// doi. org/ 10. 1038/ ncomm s6422

 105. Kuchibhotla KV, Lattarulo CR, Hyman BT, Bacskai BJ (2009) 
Synchronous hyperactivity and intercellular calcium waves in 

astrocytes in Alzheimer mice. Science 323:1211–1215. https:// 
doi. org/ 10. 1126/ scien ce. 11690 96

 106. Huffels CFM, Osborn LM, Cappaert NLM, Hol EM (2022) 
Calcium signaling in individual APP/PS1 mouse dentate gyrus 
astrocytes increases ex vivo with Aβ pathology and age without 
affecting astrocyte network activity. J Neurosci Res. https:// doi. 
org/ 10. 1002/ jnr. 25042

 107. Huffels CFM, Osborn LM, Hulshof LA et al (2022) Amyloid-β 
plaques affect astrocyte Kir4.1 protein expression but not func-
tion in the dentate gyrus of APP/PS1 mice. Glia 70:748–767. 
https:// doi. org/ 10. 1002/ glia. 24137

 108. Nagele RG, Wegiel J, Venkataraman V et al (2004) Contribution 
of glial cells to the development of amyloid plaques in Alzhei-
mer’s disease. Neurobiol Aging 25:663–674. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2004. 01. 007

 109. Wyss-Coray T, Loike JD, Brionne TC et al (2003) Adult mouse 
astrocytes degrade amyloid-beta in vitro and in situ. Nat Med 
9:453–457. https:// doi. org/ 10. 1038/ nm838

 110. Butt AM, Kalsi A (2006) Inwardly rectifying potassium chan-
nels (Kir) in central nervous system glia: a special role for 
Kir4.1 in glial functions. J Cell Mol Med 10:33–44. https:// 
doi. org/ 10. 1111/j. 1582- 4934. 2006. tb002 89.x

 111. Newman EA (1986) High potassium conductance in astrocyte 
endfeet. Science 233:453–454. https:// doi. org/ 10. 1126/ scien 
ce. 37265 39

 112. Somjen GG (1975) Electrophysiology of neuroglia. Annu Rev 
Physiol 37:163–190. https:// doi. org/ 10. 1146/ annur ev. ph. 37. 
030175. 001115

 113. Wallraff A, Odermatt B, Willecke K, Steinhäuser C (2004) 
Distinct types of astroglial cells in the hippocampus differ in 
gap junction coupling. Glia 48:36–43. https:// doi. org/ 10. 1002/ 
glia. 20040

 114. Peters O, Schipke CG, Philipps A et al (2009) Astrocyte func-
tion is modified by Alzheimer’s disease-like pathology in aged 
mice. J Alzheimers Dis JAD 18:177–189. https:// doi. org/ 10. 
3233/ JAD- 2009- 1140

 115. Vitvitsky VM, Garg SK, Keep RF et al (2012)  Na+ and  K+ 
ion imbalances in Alzheimer’s disease. Biochim Biophys Acta 
1822:1671–1681. https:// doi. org/ 10. 1016/j. bbadis. 2012. 07. 004

 116. Schröder W, Seifert G, Hüttmann K et al (2002) AMPA recep-
tor-mediated modulation of inward rectifier  K+ channels in 
astrocytes of mouse hippocampus. Mol Cell Neurosci 19:447–
458. https:// doi. org/ 10. 1006/ mcne. 2001. 1080

 117. Tong X, Ao Y, Faas GC et al (2014) Astrocyte Kir4.1 ion chan-
nel deficits contribute to neuronal dysfunction in Huntington’s 
disease model mice. Nat Neurosci 17:694–703. https:// doi. org/ 
10. 1038/ nn. 3691

 118. Wilcock DM, Vitek MP, Colton CA (2009) Vascular amy-
loid alters astrocytic water and potassium channels in mouse 
models and humans with Alzheimer’s disease. Neuroscience 
159:1055–1069. https:// doi. org/ 10. 1016/j. neuro scien ce. 2009. 
01. 023

 119. Rothstein JD, Dykes-Hoberg M, Pardo CA et al (1996) Knock-
out of glutamate transporters reveals a major role for astroglial 
transport in excitotoxicity and clearance of glutamate. Neuron 
16:675–686. https:// doi. org/ 10. 1016/ s0896- 6273(00) 80086-0

 120. Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1–105. 
https:// doi. org/ 10. 1016/ s0301- 0082(00) 00067-8

 121. Liang Z, Valla J, Sefidvash-Hockley S et al (2002) Effects of 
estrogen treatment on glutamate uptake in cultured human astro-
cytes derived from cortex of Alzheimer’s disease patients. J Neu-
rochem 80:807–814. https:// doi. org/ 10. 1046/j. 0022- 3042. 2002. 
00779.x

 122. Laake JH, Slyngstad TA, Haug FM, Ottersen OP (1995) Glu-
tamine from glial cells is essential for the maintenance of the 
nerve terminal pool of glutamate: immunogold evidence from 

https://doi.org/10.1523/JNEUROSCI.3034-05.2005
https://doi.org/10.1523/JNEUROSCI.6500-10.2011
https://doi.org/10.1523/JNEUROSCI.6500-10.2011
https://doi.org/10.1038/nature07761
https://doi.org/10.1038/nature07761
https://doi.org/10.1002/emmm.201000082
https://doi.org/10.1038/nature09217
https://doi.org/10.1038/nature09217
https://doi.org/10.1038/nn.3178
https://doi.org/10.1038/nn.3178
https://doi.org/10.1016/j.neuron.2005.08.016
https://doi.org/10.1523/JNEUROSCI.22-01-00183.2002
https://doi.org/10.1523/JNEUROSCI.22-01-00183.2002
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.1523/JNEUROSCI.0473-04.2004
https://doi.org/10.1523/JNEUROSCI.0473-04.2004
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1016/j.neuron.2004.08.011
https://doi.org/10.1073/pnas.0906419106
https://doi.org/10.1016/j.neurobiolaging.2014.06.004
https://doi.org/10.1016/j.neurobiolaging.2014.06.004
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1016/j.ceb.2015.02.004
https://doi.org/10.1016/j.ceb.2015.02.004
https://doi.org/10.1038/ncomms6422
https://doi.org/10.1126/science.1169096
https://doi.org/10.1126/science.1169096
https://doi.org/10.1002/jnr.25042
https://doi.org/10.1002/jnr.25042
https://doi.org/10.1002/glia.24137
https://doi.org/10.1016/j.neurobiolaging.2004.01.007
https://doi.org/10.1016/j.neurobiolaging.2004.01.007
https://doi.org/10.1038/nm838
https://doi.org/10.1111/j.1582-4934.2006.tb00289.x
https://doi.org/10.1111/j.1582-4934.2006.tb00289.x
https://doi.org/10.1126/science.3726539
https://doi.org/10.1126/science.3726539
https://doi.org/10.1146/annurev.ph.37.030175.001115
https://doi.org/10.1146/annurev.ph.37.030175.001115
https://doi.org/10.1002/glia.20040
https://doi.org/10.1002/glia.20040
https://doi.org/10.3233/JAD-2009-1140
https://doi.org/10.3233/JAD-2009-1140
https://doi.org/10.1016/j.bbadis.2012.07.004
https://doi.org/10.1006/mcne.2001.1080
https://doi.org/10.1038/nn.3691
https://doi.org/10.1038/nn.3691
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1016/j.neuroscience.2009.01.023
https://doi.org/10.1016/s0896-6273(00)80086-0
https://doi.org/10.1016/s0301-0082(00)00067-8
https://doi.org/10.1046/j.0022-3042.2002.00779.x
https://doi.org/10.1046/j.0022-3042.2002.00779.x


1042 Neurochemical Research (2023) 48:1026–1046

1 3

hippocampal slice cultures. J Neurochem 65:871–881. https:// 
doi. org/ 10. 1046/j. 1471- 4159. 1995. 65020 871.x

 123. Martinez-Hernandez A, Bell KP, Norenberg MD (1977) Glu-
tamine synthetase: glial localization in brain. Science 195:1356–
1358. https:// doi. org/ 10. 1126/ scien ce. 14400

 124. Ottersen OP, Zhang N, Walberg F (1992) Metabolic compart-
mentation of glutamate and glutamine: morphological evidence 
obtained by quantitative immunocytochemistry in rat cerebel-
lum. Neuroscience 46:519–534. https:// doi. org/ 10. 1016/ 0306- 
4522(92) 90141-n

 125. Jacob CP, Koutsilieri E, Bartl J et al (2007) Alterations in expres-
sion of glutamatergic transporters and receptors in sporadic Alz-
heimer’s disease. J Alzheimers Dis JAD 11:97–116. https:// doi. 
org/ 10. 3233/ jad- 2007- 11113

 126. Li S, Mallory M, Alford M et al (1997) Glutamate transporter 
alterations in Alzheimer disease are possibly associated with 
abnormal APP expression. J Neuropathol Exp Neurol 56:901–
911. https:// doi. org/ 10. 1097/ 00005 072- 19970 8000- 00008

 127. Simpson JE, Ince PG, Lace G et al (2010) Astrocyte phenotype 
in relation to Alzheimer-type pathology in the ageing brain. Neu-
robiol Aging 31:578–590. https:// doi. org/ 10. 1016/j. neuro biola 
ging. 2008. 05. 015

 128. Bicca MA, Figueiredo CP, Piermartiri TC et al (2011) The selec-
tive and competitive N-methyl-D-aspartate receptor antagonist, 
(-)-6-phosphonomethyl-deca-hydroisoquinoline-3-carboxylic 
acid, prevents synaptic toxicity induced by amyloid-β in mice. 
Neuroscience 192:631–641. https:// doi. org/ 10. 1016/j. neuro scien 
ce. 2011. 06. 038

 129. Masliah E, Alford M, Mallory M et al (2000) Abnormal glu-
tamate transport function in mutant amyloid precursor protein 
transgenic mice. Exp Neurol 163:381–387. https:// doi. org/ 10. 
1006/ exnr. 2000. 7386

 130. Harris ME, Wang Y, Pedigo NWJ et al (1996) Amyloid beta 
peptide (25–35) inhibits  Na+-dependent glutamate uptake in 
rat hippocampal astrocyte cultures. J Neurochem 67:277–286. 
https:// doi. org/ 10. 1046/j. 1471- 4159. 1996. 67010 277.x

 131. Matos M, Augusto E, Oliveira CR, Agostinho P (2008) Amyloid-
beta peptide decreases glutamate uptake in cultured astrocytes: 
involvement of oxidative stress and mitogen-activated protein 
kinase cascades. Neuroscience 156:898–910. https:// doi. org/ 10. 
1016/j. neuro scien ce. 2008. 08. 022

 132. Parpura-Gill A, Beitz D, Uemura E (1997) The inhibitory effects 
of beta-amyloid on glutamate and glucose uptakes by cultured 
astrocytes. Brain Res 754:65–71. https:// doi. org/ 10. 1016/ s0006- 
8993(97) 00043-7

 133. Schallier A, Smolders I, Van Dam D et al (2011) Region- and 
age-specific changes in glutamate transport in the AβPP23 mouse 
model for Alzheimer’s disease. J Alzheimers Dis JAD 24:287–
300. https:// doi. org/ 10. 3233/ JAD- 2011- 101005

 134. Minkeviciene R, Ihalainen J, Malm T et al (2008) Age-related 
decrease in stimulated glutamate release and vesicular glutamate 
transporters in APP/PS1 transgenic and wild-type mice. J Neu-
rochem 105:584–594. https:// doi. org/ 10. 1111/j. 1471- 4159. 2007. 
05147.x

 135. Scimemi A, Meabon JS, Woltjer RL et al (2013) Amyloid-β1-42 
slows clearance of synaptically released glutamate by mislocal-
izing astrocytic GLT-1. J Neurosci 33:5312–5318. https:// doi. 
org/ 10. 1523/ JNEUR OSCI. 5274- 12. 2013

 136. Matos M, Shen H-Y, Augusto E et al (2015) Deletion of adeno-
sine A2A receptors from astrocytes disrupts glutamate homeosta-
sis leading to psychomotor and cognitive impairment: relevance 
to schizophrenia. Biol Psychiatry 78:763–774. https:// doi. org/ 10. 
1016/j. biops ych. 2015. 02. 026

 137. Orr AG, Hsiao EC, Wang MM et al (2015) Astrocytic adenosine 
receptor A2A and Gs-coupled signaling regulate memory. Nat 
Neurosci 18:423–434. https:// doi. org/ 10. 1038/ nn. 3930

 138. Lauderback CM, Hackett JM, Huang FF et  al (2001) The 
glial glutamate transporter, GLT-1, is oxidatively modified by 
4-hydroxy-2-nonenal in the Alzheimer’s disease brain: the role of 
Abeta1-42. J Neurochem 78:413–416. https:// doi. org/ 10. 1046/j. 
1471- 4159. 2001. 00451.x

 139. Kulijewicz-Nawrot M, Syková E, Chvátal A et al (2013) Astro-
cytes and glutamate homoeostasis in Alzheimer’s disease: a 
decrease in glutamine synthetase, but not in glutamate trans-
porter-1, in the prefrontal cortex. ASN Neuro 5:273–282. https:// 
doi. org/ 10. 1042/ AN201 30017

 140. Yeh C-Y, Verkhratsky A, Terzieva S, Rodríguez JJ (2013) Glu-
tamine synthetase in astrocytes from entorhinal cortex of the 
triple transgenic animal model of Alzheimer’s disease is not 
affected by pathological progression. Biogerontology 14:777–
787. https:// doi. org/ 10. 1007/ s10522- 013- 9456-1

 141. Gadea A, López-Colomé AM (2001) Glial transporters for glu-
tamate, glycine, and GABA: II, GABA transporters. J Neurosci 
Res 63:461–468. https:// doi. org/ 10. 1002/ jnr. 1040

 142. Mitew S, Kirkcaldie MTK, Dickson TC, Vickers JC (2013) 
Altered synapses and gliotransmission in Alzheimer’s disease 
and AD model mice. Neurobiol Aging 34:2341–2351. https:// 
doi. org/ 10. 1016/j. neuro biola ging. 2013. 04. 010

 143. Jo S, Yarishkin O, Hwang YJ et al (2014) GABA from reactive 
astrocytes impairs memory in mouse models of Alzheimer’s dis-
ease. Nat Publ Group. https:// doi. org/ 10. 1038/ nm. 3639

 144. Wu Z, Guo Z, Gearing M, Chen G (2014) Tonic inhibition in 
dentate gyrus impairs long-term potentiation and memory in an 
Alzheimer’s disease model. Nat Commun 5:1–12. https:// doi. org/ 
10. 1038/ ncomm s5159

 145. Salcedo C, Wagner A, Andersen JV et al (2021) Downregula-
tion of GABA transporter 3 (GAT3) is associated with deficient 
oxidative GABA metabolism in human induced pluripotent stem 
cell-derived astrocytes in Alzheimer’s disease. Neurochem Res 
46:2676–2686. https:// doi. org/ 10. 1007/ s11064- 021- 03276-3

 146. Guthrie PB, Knappenberger J, Segal M et al (1999) ATP released 
from astrocytes mediates glial calcium waves. J Neurosci 
19:520–528. https:// doi. org/ 10. 1523/ JNEUR OSCI. 19- 02- 00520. 
1999

 147. Liu QY, Schaffner AE, Chang YH et al (2000) Persistent acti-
vation of  GABAA receptor/Cl- channels by astrocyte-derived 
GABA in cultured embryonic rat hippocampal neurons. J Neu-
rophysiol 84:1392–1403. https:// doi. org/ 10. 1152/ jn. 2000. 84.3. 
1392

 148. Parpura V, Basarsky TA, Liu F et al (1994) Glutamate-mediated 
astrocyte-neuron signalling. Nature 369:744–747. https:// doi. org/ 
10. 1038/ 36974 4a0

 149. Schell MJ, Molliver ME, Snyder SH (1995) D-serine, an endog-
enous synaptic modulator: localization to astrocytes and gluta-
mate-stimulated release. Proc Natl Acad Sci USA 92:3948–3952. 
https:// doi. org/ 10. 1073/ pnas. 92.9. 3948

 150. Shibasaki K, Hosoi N, Kaneko R et al (2017) Glycine release 
from astrocytes via functional reversal of GlyT1. J Neurochem 
140:395–403. https:// doi. org/ 10. 1111/ jnc. 13741

 151. Dallérac G, Zapata J, Rouach N (2018) Versatile control of syn-
aptic circuits by astrocytes: where, when and how? Nat Rev Neu-
rosci 19:729–743. https:// doi. org/ 10. 1038/ s41583- 018- 0080-6

 152. Jeremic A, Jeftinija K, Stevanovic J et al (2001) ATP stimulates 
calcium-dependent glutamate release from cultured astrocytes. 
J Neurochem 77:664–675. https:// doi. org/ 10. 1046/j. 1471- 4159. 
2001. 00272.x

 153. Araque A, Li N, Doyle RT, Haydon PG (2000) SNARE protein-
dependent glutamate release from astrocytes. J Neurosci 20:666–
673. https:// doi. org/ 10. 1523/ JNEUR OSCI. 20- 02- 00666. 2000

 154. Pasti L, Zonta M, Pozzan T et al (2001) Cytosolic calcium oscil-
lations in astrocytes may regulate exocytotic release of glutamate. 

https://doi.org/10.1046/j.1471-4159.1995.65020871.x
https://doi.org/10.1046/j.1471-4159.1995.65020871.x
https://doi.org/10.1126/science.14400
https://doi.org/10.1016/0306-4522(92)90141-n
https://doi.org/10.1016/0306-4522(92)90141-n
https://doi.org/10.3233/jad-2007-11113
https://doi.org/10.3233/jad-2007-11113
https://doi.org/10.1097/00005072-199708000-00008
https://doi.org/10.1016/j.neurobiolaging.2008.05.015
https://doi.org/10.1016/j.neurobiolaging.2008.05.015
https://doi.org/10.1016/j.neuroscience.2011.06.038
https://doi.org/10.1016/j.neuroscience.2011.06.038
https://doi.org/10.1006/exnr.2000.7386
https://doi.org/10.1006/exnr.2000.7386
https://doi.org/10.1046/j.1471-4159.1996.67010277.x
https://doi.org/10.1016/j.neuroscience.2008.08.022
https://doi.org/10.1016/j.neuroscience.2008.08.022
https://doi.org/10.1016/s0006-8993(97)00043-7
https://doi.org/10.1016/s0006-8993(97)00043-7
https://doi.org/10.3233/JAD-2011-101005
https://doi.org/10.1111/j.1471-4159.2007.05147.x
https://doi.org/10.1111/j.1471-4159.2007.05147.x
https://doi.org/10.1523/JNEUROSCI.5274-12.2013
https://doi.org/10.1523/JNEUROSCI.5274-12.2013
https://doi.org/10.1016/j.biopsych.2015.02.026
https://doi.org/10.1016/j.biopsych.2015.02.026
https://doi.org/10.1038/nn.3930
https://doi.org/10.1046/j.1471-4159.2001.00451.x
https://doi.org/10.1046/j.1471-4159.2001.00451.x
https://doi.org/10.1042/AN20130017
https://doi.org/10.1042/AN20130017
https://doi.org/10.1007/s10522-013-9456-1
https://doi.org/10.1002/jnr.1040
https://doi.org/10.1016/j.neurobiolaging.2013.04.010
https://doi.org/10.1016/j.neurobiolaging.2013.04.010
https://doi.org/10.1038/nm.3639
https://doi.org/10.1038/ncomms5159
https://doi.org/10.1038/ncomms5159
https://doi.org/10.1007/s11064-021-03276-3
https://doi.org/10.1523/JNEUROSCI.19-02-00520.1999
https://doi.org/10.1523/JNEUROSCI.19-02-00520.1999
https://doi.org/10.1152/jn.2000.84.3.1392
https://doi.org/10.1152/jn.2000.84.3.1392
https://doi.org/10.1038/369744a0
https://doi.org/10.1038/369744a0
https://doi.org/10.1073/pnas.92.9.3948
https://doi.org/10.1111/jnc.13741
https://doi.org/10.1038/s41583-018-0080-6
https://doi.org/10.1046/j.1471-4159.2001.00272.x
https://doi.org/10.1046/j.1471-4159.2001.00272.x
https://doi.org/10.1523/JNEUROSCI.20-02-00666.2000


1043Neurochemical Research (2023) 48:1026–1046 

1 3

J Neurosci 21:477–484. https:// doi. org/ 10. 1523/ JNEUR OSCI. 21- 
02- 00477. 2001

 155. Pirttimaki TM, Codadu NK, Awni A et al (2013) α7 Nicotinic 
receptor-mediated astrocytic gliotransmitter release: Aβ effects 
in a preclinical Alzheimer’s mouse model. PLoS ONE 8:e81828. 
https:// doi. org/ 10. 1371/ journ al. pone. 00818 28

 156. Talantova M, Sanz-Blasco S, Zhang X et al (2013) A induces 
astrocytic glutamate release, extrasynaptic NMDA receptor acti-
vation, and synaptic loss. Proc Natl Acad Sci 110:E2518–E2527. 
https:// doi. org/ 10. 1073/ pnas. 13068 32110

 157. Nedergaard M, Takano T, Hansen AJ (2002) Beyond the role of 
glutamate as a neurotransmitter. Nat Rev Neurosci 3:748–755. 
https:// doi. org/ 10. 1038/ nrn916

 158. Sáez-Orellana F, Fuentes-Fuentes MC, Godoy PA et al (2018) 
P2X receptor overexpression induced by soluble oligomers of 
amyloid beta peptide potentiates synaptic failure and neuronal 
dyshomeostasis in cellular models of Alzheimer’s disease. Neu-
ropharmacology 128:366–378. https:// doi. org/ 10. 1016/j. neuro 
pharm. 2017. 10. 027

 159. Casley CS, Lakics V, Lee H et al (2009) Up-regulation of astro-
cyte metabotropic glutamate receptor 5 by amyloid-β peptide. 
Brain Res 1260:65–75. https:// doi. org/ 10. 1016/j. brain res. 2008. 
12. 082

 160. Lim D, Iyer A, Ronco V et al (2013) Amyloid beta deregulates 
astroglial mGluR5-mediated calcium signaling via calcineurin 
and Nf-kB. Glia 61:1134–1145. https:// doi. org/ 10. 1002/ glia. 
22502

 161. Bezzi P, Domercq M, Brambilla L et al (2001) CXCR4-acti-
vated astrocyte glutamate release via TNFalpha: amplification by 
microglia triggers neurotoxicity. Nat Neurosci 4:702–710. https:// 
doi. org/ 10. 1038/ 89490

 162. Rossi D, Brambilla L, Valori CF et al (2005) Defective tumor 
necrosis factor-alpha-dependent control of astrocyte glutamate 
release in a transgenic mouse model of Alzheimer disease. J Biol 
Chem 280:42088–42096. https:// doi. org/ 10. 1074/ jbc. M5041 
24200

 163. Dineley KT, Westerman M, Bui D et al (2001) Beta-amyloid 
activates the mitogen-activated protein kinase cascade via hip-
pocampal alpha7 nicotinic acetylcholine receptors: In vitro and 
in vivo mechanisms related to Alzheimer’s disease. J Neurosci 
21:4125–4133. https:// doi. org/ 10. 1523/ JNEUR OSCI. 21- 12- 
04125. 2001

 164. Barakat L, Bordey A (2002) GAT-1 and reversible GABA trans-
port in Bergmann glia in slices. J Neurophysiol 88:1407–1419. 
https:// doi. org/ 10. 1152/ jn. 2002. 88.3. 1407

 165. Héja L, Barabás P, Nyitrai G et al (2009) Glutamate uptake trig-
gers transporter-mediated GABA release from astrocytes. PLoS 
ONE 4:e7153. https:// doi. org/ 10. 1371/ journ al. pone. 00071 53

 166. Lee S, Yoon B-E, Berglund K et al (2010) Channel-mediated 
tonic GABA release from glia. Science 330:790–796. https:// doi. 
org/ 10. 1126/ scien ce. 11843 34

 167. Héja L, Nyitrai G, Kékesi O et al (2012) Astrocytes convert net-
work excitation to tonic inhibition of neurons. BMC Biol 10:26. 
https:// doi. org/ 10. 1186/ 1741- 7007- 10- 26

 168. Martin DL, Rimvall K (1993) Regulation of gamma-aminobu-
tyric acid synthesis in the brain. J Neurochem 60:395–407. 
https:// doi. org/ 10. 1111/j. 1471- 4159. 1993. tb031 65.x

 169. Yoon B-E, Woo J, Chun Y-E et al (2014) Glial GABA, syn-
thesized by monoamine oxidase B, mediates tonic inhibition. J 
Physiol 592:4951–4968. https:// doi. org/ 10. 1113/ jphys iol. 2014. 
278754

 170. Roy U, Stute L, Höfling C et al (2018) Sex- and age-specific 
modulation of brain GABA levels in a mouse model of Alzhei-
mer’s disease. Neurobiol Aging 62:168–179. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2017. 10. 015

 171. Brawek B, Chesters R, Klement D et al (2018) A bell-shaped 
dependence between amyloidosis and GABA accumulation in 
astrocytes in a mouse model of Alzheimer’s disease. Neurobiol 
Aging 61:187–197. https:// doi. org/ 10. 1016/j. neuro biola ging. 
2017. 09. 028

 172. Mills CD, Kincaid K, Alt JM et al (1950) (2000) M-1/M-2 mac-
rophages and the Th1/Th2 paradigm. J Immunol Baltim Md 
164:6166–6173. https:// doi. org/ 10. 4049/ jimmu nol. 164. 12. 6166

 173. Maggi L, Trettel F, Scianni M et al (2009) LTP impairment by 
fractalkine/CX3CL1 in mouse hippocampus is mediated through 
the activity of adenosine receptor type 3 (A3R). J Neuroimmunol 
215:36–42. https:// doi. org/ 10. 1016/j. jneur oim. 2009. 07. 016

 174. Roumier A, Béchade C, Poncer J-C et al (2004) Impaired synap-
tic function in the microglial KARAP/DAP12-deficient mouse. 
J Neurosci 24:11421–11428. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 2251- 04. 2004

 175. Wang Q, Rowan MJ, Anwyl R (2004) Beta-amyloid-mediated 
inhibition of NMDA receptor-dependent long-term potentia-
tion induction involves activation of microglia and stimulation 
of inducible nitric oxide synthase and superoxide. J Neurosci 
24:6049–6056. https:// doi. org/ 10. 1523/ JNEUR OSCI. 0233- 04. 
2004

 176. Blinzinger K (1948) Kreutzberg G (1968) Displacement of syn-
aptic terminals from regenerating motoneurons by microglial 
cells. Z Zellforsch Mikrosk Anat Vienna Austria 85:145–157. 
https:// doi. org/ 10. 1007/ BF003 25030

 177. Oliveira ALR, Thams S, Lidman O et al (2004) A role for MHC 
class I molecules in synaptic plasticity and regeneration of neu-
rons after axotomy. Proc Natl Acad Sci USA 101:17843–17848. 
https:// doi. org/ 10. 1073/ pnas. 04081 54101

 178. Schafer DP, Lehrman EK, Kautzman AG et al (2012) Microglia 
sculpt postnatal neural circuits in an activity and complement-
dependent manner. Neuron 74:691–705. https:// doi. org/ 10. 
1016/j. neuron. 2012. 03. 026

 179. Roumier A, Pascual O, Béchade C et al (2008) Prenatal activa-
tion of microglia induces delayed impairment of glutamatergic 
synaptic function. PLoS ONE 3:e2595. https:// doi. org/ 10. 1371/ 
journ al. pone. 00025 95

 180. Saw G, Krishna K, Gupta N et al (2020) Epigenetic regulation 
of microglial phosphatidylinositol 3-kinase pathway involved 
in long-term potentiation and synaptic plasticity in rats. Glia 
68:656–669. https:// doi. org/ 10. 1002/ glia. 23748

 181. Hickman SE, Kingery ND, Ohsumi TK et al (2013) The micro-
glial sensome revealed by direct RNA sequencing. Nat Neurosci 
16:1896–1905. https:// doi. org/ 10. 1038/ nn. 3554

 182. Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting micro-
glial cells are highly dynamic surveillants of brain parenchyma 
in vivo. Science 308:1314–1318. https:// doi. org/ 10. 1126/ scien 
ce. 11106 47

 183. Colton CA, Wilcock DM (2010) Assessing activation states in 
microglia. CNS Neurol Disord Drug Targets 9:174–191. https:// 
doi. org/ 10. 2174/ 18715 27107 91012 053

 184. Lawson LJ, Perry VH, Dri P, Gordon S (1990) Heterogeneity in 
the distribution and morphology of microglia in the normal adult 
mouse brain. Neuroscience 39:151–170. https:// doi. org/ 10. 1016/ 
0306- 4522(90) 90229-w

 185. Masuda T, Sankowski R, Staszewski O, Prinz M (2020) Micro-
glia heterogeneity in the single-cell era. Cell Rep 30:1271–1281. 
https:// doi. org/ 10. 1016/j. celrep. 2020. 01. 010

 186. Hanisch U-K, Kettenmann H (2007) Microglia: active sensor and 
versatile effector cells in the normal and pathologic brain. Nat 
Neurosci 10:1387–1394. https:// doi. org/ 10. 1038/ nn1997

 187. Li Y, Du X-F, Liu C-S et al (2012) Reciprocal regulation between 
resting microglial dynamics and neuronal activity in vivo. Dev 
Cell 23:1189–1202. https:// doi. org/ 10. 1016/j. devcel. 2012. 10. 027

https://doi.org/10.1523/JNEUROSCI.21-02-00477.2001
https://doi.org/10.1523/JNEUROSCI.21-02-00477.2001
https://doi.org/10.1371/journal.pone.0081828
https://doi.org/10.1073/pnas.1306832110
https://doi.org/10.1038/nrn916
https://doi.org/10.1016/j.neuropharm.2017.10.027
https://doi.org/10.1016/j.neuropharm.2017.10.027
https://doi.org/10.1016/j.brainres.2008.12.082
https://doi.org/10.1016/j.brainres.2008.12.082
https://doi.org/10.1002/glia.22502
https://doi.org/10.1002/glia.22502
https://doi.org/10.1038/89490
https://doi.org/10.1038/89490
https://doi.org/10.1074/jbc.M504124200
https://doi.org/10.1074/jbc.M504124200
https://doi.org/10.1523/JNEUROSCI.21-12-04125.2001
https://doi.org/10.1523/JNEUROSCI.21-12-04125.2001
https://doi.org/10.1152/jn.2002.88.3.1407
https://doi.org/10.1371/journal.pone.0007153
https://doi.org/10.1126/science.1184334
https://doi.org/10.1126/science.1184334
https://doi.org/10.1186/1741-7007-10-26
https://doi.org/10.1111/j.1471-4159.1993.tb03165.x
https://doi.org/10.1113/jphysiol.2014.278754
https://doi.org/10.1113/jphysiol.2014.278754
https://doi.org/10.1016/j.neurobiolaging.2017.10.015
https://doi.org/10.1016/j.neurobiolaging.2017.10.015
https://doi.org/10.1016/j.neurobiolaging.2017.09.028
https://doi.org/10.1016/j.neurobiolaging.2017.09.028
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.1016/j.jneuroim.2009.07.016
https://doi.org/10.1523/JNEUROSCI.2251-04.2004
https://doi.org/10.1523/JNEUROSCI.2251-04.2004
https://doi.org/10.1523/JNEUROSCI.0233-04.2004
https://doi.org/10.1523/JNEUROSCI.0233-04.2004
https://doi.org/10.1007/BF00325030
https://doi.org/10.1073/pnas.0408154101
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1371/journal.pone.0002595
https://doi.org/10.1371/journal.pone.0002595
https://doi.org/10.1002/glia.23748
https://doi.org/10.1038/nn.3554
https://doi.org/10.1126/science.1110647
https://doi.org/10.1126/science.1110647
https://doi.org/10.2174/187152710791012053
https://doi.org/10.2174/187152710791012053
https://doi.org/10.1016/0306-4522(90)90229-w
https://doi.org/10.1016/0306-4522(90)90229-w
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1038/nn1997
https://doi.org/10.1016/j.devcel.2012.10.027


1044 Neurochemical Research (2023) 48:1026–1046

1 3

 188. Kierdorf K, Prinz M (2013) Factors regulating microglia acti-
vation. Front Cell Neurosci. https:// doi. org/ 10. 3389/ fncel. 2013. 
00044

 189. Durafourt BA, Moore CS, Zammit DA et al (2012) Comparison 
of polarization properties of human adult microglia and blood-
derived macrophages. Glia 60:717–727. https:// doi. org/ 10. 1002/ 
glia. 22298

 190. Li B, Dasgupta C, Huang L et al (2020) MiRNA-210 induces 
microglial activation and regulates microglia-mediated neu-
roinflammation in neonatal hypoxic-ischemic encephalopa-
thy. Cell Mol Immunol 17:976–991. https:// doi. org/ 10. 1038/ 
s41423- 019- 0257-6

 191. Loane DJ, Kumar A, Stoica BA et al (2014) Progressive neu-
rodegeneration after experimental brain trauma: association 
with chronic microglial activation. J Neuropathol Exp Neurol 
73:14–29. https:// doi. org/ 10. 1097/ NEN. 00000 00000 000021

 192. Lyons SA, Pastor A, Ohlemeyer C et al (2000) Distinct physi-
ologic properties of microglia and blood-borne cells in rat brain 
slices after permanent middle cerebral artery occlusion. J Cereb 
Blood Flow Metab 20:1537–1549. https:// doi. org/ 10. 1097/ 00004 
647- 20001 1000- 00003

 193. Buttini M, Limonta S, Boddeke HW (1996) Peripheral admin-
istration of lipopolysaccharide induces activation of microglial 
cells in rat brain. Neurochem Int 29:25–35. https:// doi. org/ 10. 
1016/ 0197- 0186(95) 00141-7

 194. McDonald DR, Brunden KR, Landreth GE (1997) Amyloid 
fibrils activate tyrosine kinase-dependent signaling and super-
oxide production in microglia. J Neurosci 17:2284–2294. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 17- 07- 02284. 1997

 195. Ren L, Lubrich B, Biber K, Gebicke-Haerter PJ (1999) Differ-
ential expression of inflammatory mediators in rat microglia 
cultured from different brain regions. Brain Res Mol Brain Res 
65:198–205. https:// doi. org/ 10. 1016/ s0169- 328x(99) 00016-9

 196. Satoh J, Lee YB, Kim SU (1995) T-cell costimulatory molecules 
B7–1 (CD80) and B7–2 (CD86) are expressed in human micro-
glia but not in astrocytes in culture. Brain Res 704:92–96. https:// 
doi. org/ 10. 1016/ 0006- 8993(95) 01177-3

 197. Buttini M, Boddeke H (1995) Peripheral lipopolysaccharide stim-
ulation induces interleukin-1 beta messenger RNA in rat brain 
microglial cells. Neuroscience 65:523–530. https:// doi. org/ 10. 
1016/ 0306- 4522(94) 00525-a

 198. Ford AL, Foulcher E, Lemckert FA, Sedgwick JD (1996) Micro-
glia induce CD4 T lymphocyte final effector function and death. 
J Exp Med 184:1737–1745. https:// doi. org/ 10. 1084/ jem. 184.5. 
1737

 199. Li D, Wang C, Yao Y et al (2016) mTORC1 pathway disrup-
tion ameliorates brain inflammation following stroke via a shift 
in microglia phenotype from M1 type to M2 type. FASEB J 
30:3388–3399. https:// doi. org/ 10. 1096/ fj. 20160 0495R

 200. Orihuela R, McPherson CA, Harry GJ (2016) Microglial M1/M2 
polarization and metabolic states. Br J Pharmacol 173:649–665. 
https:// doi. org/ 10. 1111/ bph. 13139

 201. Kawahara K, Suenobu M, Yoshida A et al (2012) Intracerebral 
microinjection of interleukin-4/interleukin-13 reduces β-amyloid 
accumulation in the ipsilateral side and improves cognitive defi-
cits in young amyloid precursor protein 23 mice. Neuroscience 
207:243–260. https:// doi. org/ 10. 1016/j. neuro scien ce. 2012. 01. 
049

 202. Stein M, Keshav S, Harris N, Gordon S (1992) Interleukin 4 
potently enhances murine macrophage mannose receptor activ-
ity: a marker of alternative immunologic macrophage activation. 
J Exp Med 176:287–292. https:// doi. org/ 10. 1084/ jem. 176.1. 287

 203. Cherry JD, Olschowka JA, O’Banion MK (2014) Neuroinflam-
mation and M2 microglia: the good, the bad, and the inflamed. J 
Neuroinflamm 11:98. https:// doi. org/ 10. 1186/ 1742- 2094- 11- 98

 204. Buechler C, Ritter M, Orsó E et al (2000) Regulation of scaven-
ger receptor CD163 expression in human monocytes and mac-
rophages by pro- and antiinflammatory stimuli. J Leukoc Biol 
67:97–103

 205. Lalancette-Hébert M, Swarup V, Beaulieu JM et al (2012) Galec-
tin-3 is required for resident microglia activation and prolifera-
tion in response to ischemic injury. J Neurosci 32:10383–10395. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 1498- 12. 2012

 206. Condello C, Yuan P, Schain A, Grutzendler J (2015) Microglia 
constitute a barrier that prevents neurotoxic protofibrillar Aβ42 
hotspots around plaques. Nat Commun 6:6176. https:// doi. org/ 
10. 1038/ ncomm s7176

 207. Chung H, Brazil MI, Soe TT, Maxfield FR (1999) Uptake, deg-
radation, and release of fibrillar and soluble forms of Alzhei-
mer’s amyloid beta-peptide by microglial cells. J Biol Chem 
274:32301–32308. https:// doi. org/ 10. 1074/ jbc. 274. 45. 32301

 208. Jiao J, Xue B, Zhang L et al (2008) Triptolide inhibits amy-
loid-beta1-42-induced TNF-alpha and IL-1beta production in 
cultured rat microglia. J Neuroimmunol 205:32–36. https:// doi. 
org/ 10. 1016/j. jneur oim. 2008. 08. 006

 209. Zhao M, Cribbs DH, Anderson AJ et al (2003) The induction of 
the TNFalpha death domain signaling pathway in Alzheimer’s 
disease brain. Neurochem Res 28:307–318. https:// doi. org/ 10. 
1023/a: 10223 37519 035

 210. Heneka MT, Kummer MP, Stutz A et al (2013) NLRP3 is acti-
vated in Alzheimer’s disease and contributes to pathology in 
APP/PS1 mice. Nature 493:674–678. https:// doi. org/ 10. 1038/ 
natur e11729

 211. Walter S, Letiembre M, Liu Y et al (2007) Role of the toll-like 
receptor 4 in neuroinflammation in Alzheimer’s disease. Cell 
Physiol Biochem Int J Exp Cell Physiol Biochem Pharmacol 
20:947–956. https:// doi. org/ 10. 1159/ 00011 0455

 212. Jack CS, Arbour N, Manusow J et al (1950) (2005) TLR signal-
ing tailors innate immune responses in human microglia and 
astrocytes. J Immunol Baltim Md 175:4320–4330. https:// doi. 
org/ 10. 4049/ jimmu nol. 175.7. 4320

 213. Olson JK (1950) Miller SD (2004) Microglia initiate central 
nervous system innate and adaptive immune responses through 
multiple TLRs. J Immunol Baltim Md 173:3916–3924. https:// 
doi. org/ 10. 4049/ jimmu nol. 173.6. 3916

 214. Tahara K, Kim H-D, Jin J-J et al (2006) Role of toll-like recep-
tor signalling in Abeta uptake and clearance. Brain J Neurol 
129:3006–3019. https:// doi. org/ 10. 1093/ brain/ awl249

 215. Balducci C, Frasca A, Zotti M et al (2017) Toll-like recep-
tor 4-dependent glial cell activation mediates the impairment 
in memory establishment induced by β-amyloid oligomers in 
an acute mouse model of Alzheimer’s disease. Brain Behav 
Immun 60:188–197. https:// doi. org/ 10. 1016/j. bbi. 2016. 10. 012

 216. He Y, Zheng M-M, Ma Y et al (2012) Soluble oligomers and 
fibrillar species of amyloid β-peptide differentially affect cog-
nitive functions and hippocampal inflammatory response. Bio-
chem Biophys Res Commun 429:125–130. https:// doi. org/ 10. 
1016/j. bbrc. 2012. 10. 129

 217. Hafner-Bratkovič I, Benčina M, Fitzgerald KA et al (2012) 
NLRP3 inflammasome activation in macrophage cell lines by 
prion protein fibrils as the source of IL-1β and neuronal toxic-
ity. Cell Mol Life Sci CMLS 69:4215–4228. https:// doi. org/ 10. 
1007/ s00018- 012- 1140-0

 218. Wu Z, Sun L, Hashioka S et al (2013) Differential pathways 
for interleukin-1β production activated by chromogranin A 
and amyloid β in microglia. Neurobiol Aging 34:2715–2725. 
https:// doi. org/ 10. 1016/j. neuro biola ging. 2013. 05. 018

 219. Halle A, Hornung V, Petzold GC et al (2008) The NALP3 
inflammasome is involved in the innate immune response to 
amyloid-beta. Nat Immunol 9:857–865. https:// doi. org/ 10. 
1038/ ni. 1636

https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.1002/glia.22298
https://doi.org/10.1002/glia.22298
https://doi.org/10.1038/s41423-019-0257-6
https://doi.org/10.1038/s41423-019-0257-6
https://doi.org/10.1097/NEN.0000000000000021
https://doi.org/10.1097/00004647-200011000-00003
https://doi.org/10.1097/00004647-200011000-00003
https://doi.org/10.1016/0197-0186(95)00141-7
https://doi.org/10.1016/0197-0186(95)00141-7
https://doi.org/10.1523/JNEUROSCI.17-07-02284.1997
https://doi.org/10.1523/JNEUROSCI.17-07-02284.1997
https://doi.org/10.1016/s0169-328x(99)00016-9
https://doi.org/10.1016/0006-8993(95)01177-3
https://doi.org/10.1016/0006-8993(95)01177-3
https://doi.org/10.1016/0306-4522(94)00525-a
https://doi.org/10.1016/0306-4522(94)00525-a
https://doi.org/10.1084/jem.184.5.1737
https://doi.org/10.1084/jem.184.5.1737
https://doi.org/10.1096/fj.201600495R
https://doi.org/10.1111/bph.13139
https://doi.org/10.1016/j.neuroscience.2012.01.049
https://doi.org/10.1016/j.neuroscience.2012.01.049
https://doi.org/10.1084/jem.176.1.287
https://doi.org/10.1186/1742-2094-11-98
https://doi.org/10.1523/JNEUROSCI.1498-12.2012
https://doi.org/10.1038/ncomms7176
https://doi.org/10.1038/ncomms7176
https://doi.org/10.1074/jbc.274.45.32301
https://doi.org/10.1016/j.jneuroim.2008.08.006
https://doi.org/10.1016/j.jneuroim.2008.08.006
https://doi.org/10.1023/a:1022337519035
https://doi.org/10.1023/a:1022337519035
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/nature11729
https://doi.org/10.1159/000110455
https://doi.org/10.4049/jimmunol.175.7.4320
https://doi.org/10.4049/jimmunol.175.7.4320
https://doi.org/10.4049/jimmunol.173.6.3916
https://doi.org/10.4049/jimmunol.173.6.3916
https://doi.org/10.1093/brain/awl249
https://doi.org/10.1016/j.bbi.2016.10.012
https://doi.org/10.1016/j.bbrc.2012.10.129
https://doi.org/10.1016/j.bbrc.2012.10.129
https://doi.org/10.1007/s00018-012-1140-0
https://doi.org/10.1007/s00018-012-1140-0
https://doi.org/10.1016/j.neurobiolaging.2013.05.018
https://doi.org/10.1038/ni.1636
https://doi.org/10.1038/ni.1636


1045Neurochemical Research (2023) 48:1026–1046 

1 3

 220. Lučiūnaitė A, McManus RM, Jankunec M et al (2020) Soluble 
Aβ oligomers and protofibrils induce NLRP3 inflammasome acti-
vation in microglia. J Neurochem 155:650–661. https:// doi. org/ 
10. 1111/ jnc. 14945

 221. Murphy N, Grehan B, Lynch MA (2014) Glial uptake of amyloid 
beta induces NLRP3 inflammasome formation via cathepsin-
dependent degradation of NLRP10. Neuromol Med 16:205–215. 
https:// doi. org/ 10. 1007/ s12017- 013- 8274-6

 222. Lee G-S, Subramanian N, Kim AI et al (2012) The calcium-
sensing receptor regulates the NLRP3 inflammasome through 
 Ca2+ and cAMP. Nature 492:123–127. https:// doi. org/ 10. 1038/ 
natur e11588

 223. Chakrabarty P, Tianbai L, Herring A et al (2012) Hippocampal 
expression of murine IL-4 results in exacerbation of amyloid 
deposition. Mol Neurodegener 7:36. https:// doi. org/ 10. 1186/ 
1750- 1326-7- 36

 224. Tichauer JE, von Bernhardi R (2012) Transforming growth 
factor-β stimulates β amyloid uptake by microglia through 
Smad3-dependent mechanisms. J Neurosci Res 90:1970–1980. 
https:// doi. org/ 10. 1002/ jnr. 23082

 225. Wyss-Coray T, Lin C, Yan F et al (2001) TGF-beta1 promotes 
microglial amyloid-beta clearance and reduces plaque burden in 
transgenic mice. Nat Med 7:612–618. https:// doi. org/ 10. 1038/ 
87945

 226. Bellinger FP, Madamba S, Siggins GR (1993) Interleukin 1 beta 
inhibits synaptic strength and long-term potentiation in the rat 
CA1 hippocampus. Brain Res 628:227–234. https:// doi. org/ 10. 
1016/ 0006- 8993(93) 90959-q

 227. Ross FM, Allan SM, Rothwell NJ, Verkhratsky A (2003) A dual 
role for interleukin-1 in LTP in mouse hippocampal slices. J Neu-
roimmunol 144:61–67. https:// doi. org/ 10. 1016/j. jneur oim. 2003. 
08. 030

 228. Hein AM, Stasko MR, Matousek SB et al (2010) Sustained hip-
pocampal IL-1beta overexpression impairs contextual and spatial 
memory in transgenic mice. Brain Behav Immun 24:243–253. 
https:// doi. org/ 10. 1016/j. bbi. 2009. 10. 002

 229. Kitazawa M, Cheng D, Tsukamoto MR et  al (1950) (2011) 
Blocking IL-1 signaling rescues cognition, attenuates tau pathol-
ogy, and restores neuronal β-catenin pathway function in an Alz-
heimer’s disease model. J Immunol 187:6539–6549. https:// doi. 
org/ 10. 4049/ jimmu nol. 11006 20

 230. Fiore M, Angelucci F, Alleva E et al (2000) Learning perfor-
mances, brain NGF distribution and NPY levels in transgenic 
mice expressing TNF-alpha. Behav Brain Res 112:165–175. 
https:// doi. org/ 10. 1016/ s0166- 4328(00) 00180-7

 231. Butler MP, O’Connor JJ, Moynagh PN (2004) Dissection of 
tumor-necrosis factor-alpha inhibition of long-term potentiation 
(LTP) reveals a p38 mitogen-activated protein kinase-dependent 
mechanism which maps to early- but not late-phase LTP. Neu-
roscience 124:319–326. https:// doi. org/ 10. 1016/j. neuro scien ce. 
2003. 11. 040

 232. Huang Y, Smith DE, Ibáñez-Sandoval O et al (2011) Neuron-spe-
cific effects of interleukin-1β are mediated by a novel isoform of 
the IL-1 receptor accessory protein. J Neurosci 31:18048–18059. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 4067- 11. 2011

 233. Viviani B, Bartesaghi S, Gardoni F et al (2003) Interleukin-
1beta enhances NMDA receptor-mediated intracellular calcium 
increase through activation of the Src family of kinases. J Neuro-
sci 23:8692–8700. https:// doi. org/ 10. 1523/ JNEUR OSCI. 23- 25- 
08692. 2003

 234. Moult PR, Corrêa SAL, Collingridge GL et al (2008) Co-activa-
tion of p38 mitogen-activated protein kinase and protein tyrosine 
phosphatase underlies metabotropic glutamate receptor-depend-
ent long-term depression. J Physiol 586:2499–2510. https:// doi. 
org/ 10. 1113/ jphys iol. 2008. 153122

 235. Alonso M, Vianna MRM, Izquierdo I, Medina JH (2002) Signal-
ing mechanisms mediating BDNF modulation of memory forma-
tion in vivo in the hippocampus. Cell Mol Neurobiol 22:663–
674. https:// doi. org/ 10. 1023/a: 10218 48706 159

 236. Mullen LM, Pak KK, Chavez E et al (2012) Ras/p38 and PI3K/
Akt but not Mek/Erk signaling mediate BDNF-induced neurite 
formation on neonatal cochlear spiral ganglion explants. Brain 
Res 1430:25–34. https:// doi. org/ 10. 1016/j. brain res. 2011. 10. 054

 237. Rutigliano G, Stazi M, Arancio O et al (2018) An isoform-selec-
tive p38α mitogen-activated protein kinase inhibitor rescues early 
entorhinal cortex dysfunctions in a mouse model of Alzheimer’s 
disease. Neurobiol Aging 70:86–91. https:// doi. org/ 10. 1016/j. 
neuro biola ging. 2018. 06. 006

 238. Singh A, Jones OD, Mockett BG et al (2019) Tumor necrosis 
factor-α-mediated metaplastic inhibition of LTP is constitutively 
engaged in an alzheimer’s disease model. J Neurosci 39:9083–
9097. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1492- 19. 2019

 239. Zhou Q, Wang M, Du Y et al (2015) Inhibition of c-Jun N-ter-
minal kinase activation reverses Alzheimer disease phenotypes 
in APPswe/PS1dE9 mice. Ann Neurol 77:637–654. https:// doi. 
org/ 10. 1002/ ana. 24361

 240. Bellinger FP, Madamba SG, Campbell IL, Siggins GR (1995) 
Reduced long-term potentiation in the dentate gyrus of trans-
genic mice with cerebral overexpression of interleukin-6. Neu-
rosci Lett 198:95–98. https:// doi. org/ 10. 1016/ 0304- 3940(95) 
11976-4

 241. Li AJ, Katafuchi T, Oda S et al (1997) Interleukin-6 inhibits 
long-term potentiation in rat hippocampal slices. Brain Res 
748:30–38. https:// doi. org/ 10. 1016/ s0006- 8993(96) 01283-8

 242. Vereyken EJF, Bajova H, Chow S et al (2007) Chronic inter-
leukin-6 alters the level of synaptic proteins in hippocampus in 
culture and in vivo. Eur J Neurosci 25:3605–3616. https:// doi. 
org/ 10. 1111/j. 1460- 9568. 2007. 05615.x

 243. Wei H, Chadman KK, McCloskey DP et al (2012) Brain IL-6 
elevation causes neuronal circuitry imbalances and mediates 
autism-like behaviors. Biochim Biophys Acta 1822:831–842. 
https:// doi. org/ 10. 1016/j. bbadis. 2012. 01. 011

 244. D’Arcangelo G, Tancredi V, Onofri F et al (2000) Interleukin-6 
inhibits neurotransmitter release and the spread of excitation in 
the rat cerebral cortex. Eur J Neurosci 12:1241–1252. https:// doi. 
org/ 10. 1046/j. 1460- 9568. 2000. 00011.x

 245. Nicolas CS, Peineau S, Amici M et al (2012) The Jak/STAT 
pathway is involved in synaptic plasticity. Neuron 73:374–390. 
https:// doi. org/ 10. 1016/j. neuron. 2011. 11. 024

 246. Jimenez S, Baglietto-Vargas D, Caballero C et al (2008) Inflam-
matory response in the hippocampus of PS1M146L/APP751SL 
mouse model of Alzheimer’s disease: age-dependent switch in 
the microglial phenotype from alternative to classic. J Neurosci 
28:11650–11661. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3024- 08. 
2008

 247. Fenn AM, Henry CJ, Huang Y et al (2012) Lipopolysaccharide-
induced interleukin (IL)-4 receptor-α expression and correspond-
ing sensitivity to the M2 promoting effects of IL-4 are impaired 
in microglia of aged mice. Brain Behav Immun 26:766–777. 
https:// doi. org/ 10. 1016/j. bbi. 2011. 10. 003

 248. Keren-Shaul H, Spinrad A, Weiner A et al (2017) A unique 
microglia type associated with restricting development of Alz-
heimer’s disease. Cell 169:1276-1290.e17. https:// doi. org/ 10. 
1016/j. cell. 2017. 05. 018

 249. Friedman BA, Srinivasan K, Ayalon G et al (2018) Diverse brain 
myeloid expression profiles reveal distinct microglial activation 
states and aspects of Alzheimer’s disease not evident in mouse 
models. Cell Rep 22:832–847. https:// doi. org/ 10. 1016/j. celrep. 
2017. 12. 066

https://doi.org/10.1111/jnc.14945
https://doi.org/10.1111/jnc.14945
https://doi.org/10.1007/s12017-013-8274-6
https://doi.org/10.1038/nature11588
https://doi.org/10.1038/nature11588
https://doi.org/10.1186/1750-1326-7-36
https://doi.org/10.1186/1750-1326-7-36
https://doi.org/10.1002/jnr.23082
https://doi.org/10.1038/87945
https://doi.org/10.1038/87945
https://doi.org/10.1016/0006-8993(93)90959-q
https://doi.org/10.1016/0006-8993(93)90959-q
https://doi.org/10.1016/j.jneuroim.2003.08.030
https://doi.org/10.1016/j.jneuroim.2003.08.030
https://doi.org/10.1016/j.bbi.2009.10.002
https://doi.org/10.4049/jimmunol.1100620
https://doi.org/10.4049/jimmunol.1100620
https://doi.org/10.1016/s0166-4328(00)00180-7
https://doi.org/10.1016/j.neuroscience.2003.11.040
https://doi.org/10.1016/j.neuroscience.2003.11.040
https://doi.org/10.1523/JNEUROSCI.4067-11.2011
https://doi.org/10.1523/JNEUROSCI.23-25-08692.2003
https://doi.org/10.1523/JNEUROSCI.23-25-08692.2003
https://doi.org/10.1113/jphysiol.2008.153122
https://doi.org/10.1113/jphysiol.2008.153122
https://doi.org/10.1023/a:1021848706159
https://doi.org/10.1016/j.brainres.2011.10.054
https://doi.org/10.1016/j.neurobiolaging.2018.06.006
https://doi.org/10.1016/j.neurobiolaging.2018.06.006
https://doi.org/10.1523/JNEUROSCI.1492-19.2019
https://doi.org/10.1002/ana.24361
https://doi.org/10.1002/ana.24361
https://doi.org/10.1016/0304-3940(95)11976-4
https://doi.org/10.1016/0304-3940(95)11976-4
https://doi.org/10.1016/s0006-8993(96)01283-8
https://doi.org/10.1111/j.1460-9568.2007.05615.x
https://doi.org/10.1111/j.1460-9568.2007.05615.x
https://doi.org/10.1016/j.bbadis.2012.01.011
https://doi.org/10.1046/j.1460-9568.2000.00011.x
https://doi.org/10.1046/j.1460-9568.2000.00011.x
https://doi.org/10.1016/j.neuron.2011.11.024
https://doi.org/10.1523/JNEUROSCI.3024-08.2008
https://doi.org/10.1523/JNEUROSCI.3024-08.2008
https://doi.org/10.1016/j.bbi.2011.10.003
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.celrep.2017.12.066
https://doi.org/10.1016/j.celrep.2017.12.066


1046 Neurochemical Research (2023) 48:1026–1046

1 3

 250. Zhao Y, Wu X, Li X et  al (2018) TREM2 is a receptor for 
β-amyloid that mediates microglial function. Neuron 97:1023-
1031.e7. https:// doi. org/ 10. 1016/j. neuron. 2018. 01. 031

 251. Rangaraju S, Dammer EB, Raza SA et al (2018) Identification 
and therapeutic modulation of a pro-inflammatory subset of 
disease-associated-microglia in Alzheimer’s disease. Mol Neu-
rodegener 13:24. https:// doi. org/ 10. 1186/ s13024- 018- 0254-8

 252. Scheff SW, Price DA, Schmitt FA, Mufson EJ (2006) Hippocam-
pal synaptic loss in early Alzheimer’s disease and mild cognitive 
impairment. Neurobiol Aging 27:1372–1384. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2005. 09. 012

 253. Tremblay M-È, Lowery RL, Majewska AK (2010) Microglial 
interactions with synapses are modulated by visual experience. 
PLoS Biol 8:e1000527. https:// doi. org/ 10. 1371/ journ al. pbio. 
10005 27

 254. Shi Q, Chowdhury S, Ma R et al (2017) Complement C3 defi-
ciency protects against neurodegeneration in aged plaque-rich 
APP/PS1 mice. Sci Transl Med. https:// doi. org/ 10. 1126/ scitr 
anslm ed. aaf62 95

 255. Bazan JF, Bacon KB, Hardiman G et al (1997) A new class 
of membrane-bound chemokine with a CX3C motif. Nature 
385:640–644. https:// doi. org/ 10. 1038/ 38564 0a0

 256. Imai T, Hieshima K, Haskell C et al (1997) Identification and 
molecular characterization of fractalkine receptor CX3CR1, 
which mediates both leukocyte migration and adhesion. Cell 
91:521–530. https:// doi. org/ 10. 1016/ s0092- 8674(00) 80438-9

 257. Webster S, Glabe C, Rogers J (1995) Multivalent binding of 
complement protein C1Q to the amyloid beta-peptide (A beta) 
promotes the nucleation phase of A beta aggregation. Biochem 
Biophys Res Commun 217:869–875. https:// doi. org/ 10. 1006/ 
bbrc. 1995. 2852

 258. Daborg J, Andreasson U, Pekna M et al (1996) (2012) Cerebro-
spinal fluid levels of complement proteins C3, C4 and CR1 in 
Alzheimer’s disease. J Neural Transm 119:789–797. https:// doi. 
org/ 10. 1007/ s00702- 012- 0797-8

 259. Allendorf DH, Puigdellívol M, Brown GC (2020) Activated 
microglia desialylate their surface, stimulating complement 
receptor 3-mediated phagocytosis of neurons. Glia 68:989–998. 
https:// doi. org/ 10. 1002/ glia. 23757

 260. Dumas AA, Borst K, Prinz M (2021) Current tools to interrogate 
microglial biology. Neuron 109:2805–2819. https:// doi. org/ 10. 
1016/j. neuron. 2021. 07. 004

 261. Humeau Y, Choquet D (2019) The next generation of approaches 
to investigate the link between synaptic plasticity and learn-
ing. Nat Neurosci 22:1536–1543. https:// doi. org/ 10. 1038/ 
s41593- 019- 0480-6

 262. Yu X, Nagai J, Khakh BS (2020) Improved tools to study astro-
cytes. Nat Rev Neurosci 21:121–138. https:// doi. org/ 10. 1038/ 
s41583- 020- 0264-8

 263. Henneberger C, Bard L, Panatier A et al (2020) LTP induction 
boosts glutamate spillover by driving withdrawal of perisynaptic 
astroglia. Neuron 108:919–936. https:// doi. org/ 10. 1016/j. neuron. 
2020. 08. 030

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neuron.2018.01.031
https://doi.org/10.1186/s13024-018-0254-8
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1016/j.neurobiolaging.2005.09.012
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1038/385640a0
https://doi.org/10.1016/s0092-8674(00)80438-9
https://doi.org/10.1006/bbrc.1995.2852
https://doi.org/10.1006/bbrc.1995.2852
https://doi.org/10.1007/s00702-012-0797-8
https://doi.org/10.1007/s00702-012-0797-8
https://doi.org/10.1002/glia.23757
https://doi.org/10.1016/j.neuron.2021.07.004
https://doi.org/10.1016/j.neuron.2021.07.004
https://doi.org/10.1038/s41593-019-0480-6
https://doi.org/10.1038/s41593-019-0480-6
https://doi.org/10.1038/s41583-020-0264-8
https://doi.org/10.1038/s41583-020-0264-8
https://doi.org/10.1016/j.neuron.2020.08.030
https://doi.org/10.1016/j.neuron.2020.08.030

	Aß Pathology and Neuron–Glia Interactions: A Synaptocentric View
	Abstract
	Introduction
	Neurons
	Presynaptic Activity
	Postsynaptic AMPA Receptors
	Postsynaptic NMDA Receptors

	Astrocytes
	Ion Homeostasis
	Neurotransmitter Recycling
	Gliotransmitter Release

	Microglia
	Microglia Phenotypes
	Microglia in AD
	Microglia and Synapse Loss

	Conclusion
	References




