& frontiers | Frontiers in

SYSTEMATIC REVIEW
published: 16 June 2022
doi: 10.3389/fncel.2022.899251

OPEN ACCESS

Edited by:

Diego Gomez-Nicola,
University of Southampton,
United Kingdom

Reviewed by:

Valentin Négerl,

UMRS5297 Institut Interdisciplinaire de
Neurosciences (IINS), France

Beatriz Gomez Perez-Nievas,

King’s College London,

United Kingdom

*Correspondence:
Jinte Middeldorp
middeldorp@bprc.nl

Specialty section:

This article was submitted to
Non-Neuronal Cells,

a section of the journal

Frontiers in Cellular Neuroscience

Received: 18 March 2022
Accepted: 23 May 2022
Published: 16 June 2022

Citation:

Hulshof LA, van Nuijs D, Hol EM and
Middeldorp J (2022) The Role of
Astrocytes in Synapse Loss in
Alzheimer’s Disease: A Systematic
Review.

Front. Cell. Neurosci. 16:899251.
doi: 10.3389/fncel.2022.899251

Check for
updates

The Role of Astrocytes in Synapse
Loss in Alzheimer’s Disease: A
Systematic Review

Lianne A. Hulshof', Danny van Nuijs’, Elly M. Hol" and Jinte Middeldorp "#*

" Department of Translational Neuroscience, University Medical Center Utrecht Brain Center, Utrecht University, Utrecht,
Netherlands, 2 Department Neurobiology and Aging, Biomedical Primate Research Centre, Rijswijk, Netherlands

Alzheimer’s disease (AD) is the most common cause of dementia, affecting 35 million
people worldwide. One pathological feature of progressing AD is the loss of synapses.
This is the strongest correlate of cognitive decline. Astrocytes, as an essential part of
the tripartite synapse, play a role in synapse formation, maintenance, and elimination.
During AD, astrocytes get a reactive phenotype with an altered gene expression profile
and changed function compared to healthy astrocytes. This process likely affects their
interaction with synapses. This systematic review aims to provide an overview of the
scientific literature including information on how astrocytes affect synapse formation and
elimination in the brain of AD patients and in animal models of the disease. We review
molecular and cellular changes in AD astrocytes and conclude that these predominantly
result in lower synapse numbers, indicative of decreased synapse support or even
synaptotoxicity, or increased elimination, resulting in synapse loss, and consequential
cognitive decline, as associated with AD. Preventing AD induced changes in astrocytes
might therefore be a potential therapeutic target for dementia.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/
display_record.php?RecordlD=148278, identifier CRD148278].
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia, and since age is the major risk
factor for this disease, the number of affected people will only increase in our aging population.
There is an increasing amount of knowledge on the underlying genetic, cellular, and molecular
processes that cause this disease, but this has so far not led to an effective drug to treat AD. One
pathological feature of progressing AD is the loss of synapses, which is the strongest correlate of
cognitive decline (Davies et al., 1987; DeKosky and Scheff, 1990; Terry et al., 1991; Wilde et al,,
2016). Research has long focused on neurons and their molecular processes when studying AD and
related synapse loss. However, it has become increasingly clear that glial cells, including microglia
and astrocytes, play a crucial role in synapse formation, maintenance, and elimination.

Three distinct pathological hallmarks of AD are the development of amyloid-$ (AB) plaques, tau
tangles, and reactive gliosis. AP plaques are caused by an accumulation of AB-peptides, a cleavage
product of amyloid precursor protein (APP) (reviewed in Haass and Selkoe, 1993; Selkoe and
Hardy, 2016). Familial AD is caused by mutations, either in the APP gene or in the Presenilin
genes (PS1 and PS2), which are essential components of gamma-secretase that cleaves APP (Citron
et al.,, 1998; Cacquevel et al., 2012). These mutations, which ultimately lead to an accumulation of
the AP protein, are used to generate mouse models of amyloidosis to study this aspect of the disease.
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GRAPHICAL ABSTRACT | AD astrocytes decrease the number of synapses
via a variety of pathways. We distinguished a direct and indirect effect of
astrocytes on synapse number. Direct: phagocytic capacity is impaired,
affected by astrocyte expression of MERTK, MEGF10, C3, and ApoE4.
Indirect: impaired glutamate transport & signaling, impaired Ca2+ signaling,
and decreased TSP1 expression all can lead to a synaptotoxic environment,
which indirectly reduces synapse number. Impaired glutamate transport is
caused by a decrease in GLT1 and GLAST expression and leads to an
increase in glutamate in the synaptic cleft, resulting in impaired NMDAR activity
and excitotoxicity. Besides affecting phagocytosis, ApoE4 also increases
inflammation, and Tau and Ap aggregation, thereby further promoting synapse
loss. The astrocyte (green) interacts with a synapse on a neurite (blue). The
decrease in synapse number is visualized by more transparent synapses.

However, another major hallmark of AD is the presence of tau
tangles, which consist of aggregates of hyperphosphorylated tau
protein in neurons, which leads to destabilization of microtubules
(Oddo et al., 2003). Like amyloid plaques, tangles do not naturally
form in rodents, also not in response to APP, PS1 or PS2
mutations, so to model this aspect of the disease, tau mutations
are introduced in mice. In response to amyloid accumulation
and hyperphosphorylation of tau, synapses and neurons are lost
(Kopke et al., 1993; Alonso et al., 1994; Igbal et al., 2005), and
glial cells become reactive. Reactive gliosis is clearly present in
AD patients and AD mouse models. Microglia become immune-
activated and invade the Abeta plaques, and astrocytes respond
by changes in their morphology and gene expression profile,
resulting in a changed function compared to healthy astrocytes.
For instance, increased expression of the intermediate filament
protein glial fibrillary acidic protein (GFAP) is a commonly
acknowledged marker for astrocyte reactivity (Eng et al., 1971;
Eng and Ghirnikar, 1994; Osborn et al., 2016; Smit et al., 2021).

Most AD patients do not carry APP, PS1 or PS2 mutations
leading to these pathological hallmarks, but many other risk
factors can increase the chance of getting this disease. These
risk factors are both non-genetic, such as increasing age,
and genetic, such as the E4 variant of the Apolipoprotein
E (ApoE) gene, which is present in more than half of all
AD patients (Corder et al, 1993; Morikawa et al, 2005;
Lambert et al., 2013; Jansen et al.,, 2019; Reiman et al., 2020;
Wightman et al., 2021). When studying the role of astrocytes
in AD, the ApoE genotype should also be considered as an
important factor, since astrocytes are the main source for
ApoE production in the brain (Xu et al., 2006) and the ApoE
genotype causes functional changes in astrocytes (Verkerke et al.,
2021).

Although the exact number of interactions is not entirely clear,
it is predicted that in the human brain, astrocytes can contact
up to 2 million synapses (Oberheim et al., 2006, 2009; Allen and
Eroglu, 2017). The interaction between astrocytes and the pre-
and postsynaptic membrane, also known as the tripartite synapse,
ensures a proper environment for maintenance of synapses
and efficient synaptic transmission. Astrocytes provide structural
support for synapses, recycle and release neurotransmitters,
maintain ion and water homeostasis, and express proteins that
stimulate synapse formation (Allen and Eroglu, 2017). In vitro
experiments with mouse hippocampal slice cultures show that
direct contact of astrocytes with neurons is essential for proper
synapse formation, and dendritic spines that are in contact with
astrocytes live longer and have a more mature morphology
compared to spines without astrocyte contact (Nishida and
Okabe, 2007). Astrocytes aid in synapse formation both through
providing structural support via cell adhesion and extracellular
matrix molecules, and through expression and secretion of
proteins that directly affect synapse formation. Examples of
proteins expressed by astrocytes that are involved in synapse
formation are thrombospondins, neurexins, and ephrins (more
extensively reviewed in Allen and Eroglu, 2017; Hillen et al,
2018).

Astrocytes can also actively eliminate synapses through
phagocytosis  (Chung et al, 2013). Especially during
development, there is an excess in the number of synapses
being generated and selective elimination of aberrant synapses is
an essential process of brain development (Neniskyte and Gross,
2017). Also in adulthood synaptic pruning occurs for the removal
of inefficient or unnecessary synapses, which is important for
synaptic plasticity and memory formation (Lichtman and
Colman, 2000). As part of the innate immune system, the
complement system is involved in synaptic pruning (Stevens
et al, 2007; Luchena et al,, 2018). The classical complement
pathway is usually activated when a ligand binds to complement
component 1q (Clq). Downstream complement component 3
(C3) is cleaved and can then binds to complement receptor 3
(CR3) in microglia, promoting phagocytosis. Although healthy
astrocytes only express low levels of these complement system
proteins, they induce the expression of Clq in neurons (Stevens
et al., 2007; Luchena et al., 2018).

As astrocytes play a key role in synapse formation, functioning
and elimination, a role for astrocytes in synapse loss in AD cannot
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be ignored. Previous research has highlighted the importance
of astrocytes in AD-related neuronal and synaptic loss. Already
in 1995, a correlation was found between a decrease in synapse
density and an increase in the number of GFAP-positive
astrocytes in both the frontal lobe and parietal lobe of AD
patients, suggesting a role for astrocytes in synapse elimination
(Brun et al., 1995). Other studies showed a decreased co-
localization of astrocytes with synapses in the 5xFAD mouse
model for AD, suggesting that proper interaction between
astrocytes and synapses is essential for preserving synapses (Choi
etal., 2021).

To provide an overview of the literature on the role of
astrocytes in synapse loss in AD we designed a systematic
search string centered around the terms “Alzheimer’s Disease,”
“Astrocyte” and “Synapse,” and incorporated both human and
animal studies, in vitro and in vivo. We were surprised that
only a very limited number of them discusses changes in
synaptic protein expression or synapse number as an outcome
measure. Though many papers discussed changes in synapse
function, we chose to focus our review on synapse loss, which
is the strongest correlate of cognitive decline. Therefore, this
systematic review will give an overview of the current knowledge
regarding underlying molecular mechanisms of how astrocytes
can affect synapse number in AD, and by doing this contribute to
cognitive decline.

METHODS

The main question for this systematic review is “What is the
role of astrocytes and astrocyte reactivity on synapse number
in Alzheimer’s Disease?”. From this question we derived three
keywords: “Alzheimer’s Disease,” “Astrocytes,” and “Synapses.”
For each keyword we made a systematic search term by
combining their MeSH term with all relevant entry terms. The
relevance of an entry term was determined by whether removing
the term from the search string affected the number of hits. For
the search string “Alzheimer’s disease” we also added names of
the most commonly used AD mouse models (source: https://
www.alzforum.org/research-models/Alzheimer’s- Disease/
commonly-used). We then combined the search terms from the
three keywords to make one systematic search string, which we
fitted for both Pubmed and EMBASE.
The Pubmed search string is as follows:

((“Alzheimer disease’[MeSH] OR “Alzheimer’s Disease” OR

“Alzheimers Disease” OR “Alzheimers” OR “Alzheimers”
OR  “Alzheimer” OR “Senile Dementia” OR “Presenile
Dementia” OR “APP/PS1” OR “APPPS1” OR “APPxPS1”

OR “Tg(APPswe,PSEN1dE9)85Dbo” OR “5xFAD” OR “Tg6799”
OR “ APPNL-G-F/NL-G-F” OR “AppNL-G-F” OR “ARTEI10”
OR “TgCRND8” OR “KM670/67INL” OR “TASTPM” OR
“TAS/TPM” OR “APPNL-F/NL-F” OR “PS/APP” OR “ PSAPP”
OR “PS1(M146L)” OR “APP23” OR “B6-Tg/ThylAPP23Sdz”
OR “PDAPP” OR “PD-APP” OR “3ng” OR “3ng—AD” OR
“LaFerla” OR “APPswe/PSEN1dE9” OR “APdE9” OR “Borchelt”
OR “rTg9191” OR “APPNLI” OR “Tg2576/Tau(P301L)” OR
“APP(V7171)” OR “APPlon” OR “APP-london” OR “APP.V7171”
OR “Tg2576” OR “App-Swe” OR “App-Sw” OR “AppSwe” OR

“APP(sw)” OR “TAS10” OR “Tg(APPSw)” OR “rTgTauEC” OR
“TauRDAK280” OR “TauRD” OR “APP(OSK)-Tg” OR “APPOSK”
OR “hTau.P301S” OR “hTau.P301S” OR “Tau P301L” OR “INPL3”)
AND (Astrocytes[Mesh] OR astrocytes OR Astrocyte OR Astroglia
OR Astroglias OR Astro™ OR Glia OR “glia cell” OR “glial cell”))
AND (synapses|[MeSH] OR “dendritic spines”[Mesh] OR synapse
OR synapses OR “neuronal gap junctions” OR “axon terminals”
OR “axon terminal” OR “mossy fibers” OR “mossy fiber” OR
synaptic OR presynaptic OR postsynaptic OR synap* OR PSD OR
synaptosome OR spine OR spines OR spine™ OR dendritic).

The EMBASE search string is as follows:

((“azheimers disease” OR “azheimers disease”:tijabkw OR
“azheimer’s disease”:ti,abkw OR alzheimers) AND ti,abkw OR
alzheimer:ti,abkw OR “senile dementia’:tiabkw OR “presenile
dementia”:tiabkw OR “app/ps1”:tiabkw OR “apppsl’:ti,abkw
OR “appxps1”:tiabkw OR “tg(appswe,psenlde9)85dbo”:ti,abkw
OR  “5xfad’:ti,abkw OR “tg6799™:ti,abkw OR “appnl-g-f/n-
gftiabkw OR  “appnl-g-f™:tiabkw OR “artel0”:ti,abkw
OR  “tgernd8™:tiabkw  OR  “km670/671nl":ti,abkw  OR
“tastpm”:ti,abkw OR  “tas/tpm”:tiabkw OR  “appnl-f/nl-
ftiabkw  OR  “ps/app”:tiabkw  OR  “psapp’:ti,abkw
OR  “psl(ml46l)”tiabkw OR “app23”tiabkw OR “b6-
tg/thylapp23sdz”ti,abkw  OR  “pdapp”:tiabkw OR  “pd-
app”:tiabkw  OR  “3xtg’tiabkw  OR  “3xtg-ad’:tiabkw
OR  “laferla”ti,abkw OR  “appswe/psenlde9”:ti,abkw OR
“apde9”:ti,abjkw OR “borchelt’ti,abkw OR “rtg9191”:ti,abkw
OR “appnli”:tiabkw  OR “tg2576/tau(p3011)”:ti,abkw
OR  “app(v717i)”:ti,abkw OR “applon”:tiabkw OR “app-
london:ti,ab,kw OR “app.v717i”:ti,ab,kw OR “tg2576:ti,ab,kw OR
“app-swe”:ti,ab,kw OR “app-sw’:ti,ab,kw OR “appswe”:ti,ab,kw OR
“app(sw)”:ti,abkw OR “tas10”:tiabkw OR “tg(appsw)”:ti,abkw
OR  “rtgtauec”tiabkw  OR  “taurd5k280”:tiabkw  OR
“taurd”:ti,abkw OR “app(osk)-tg”:ti,abkw OR “apposk”:ti,abkw
OR  “htau.p301s™:tiabkw OR “tau  p3011”:tiabkw OR
“jnpl3”:ti,abjkw) AND (“synapse”/exp OR “dendritic spine’/exp
OR synapse OR synapses OR “neuronal gap junctions” OR “axon
terminals” OR “axon terminal” OR “mossy fibers” OR “mossy fiber”
OR synaptic OR presynaptic OR postsynaptic OR synap* OR psd
OR synaptosome OR spine OR spines OR spine* OR dendritic)
AND (“astrocyte”/exp OR astrocyte:ti,ab,kw OR astrocytes:ti,ab,kw
OR astroglia:ti,ab,kw OR astroglias:ti,ab,kw OR astro*:ti,ab,kw OR
glia:ti,abkw OR “glia cell”:ti,ab,kw OR “glial cell”:ti,ab,kw).

The last search was performed on February 2nd 2022. For
the selection, we used the Rayyan online tool (Figure 1, Page
et al,, 2021). A total of 2,575 papers were found of which 264
were included for full text screening because their title or abstract
suggested that astrocyte functioning in AD was discussed in
the paper. Furthermore, only primary research articles written
in English were included, though several reviews were used
for general information. Both human and rodent studies were
included, and although we did not actively exclude other animal
models, they are not included in our final selection. From the 264
papers, the majority did not discuss the number of synapses, but
rather synapse function or signaling. In the end, only the papers
specifically discussing the effect of astrocytes on the number of
synapses in AD or a model thereof were included, which was a
total of 52 papers.
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=
FIGURE 1 | PRISM flow diagram illustrating the process and number of included and rejected papers throughout selection. During each step of the selection process
papers were excluded based on several exclusion criteria. Figure adjusted from Page et al. (2021).

RESULTS
Overview of Discussed AD Models

The systemic literature search yielded papers reporting on a
variety of different AD model systems that can each give insight
into how astrocytes affect synapse number in AD. In total four
different types of AD in vitro models were used: (1) primary cell
cultures isolated from wild-type (WT) rat or mouse brain tissue
where neurons or astrocytes are treated with Ap to induce an AD-
like phenotype, (2) primary cell cultures isolated from an AD
animal model, (3) control human embryonic stem-cell derived
or human induced pluripotent stem cell (iPSC)-derived neuron-
astrocyte co-cultures treated with ApoE protein, and (4) human
iPSCs with different ApoE genotypes.

Most studies were performed using rodent models, either by
injecting AP into brains or by using transgenic mice expressing
humanized genes or genetic mutations linked to AD. Most of
these models focus either on A pathology, with changes in the
amyloid precursor protein (APP) and/or presenilin gene, or on
tau pathology with a mutation in the microtubule-associated
protein tau (MAPT). Only two models that are discussed show

both AP and tau pathology, namely the 3xTg and the 5xFAD
mouse models for AD. Also, transgenic ApoE mice are used,
which express different human ApoE isoforms in neurons and/or
astrocytes, or ApoE knock-out mice. These ApoE transgenic
mice are also crossed with the APP/PS1 or tau AD mouse
models, enabling to study the interaction between different ApoE
isoforms and different aspects of AD pathology.

Several studies use post-mortem tissue from AD patients
to look at protein expression levels and patterns in different
cell types, and link this to differences in synapse number. By
including information from a neuropsychological test, such as
the commonly used CERAD score, it is possible to correlate
these expression patterns with cognitive performance. Only by
combining information obtained with all these AD models a
complete overview of whether astrocytes affect synapse number
in AD can be obtained.

For the remainder of this review, astrocytes in post-mortem
AD brains, astrocytes derived from AD animal models, astrocytes
stimulated with AP and astrocytes that express ApoE4, are
referred to as “AD astrocytes.”
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AD Astrocytes Reduce the Number of
Synapses

During AD pathogenesis, astrocytes become reactive: their
morphology becomes hypertrophic and their gene expression
profile changes (for an extensive review on reactive astrocytes,
see Escartin et al., 2021). Several studies showed a negative
correlation between astrocyte reactivity and number of synapses
in AD. For example, in the cortex and hippocampus of APP/PS1
mice the expression of GFAP was increased while expression of
synaptophysin was decreased (Qiao et al., 2016). The importance
of astrocytes in AD-related neuronal and synaptic loss was
further shown by treating primary rat hippocampal neurons
with AP in the presence of healthy astrocytes or Af-treated
astrocytes. Whereas, healthy astrocytes protected against synaptic
loss, AB-treated astrocytes decreased synaptic protein expression
in neurons (Paradisi et al., 2004). Similar effects were observed
when treating cultured neurons with astrocyte-conditioned
medium (ACM). Treatment of primary mouse hippocampal
neurons with ACM significantly reduced AP mediated decrease
in synapse density, as measured by immunoreactivity of
spinophilin, synaptophysin, or post-synaptic density 95 (PSD-
95). Treatment with ACM from AP treated astrocytes had
only a limited protective effect. Those effects were seen with
both ACM derived from human and murine astrocytes (Pereira
Diniz et al, 2017). Previously in our lab, acutely isolated
astrocytes from the cortex of APP/PS1 mice were used for
transcriptional comparison with age-matched control astrocytes
(Orre et al.,, 2014). Astrocytes from the APP/PS1 mice showed
a more proinflammatory phenotype, with reduced expression
of neuronal and synaptic support genes. This data is supported
by another study showing that reactive astrocytes as observed
in AD had a decrease in protein expression linked to neuronal
survival and synaptogenesis (Liddelow et al., 2017). A lot
can also be learned from studying the brains of people
who are resilient to AD. They do not show neuronal and
synaptic loss despite having high levels of amyloid plaques and
neurofibrillary tangles. Compared to the brains of AD-patients,
their brains displayed lower levels of astrocyte activation, as
was shown by a decrease in GFAP (Perez-Nievas et al., 2013).
To examine the effect of glial reactivity on synapse loss, an
anti-inflammatory drug called MW-151 was administered to
APP/PS1 mice. MW-151 is a selective suppressor of Ap-induced
glia proinflammatory cytokine production and suppressed both
astrocyte and microglia activation (Bachstetter et al., 2012). MW-
151 treatment prevented loss of synapses, as measured by western
blots for the levels of PSD-95, synaptophysin, syntaxin, and
synaptosomal-associated protein 25 (SNAP25), without affecting
amyloid plaque load or soluble AP concentrations. Altogether,
these experiments suggest that astrocyte reactivity could be a
leading factor in the loss synapses.

We have identified several pathways or processes that
are altered in AD astrocytes and we will describe how
this may affect synapse number (Table1). We distinguish
between direct (A) and indirect synapse loss (B). Direct
synapse loss includes phagocytosis or pruning by astrocytes
in AD, which we view as active processes of synapse
elimination. Indirect synapse loss refers to a change in astrocyte

functioning that affects the astrocyte’s ability to provide the
environment needed for synapse growth or changes that
lead to increased synaptotoxicity. Both mechanisms will be
discussed below.

Direct Synapse Elimination Through
Synaptic Pruning

Phagocytic Capacity of AD Astrocytes

Both in vitro (Chung et al., 2013) and in vivo (Lee et al,
2021) studies with WT adult mouse models have shown
that astrocytes play an important role in the phagocytosis of
synapses throughout the brain. Dysregulation of phagocytosis
has been associated with AD, although most studies focused
on the involvement of microglia (Galloway et al., 2019; Nizami
et al, 2019) and overlooked the involvement of astrocytes.
In and surrounding AP plaques astrocytic processes, microglia
processes, AP fibers, and dystrophic neurites are all very tightly
packed together. Electron microscope imaging of APP/PS1
mouse model brain slices, showed that the reactive astrocytes
enwrap the dystrophic neurites and engulf them (Gomez-
Arboledas et al, 2017), thereby phagocytizing and degrading
presynaptic structures. There was an age-related increase in
the number of dystrophic presynaptic structures engulfed by
astrocytes, as well as an increase in engulfed dystrophies per
plaque. However, the proportion of dystrophic presynaptic
structures engulfed by astrocytes in respect to the total number
around plaques was relatively low, and with disease progression
the presence of dystrophies continues to accumulate. This
suggests that the presence of AP plaques limits or impairs the
phagocytic capacity of the reactive astrocytes and microglia.
This hypothesis is strengthened by the observation that primary
astrocyte cultures obtained from 12-month-old APP751a mice
had a highly reduced phagocytic and degradative capacity of
isolated synapses, as compared to primary astrocyte cultures from
WT or Tau P301S mice (Sanchez-Mico et al.,, 2020). Adding AP
oligomers reduced the phagocytic and degradation capacity of
primary astrocytes from WT mice, indicating that AB directly
impairs the capacity of astrocytes to clear the pathological
markers of AD. Also in vivo, in the hippocampus of 12 months
old APP mice, only a very small number of reactive astrocytes
engulfed dystrophic synapses (Sanchez-Mico et al., 2020).

The two main secreted proteins by astrocytes that are involved
in phagocytosis of synapses are multiple EGF-like domains
10 (MEGF10) and c-mer proto-oncogene tyrosine kinase
(MERTK). Both in vitro and in vivo phagocytosis of synapses
by astrocytes was measured by super-resolution imaging and
scanning electron microscopy to visualize engulfment of synaptic
material. Knock-out of either MERTK or MEGF10 in astrocytes
resulted in a 50% reduction of their phagocytic capacity
of synaptosomes, and knocking-out both genes even further
reduced phagocytosis, showing that MERTK and MEGF10 work
in parallel to mediate synapse elimination (Chung et al., 2013).
Interestingly, there was a decrease in MERTK and MEGF10
expression in the hippocampus of 12 months old APP751a
mice as compared to the expression at 3 months (Sanchez-
Mico et al., 2020). Other studies showed only minor changes
in MERTK and MEGF10 expression with normal aging (Chung
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TABLE 1 | Astrocyte proteins involved in direct and indirect synapse elimination.

Astrocyte
protein

Astrocyte expression
changes in AD

Effect on synapses in AD

Model

References

Direct synapse elimination

MERTK Down-regulation in AD
MEGF10 Down-regulation in AD
C3 Increased expression in

AD

ApoE4 (compared
to effect of ApoE3)

In-direct synapse elimination

GLT1 Reduced expression in
AD

Reduced expression in
AD

Expression decreased
by AB

Pharmacologically
Increased GLT1
expression

GLAST Reduced expression in

AD

Reduced phagocytosis of damaged
synapses

Reduced phagocytosis of damaged
synapses

Induced synapse loss near plagues
and stimulated neurodegeneration
due to tau.

Enhanced AB mediated loss of
synapses and neurons

Decreased spine density and shorter
spines

Increased tau-induced synapse loss

Reduced PSD-95 and Synapsin-1
expression

Increase in spine density

Decreased phagocytosis of
synapses, thereby increasing number
of non-functional synapses

Impaired AB uptake and cholesterol
accumulation

Increased tau mediated synapse loss

Possibly resulting in excitotoxicity*

Increased synaptophysin and PSD-95

Possibly resulting in excitotoxicity*

12-month-old APP751¢ mice, on a
C57BL6 background, sex unknown

12-month-old APP751¢ mice, on a
C57BL6 background, sex unknown
6- and 9-month-old male and female
PS2APP and 9-month-old TauP301S
mouse models crossed with C3KO
mice, background unknown, and in
post-mortem AD brain tissue

16-month-old male APPswe/PS1dE9
and APPswe/PS1dE9;C3-KO mice,
on a C57BL6 background

Astrocyte neuron co-cultures from
E17 or P2/3 ApoE4 transgenic mice
on a C57BL6 background
9.5-month-old female P301S
Tau/Aldh111-Cre/apoE4ox/1ox mice,
on a C57BL6 background

Human iPSC models

Stem cell-derived human cell cultures

129p2_ApoEtm3(APOE*4)Mea M8
Knock-In mice, on a C57BL6
background, age and sex unknown
iPSCs sporadic AD human, with
ApoE3 and 4 genotypes,
differentiated into neurons and
astrocytes

9-month-old male P301S/ApoES3 or
ApoE4 Knock-In, or ApoE KO mice,
on a C57BL6 background

Post-mortem human brain tissue

6-month-old APP/Ld/2 mice, on a
C57BL6/FVB/N background, sex
unknown

Primary cortical astrocyte cultures
from 4 to 5-postnatal-days old Wistar
rats, treated with A

3-month-old male Swiss mice,
injected with AB in the brain
12-14-month-old APP/EAAT2 mice,
on a C57BL6 background, sex
unknown

12-month-old male and female 3xTG
mice, on a C57BL6/129SvJ
background

5-6-months-old male and female
APP/PS1 mice, on a C57Bl/6
background

6-month-old APP/Ld/2 mice, on a
C57BL6/FVB/N background, sex
unknown

(Sanchez-Mico et al., 2020)

(Sanchez-Mico et al., 2020)

(Wu et al., 2019)

(Shi Q. et al., 2017)

(Nwabuisi-Heath et al.,

2014)

(Wang et al., 2021)

(Zhao et al., 2017)

(Huang et al., 2017, 2019)
(Chung et al., 2016)

(Lin et al., 2018)

(Shi Y. et al., 2017)

(Jacob et al., 2007; Scott
et al., 2011; Kobayashi
etal., 2018)

(Masliah et al., 2000)

(Matos et al., 2008)

(Mahmoud et al., 2019)

(Wu et al., 2019)

(Zumkehr et al., 2015)

(Hefendehl et al., 2016)

(Masliah et al., 2000)

(Continued)
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TABLE 1 | Continued

Astrocyte Astrocyte expression Effect on synapses in AD Model References
protein changes in AD
Glutamine Decreased expression Possibly resulting in excitotoxicity* 1-9-month-old male 3xTg-AD mice, (Kulijewicz-Nawrot et al.,
synthetase in AD on a C57BL6 background 2013)
A2AR Elevated in AD brains - 14-20-month-old APP and (Orr et al., 2015)
16.5-month-old APP/PS1 mice, on a
C57BL/6J background, and
post-mortem human brain tissue
Decreased expression of GLT1 and Primary mouse cortex cell cultures, (Matos et al., 2012)
GLAST, thereby decreasing glutamate from day 4-5 postnatal
uptake, possibly resulting in C57BL/6-AxaR-GKO mice.
excitotoxicity*
2-3-month-old male Gfa2-A2AR-KO (Matos et al., 2013)
mice, on a C57BL/6 background
GIuN2A Reduced loss of PSD-95 and Primary rat hippocampal cell cultures (Lietal., 2016)
Synaptophysin from postnatal day 4 Wistar rats
AB injections in DG of male Wistar (Du Z. et al., 2021)
rats, with GIUN2A knockdown, age
unknown
TSP1 Expression is Loss of synaptophysin and PSD-95 Primary rat cortical cultures from 1 to (Rao et al., 2013)

decreased in AD

Artificially increased
expression

Rescued AB induced spine loss

2-day-old rats, strain and sex
unknown

12-month-old Tg2576 mice, on a
B6SJL background, sex unknown

(Son et al., 2015)

"The excitotoxicity is our hypothesis and is not shown in the corresponding literature.

et al, 2013; Boisvert et al, 2018), which suggests an AD-
related decrease in MERTK and MEGF10 expression in the
APP751a mice. It could be that progression of AD results in
a decrease in MERTK and MEGF10 expression, which in turn
results in reduced phagocytosis of damaged synapses, leading
to an increase in dystrophic neurites and possibly a more
synaptotoxic environment.

ApoE isoforms differentially affect astrocytic phagocytosis:
in vivo experiments with transgenic mice expressing different
ApoE isoforms showed that compared to the ApoE3 isoform,
ApoE4 expressing astrocytes have a slower phagocytosis rate,
which leads to more non-functional synapses (Chung et al,
2016). This change in phagocytosis was inversely correlated with
Clq expression in the hippocampus, as in the ApoE4 mice the
Clq expression was increased compared to ApoE3 (Chung et al.,
2016). Cl1q is a marker for complement activity and microglia
phagocytosis but is also associated with senescent synapses, and
analyzing immunofluorescent colocalization of synaptophysin
and PSD-95 showed that blocking Clq activity could prevent
synapse loss in early stages of AD (Hong et al., 2016). This
suggests that ApoE4 expression leads to decreased elimination of
senescent synapses.

Overall, several lines of evidence indicate that AD astrocytes
show deficits in the elimination of senescent synapses. Although
this initially leads to a potential increase in synapses, these
synapses are predominantly malfunctioning, and over time, the
accumulation of senescent synapses could result in an unhealthy
synaptic environment, causing deficits and memory loss.

Increased Complement Expression in AD, Linked to
Increased Synapse Loss

Microglia are most commonly viewed as the key players in
phagocytosis in the brain. However, astrocytes can influence
microglia-mediated synaptic pruning through activation of the
complement cascade. For instance, AD-associated decrease in
astrocyte expression of glutamate transporter 1 (GLT1/EAAT2)
increases C1q production and enhances microglial phagocytosis
of synapses in WT rats injected with AR (Wu et al,, 2020). As
part of the immune system, the complement system helps clear
pathogens, regulates the inflammation response and is involved
in synaptic pruning (Stevens et al., 2007). In CSF and blood
samples of AD patients, the activity of the complement system
was increased (Krance et al.,, 2019). C3 plays a central role in
activation of the complement system. In both the PS2APP and
Tau P301S AD mouse models, astrocytic complement C3 protein
and mRNA expression was increased throughout the brain,
specifically in the hippocampus (Wu et al., 2019). Microglial and
neuronal C3 mRNA expression was low compared to astrocytic
expression, and only in the Tau P301S mouse model changes
in microglia C3 expression were observed compared to WT
controls. Also in human AD brains C3 levels were increased,
both near synapses and in the CSF (Wu et al., 2019). When
complement activity was blocked by crossing either the PS2APP
or the Tau P301S AD mouse model with the constitutive C3
knock out (KO) mouse model, reduced loss of PSD-95 staining
near plaques in the PS2APP mice and limited neurodegeneration
in the Tau P301S mouse model was observed. This suggests
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that complement activity, most likely astrocytic C3 expression,
increases the elimination of synapses and neurons in AD.

Another study showed that inhibition of the complement
pathway by blocking Clq, C3, or the microglial complement
receptor CR3, reduces microglia phagocytosis and early synapse
loss (Hong et al., 2016). KO of C3 in an APP/PSI mouse
model protected against AR mediated loss of neurons (Shi Q.
et al., 2017). It is important to note that both microglia and
astrocytes express C3, and after KO of C3, both cell types show
a reduced co-localization with AP. Therefore, based on these
experiments it cannot be deduced whether the observed effects
are primarily due to changes in astrocyte or microglia activity,
or their interaction. Since this review focuses on the direct
interaction between astrocytes and synapses, we will not discuss
the role of microglia in synapse loss in much detail. For more
information on microglia-synapse interaction see Schafer et al.,
2013.

Reduced Support and Formation of

Synapses, and Increased Synaptotoxicity
Neurotoxicity Due to Impaired Glutamate Transport
and Signaling

Astrocyte processes closely enwrap synapses and play an
important role in the regulation of the extracellular environment
in the synaptic cleft. Essential for this regulation is the
recycling of neurotransmitters. Glutamate is the main excitatory
neurotransmitter. It is constantly produced and released into,
and then recycled from the synaptic cleft. Astrocytes are key
regulators of glutamate homeostasis, by balancing between
glutamate uptake and release (Mahmoud et al, 2019). Proper
transport and recycling of glutamate are of utmost importance,
as excessive glutamate in the synaptic cleft could lead to
excitotoxicity and synapse loss. Several transporters regulate
the reuptake of glutamate from the synaptic cleft. Changes
in glutamate transport and recycling have been implicated in
AD; most studies show a decreased expression of glutamate
transporters or glutamine synthetase in the brains of AD patients
(Masliah et al., 2000; Scott et al., 2011) and AD animal models
(Minkeviciene et al., 2008; Kulijewicz-Nawrot et al., 2013). Here
we will discuss how astrocytes might play a role in the altered
regulation of glutamate in AD.

GLT1 and GLAST

Two important glutamate transporters that are mainly expressed
by astrocytes are GLT1, and glutamate-aspartate transporter
(GLAST/EAAT1). Post-mortem brain tissue with AD pathology,
both AP plaque and tau tangles, was compared between
individuals with and without cognitive dysfunction. It was shown
that in the brains of donors with cognitive dysfunction the GLT1
expression was decreased, while in brains of donors without
cognitive dysfunction GLT1 expression was similar to donors
without AD pathology (Jacob et al,, 2007; Scott et al., 2011;
Kobayashi et al., 2018).

In vitro it was shown that AP decreases glutamate uptake by
primary cortical rat astrocytes by reducing GLT1 and GLAST
activity (Matos et al., 2008). In addition, other studies showed
an increase in astrocyte glutamate release after exposure to Ap

(Talantova et al., 2013). So, AP both inhibits the reuptake of
glutamate by astrocytes, and increases the release of glutamate
from astrocytes. This could lead to excessive glutamate in the
synaptic cleft, which in turn could lead to synaptic loss. This
hypothesis is supported by research using different mouse models
for AD (APP/PS1, 3xTg and APPsw/Ind), where it was shown
that when GLT1 expression is pharmacologically increased, levels
of synaptophysin and PSD-95 increase (Zumkehr et al., 2015;
Hefendehl et al., 2016), and even cognitive function improves
(Takahashi et al., 2015).

Glutamate recycling by GLT1 and GLAST is also indirectly
affected via altered adenosine A2A receptor (A2AR) expression.
A2ARs are expressed by astrocytes and enhance the release of
several neurotransmitters. Activation of A2AR using an agonist
decreased expression of GLT1 and GLAST and thereby decreased
glutamate uptake (Matos et al., 2012, 2013). A2AR expression
is elevated in the brains of AD patients and of an AD mouse
model, and when A2AR was conditionally knocked out in AD
mice, those mice showed enhanced memory performance (Orr
et al., 2015).

NMDARs

N-methyl-D-aspartate receptors (NMDARs) also play a role in
glutamate signaling. Although they are mainly expressed by
neurons, astrocytes also express NMDARs (Conti et al., 1996).
Using Dil labeling and confocal imaging, it has been shown
that by blocking two major NMDAR subunits (GluN2A and
GluN2B) on astrocytes, AP induced synapse loss was aggravated
in co-cultures of astrocytes and neurons (Li et al.,, 2016), and
activation of astrocyte NMDARs reduced loss of PSD-95 and
synaptophysin. These results were validated in vivo. Astrocyte-
specific knock-down of GIuN2A was combined with Af injection
in the DG of rats, and showed an aggravation of AB-induced
decrease of PSD-95 and synaptophysin immunoreactivity, along
with increased impairment of spatial memory and cognition
(Du Z. et al, 2021). Experiments with NMDA antagonists
in mice treated with AP injection showed a decrease in
synaptophysin immunostaining and cognitive impairments
(Bicca et al.,, 2011). Contradictory results were found when
treating yellow-fluorescent-protein (YFP) expressing 3xTG mice
with the NMDAR antagonist NitroMemantine. These mice
showed a significant increase in synaptic and dendritic density
(Talantova et al., 2013). However, NitroMemantine is designed
to block neuronal NMDAR, suggesting a possible opposing
role for astrocytic and neuronal NMDAR in AP mediated
excitotoxicity. Only a limited number of studies examines
NMDARs in astrocytes, and it is unknown whether astrocytic
NMDAR expression changes in AD. NMDAR activity in AD
could also be affected in a different way. Reactive astrocytes
express serine racemase (SR), an enzyme that converts L-serine to
D-serine (Li et al., 2018). Both post-mortem AD brain tissue and
the TgF344-AD rat model showed high expression levels of SR
(Balu et al., 2019). D-serine is a co-agonist for NMDARs, and it
was shown that D-serine release from reactive astrocytes induced
excitotoxicity and decreases neuronal survival. Future studies are
needed to look into this and clarify the possible important role of
astrocytic NMDAR in AD.
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Overall, multiple lines of evidence indicate that normal
astrocyte functioning is crucial for glutamate regulation and
protects against AP induced synapse loss and that those processes
are affected in AD. As a consequence, glutamate transport is
hindered, which could be the cause of synaptotoxicity. Impaired
glutamate transport could also affect activation of NMDARSs,
which could also lead to aberrant synaptic function and result in
synapse loss.

Impaired Stimulation of Synapse Formation by
Thrombospondins

Thrombospondins (TSPs) are extracellular multidomain
glycoproteins that affect cell-matrix interactions (Adams,
2001). TSPs are a gene family of five members: TSP1-TSP5,
each of which has a distinct expression pattern over different
tissues and throughout development. Astrocytes secrete two
TSPs, TSP1 and TSP2, which can induce synapse formation.
Mice without TSP1 and TSP2 had a 25-30% reduction in the
number of excitatory synapses in the cortex (Christopherson
et al., 2005). Furthermore, in vitro, the addition of TSP1
or TSP2 to rat retinal ganglion cells cultured in serum-free
conditions significantly increased the number of spines in a
dose-dependent manner.

In post-mortem brain tissue of AD patients and in the
hippocampus of both the Tg2576 and the Tg6799 AD mouse
model, a reduced TSP1 expression was found, whereas the TSP2
expression was not changed (Son et al., 2015). Furthermore,
treatment of primary rat cortical astrocytes with AP caused a
decrease in TSP1 release from the astrocytes and a correlated
increase in intracellular TSP1. Culturing primary rat cortical
neurons with TSP1 depleted ACM resulted in a reduction of
synaptophysin and PSD-95, as compared to non-treated neurons,
while treatment with normal ACM increased PSD-95 expression
(Rao et al., 2013). Both in vitro and in vivo it was shown
that adding TSP1 protein attenuates AP mediated synapse loss.
Cotreatment of AB with recombinant TSP1 protein preserved
PSD-95 levels and the number of spines, and injection of TSP1
protein in Tg2576 and Tg6799 AD mice increased expression of
several synaptic proteins, such as PSD-95 and NR2A (Son et al.,
2015).

In conclusion, AB reduces the secretion of TSP1 by astrocytes
in the AD brain. As a consequence, there is decreased synapse
formation, which leads to a decrease in synapse number.

The Effect of ApoE Isoform Expression in Astrocytes
on Synapse Number

Several in vitro and in vivo experiments have been performed
that look into the effect of ApoE4 expression on synapse number
compared to ApoE3 expression. When co-culturing astrocytes
from homozygous E3 and E4 transgenic mice with wild-type
neurons, the presence of ApoE4 astrocytes decreased spine
density compared to co-cultures with E3 astrocytes (Nwabuisi-
Heath et al., 2014). Similarly, neurons co-cultured with ApoE4
expressing human iPSC-derived astrocytes showed a reduction
in survival rate and less PSD-95 expression compared to neurons
co-cultured with ApoE3 expressing human iPSCs-derived
astrocytes (Zhao et al., 2017). The opposite effect was found in
stem cell-derived human neurons and glia (not further specified

by the authors, but most likely from an astrocyte origin) cell
cultures; adding different glia-derived ApoE variants to neuron
cultures grown without glia significantly increased synapse
density compared to neuron cultures without ApoE (Huang
et al., 2019). Here, the addition of ApoE4 showed the biggest
increase in synapses, and the addition of ApoE2 the smallest.
These results were found using confocal imaging of synapsin
and Homer staining, and further validated with western blot
analysis of synapsin, PSD-95, synaptophysin, synaptotagmin, and
synaptobrevin. Yet another experiment with iPSCs found an
increase of the immunofluorescent signal of synaptophysin and
PSD-95 in ApoE4 expressing neurons, while astrocytic ApoE4
expression was linked to impairments in AP clearance and
lipid transport, but not to changes in synapse number (Lin
et al,, 2018). Most in vivo models seem to suggest that ApoE4
expression negatively affects synapse number, however, whether
this is due to neuronal or astrocytic ApoE expression is unclear.
Conditional KO of astrocytic ApoE4 in a tau mouse model for
AD decreased tau pathology and tau-induced brain atrophy and
synaptic loss (Wang et al., 2021). These experiments suggest
that astrocyte ApoE4 expression enhances synapses loss. Other
experiments, using Golgi stainings to analyze synapse density
and morphology in transgenic ApoE mice showed that astrocytic
expression of different ApoE isoforms did not affect spine density
or morphology, while neuronal knockin (KI) of ApoE4 resulted
in a loss of dendritic spines, specifically in mushroom-shaped
spines (Jain et al., 2013). Besides astrocytes and neurons, also
microglia express ApoE (Xu et al., 2006). Taken together, it is not
yet completely clear what effect the ApoE4 isoform from different
cellular sources has on synapse number, and more studies are
needed to clarify this.

The molecular mechanisms as to how different ApoE isoforms
affect AD are not completely understood. ApoE4 increases the
pro-inflammatory response, which could result in dysfunction
of the blood brain barrier (BBB) (Teng et al., 2017). Different
ApoE isoforms also differently affect lipid binding, which in
turn affects cholesterol concentrations and glucose utilization
(reviewed in Yassine and Finch, 2020). In addition, ApoE4 also
directly affected neuropathological markers of AD compared to
ApoE3: it enhanced tau protein aggregation and impaired AP
uptake and aggregation (Huang et al., 2017; Shi Y. et al., 2017;
Lin et al, 2018; Chen et al., 2021). Glial ApoE4 increased Af
production compared to ApoE3, and neurons cultured without
ApoE secreted from glia secrete 2- to 3-times less AP. Increased
AP production could result in synapse loss. ApoE binds to Af, the
strength of which is dependent on ApoE-isoform (Strittmatter
et al,, 1993). This in turn affects AP aggregation: ApoE4 derived
from neurons slows aggregation the most compared to ApoE3
and ApoE2. However, ApoE isoforms derived from astrocytes did
not show an isoform-specific difference in how they affect AB
aggregation. For a more extensive review on this topic, see Chen
etal., 2021.

Altogether, ApoE4 seems to affect cellular processes in
such a way that results in an unhealthy environment,
which could be harmful for synapses, thereby indirectly
causing synaptic loss. Whether these effects are due
to astrocytic, neuronal, or microglial ApoE remains to
be determined.
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Other Astrocyte Proteins That Affect

Synapse Formation and Elimination

From our systematic search, several studies were found that
reported on astrocytic proteins or secreted molecules that may
affect synapse formation and elimination, but their roles in AD
remain speculative. These studies are summarized in Table 2.
We distinguish three categories, those which report on (i) an
increased expression in AD, (ii) a decreased expression in AD,
and (iii) with no information on the expression in AD, but
changed levels affect synapses.

When cultures of primary astrocytes and U373 human
glioblastoma cells were treated with Af, the release of adenosine
triphosphate (ATP) was increased. Spine density analysis of
phalloidin-stained rat primary hippocampal neurons showed
that pre-treatment with ATP protected against AP mediated
synapse loss via interaction with P2 purinergic receptors (Jung
et al, 2012). This is in contrast with most proteins that are
differentially expressed or secreted by AD astrocytes, which have
a negative effect on synapse number. For example two studies
showed that AP treatment increased expression of lipocalin-
2 (LCN2) by astrocytes (Mesquita et al, 2014; Maysinger
et al., 2017). This reactive astrocyte secreted protein was also
upregulated in specific brain regions of AD patients, such as
the hippocampus, amygdala and several, but not all cortical
regions (Dekens et al., 2017). Imaging of mouse hippocampal
slice cultures from transgenic mice that express green fluorescent
protein (GFP) under an axonal promotor showed that addition
of recombinant LCN2 reduced the total number of spines,
and treatment with anti-LCN2 rescued AP mediated spine loss,
suggesting that increased LCN2 expression by AD astrocytes
negatively affects synapse number (Maysinger et al, 2017).
Similarly, cancerous inhibitor of PP2A (CIP2A) is highly
expressed in astrocytes, and upregulated in AD patients, as well
as in the 3xTg mouse model (Shentu et al., 2019). Virus-induced
overexpression of CIP2A by astrocytes in vivo reduced the
number of dendritic spines and decreased the expression levels
of synaptic genes in the hippocampus, but not in the cortex, as
shown by both reduced protein expression of PSD-95, synapsin,
and synaptophysin analyzed with western blot experiments, and
synapse density count based on a Golgi staining.

Astrocytic Ca>* signaling is emerging as a key component
of signal processing in the brain and aberrant astrocytic Ca?*
signaling in AD is likely to affect synapse function (Guerra-
Gomes et al., 2018). The metabotropic receptor P2Y1R increases
calcium events in astrocytes upon interaction with ATP and ADP
(Delekate et al.,, 2014). Its expression is increased in reactive
astrocytes in AD patients and 8 month and older APP/PSI mice,
and colocalization analysis of Homer and synaptophysin showed
that chronic treatment with a P2Y1R antagonist prevented the
decrease in synaptic density that is normally observed in these
mice (Reichenbach et al., 2018). Calcineurin (CaN), a calcium-
sensitive serine/threonine phosphatase, is expressed in neurons,
but its expression is increased in reactive astrocytes, for example
in 3 to 18 month old APP/PS1 mice (Norris, 2005). Inhibiting
CaN activity in these mice not only reduced Af plaque burden
and astrocyte reactivity, but western blot analysis also showed
increased expression of synaptophysin and PSD-95 (Hong et al.,

2010), suggesting a role for increased CaN in AD astrocytes in
synapse loss. In line with this, the expression of transient receptor
potential ankyrin 1 (TRPA1), an astrocyte calcium channel, is
increased in the hippocampus of 8 months old APP/PS1 mice
(Lee et al., 2016). Chronic inhibition of TRPA1 in APP/PS1-
21 mice that express YFP under control of a axonal promotor
showed preserved spine density and morphology (Paumier et al.,
2021). Overall, these studies show that normalizing astrocytic
calcium signaling could prevent synapse loss.

Although many proteins are increased in AD astrocytes,
some are decreased which also leads to reduced spine density.
For instance, astrocyte secreted transforming growth factor 1
(TGF-B1), known to stimulate synapse formation, was decreased
by the presence of AB (Pereira Diniz et al, 2017). Western
blot analysis of PSD-95 and synaptophysin expression showed
that adding TGF-B1 protected against AP induced spine loss,
and pre-treating mice with TGF-B1 before AP injection fully
prevented the decrease of synaptic proteins. Also, levels of brain-
derived neurotrophic factor (BDNF) were decreased in Tg2576
(Hongpaisan et al., 2011) and 5xFAD mice (de Pins et al,
2019). Although this decrease was not shown specifically for
astrocytes, primary mouse hippocampal neurons co-cultured
with BDNF-deprived astrocytes had a decreased spine density,
and engineered astrocytes that deliver BDNF under the control
of the GFAP promotor restored dendritic spine density and
morphology in 8-month-old 5xFAD mice (de Pins et al., 2019).

For other studies it is not clear whether altering expression
levels in astrocytes affect synapses directly, or whether other
processes are involved, such as AP clearance. Although neurons
are seen as the major source of AP, astrocytes have been
shown to produce AP (Zhao, 2011), and are implicated in AP
degradation and clearance (reviewed in Ries and Sastre, 2016).
This could be another way by which AD astrocytes indirectly
affect AB-induced synapse loss. Fluoxetine (FLX) is a selective
serotonin reuptake inhibitor used as antidepressant for AD
patients. Treatment of APP/PS1 astrocyte cultures with FLX
decreased AP levels, and adding ACM of FLEX treated APP/PS1
astrocytes to hippocampal neurons preserved synaptophysin
protein levels (Qiao et al., 2016). FLX was shown to operate
via activation of astrocyte serotonin 5-HT, receptors, suggesting
that astrocyte 5-HT, receptor levels are important mediators in
astrocyte AP production and subsequent synapse loss. Although
studies showed a reduction of serotonin 5-HT, receptors in the
AD brain (Blin et al., 1993; Lorke et al., 2006), this decrease
was not shown specifically for astrocytes. Forkhead box O
transcription factor 3 (FOXO3) is another protein that might
affect synapse number via astrocyte regulation of AP levels.
5xFAD mice with a KO of FOXO3 show a significant reduction
in the number of PSD-95 and synaptophysin puncta as well as
their colocalization (Du S. et al., 2021). When treating primary
astrocyte cultures from FOXO3 KO mice with A, there was a
significant decrease in synaptic puncta. In addition, there was
significantly less intracellular AB, suggesting a role for FOXO3
in AP internalization in astrocytes (Du S. et al,, 2021). Viral
expression of FOXO3 in the FOXO3 KO cultures restored A
internalization and increased both the number and colocalization
of synaptophysin and PSD-95 puncta. FOXO3 is upregulated
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TABLE 2 | Increased and downregulated astrocyte proteins that affect synapse number.

Astrocyte
protein

Astrocyte expression
changes in AD

Effect on synapses in AD

Model

References

Increased expression in AD
ATP Release increased by Ap

LCN2 Brain-region specific
upregulation
Increased expression after A

treatment;

Increased expression after AB
treatment;

CaN Increased expression in reactive
astrocytes.

P2Y1R Increased in AD patients and AD
mouse model.

CIP2A Upregulated expression in
reactive astrocytes (1)

TRPA1 Increased expression in

hippocampus

Decreased expression in AD

BDNF Decreased levels in AD

TGF-p1 Decreased expression by AB

Unknown expression change in AD

5-HT» 7
receptor
FOXO3 7

Protects against AB mediated
spine loss

Reduced total spine number,
specifically affecting thin and
mushroom spines

Inhibition increases levels of
synaptophysin and PSD-95
Blocking P2Y2R activity
attenuates AD induced loss of
synapses

CIP2A induced astrocyte
reactivity decreased PSD-95,
synapsin-1 (2) and

synaptophysin levels and CIP2A

overexpression in astrocytes

resulted in decreased number of
dendritic spines in hippocampus

©)

Inhibition of TRPA1 prevents
astrocytic withdrawal from
spines and preserves spine
density and morphology.

Decreased spine density and
PSD-95 and synaptophysin
expression

Increased Ap mediated spine
loss. Treatment with TGF-B1
prevents AB induced synapse
loss.

When active prevents loss of
Synaptophysin and MAP2 via
reduction of astrocyte A
production

FOXO3 KO results in a loss of
synaptophysin and PSD-95

Primary mouse astrocytes from 1-day-old ICR
mice, human U373 astrocyte, and primary rat
hippocampal cell cultures, strain unknown,
treated with AB

Post-mortem AD patient brain tissue

Primary cortex cultures of astrocytes from 5 to
7-day-old Wistar Han rats, treated with AB, sex
unknown

Primary cortex of hippocampal astrocyte
culture from O to 3-day-old C57BL/6 pups and
organotypic hippocampal slice cultures from 6
to 8-day-old mice, treated with Ap
3-18-month-old male APP/PS1 mice, on a
C57CBL/6J background

10-month-old male and female ABPP/PS1
mice, on a B6C3 background

Post-mortem brain tissue and aged
(84-month-old for expression, and
11-month-old for synapse analysis) APP/PS1
mice, on a C57BL/6J background, sex
unknown

(1) Post-mortem AD brain tissue and
9-month-old male 3xTg mice,

unknown background (2) Primary rat cortical
astrocyte and neuron culture from new-born
Sprague-Dawley rats (3) 9-month-old male
3xTg mice, unknown background

8-month-old APP/PS1 mice, on a C57BL
background, sex unknown

1-8-month-old male and female APP/PS1-21
mice, on a C57BL6/J background

Hippocampus of 5-monht-old Tg2576, on a
B6SJL background, sex unknown

Primary hippocampal astrocyte-neuron
co-cultures from 1 to 3-day-old BDNF KO mice
8-month-old 5xFAD male mice crossed with
BDNF KO mice or pGFAP-BDNF mice,
background unknown

Primary mouse hippocampal cultures from 1 to
2-day-old Swiss mice, adult primary human
astrocyte cultures and 3-month-old male Swiss
mice

Hippocampal neuron cultures treated with
ACM from FLX treated primary cortical
astrocyte cultures from 1-day-old APP/PS1
mice, sex unknown

Cortex of 3.5-month-old male and female
5XFAD mice, on a C57BL/6J background

(Jung et al., 2012)

(Dekens et al., 2017)

(Mesquita et al., 2014)

(Maysinger et al., 2017)

(Norris, 2005)

(Hong et al., 2010)

(Reichenbach et al.,
2018)

(Shentu et al., 2019)

(Lee et al., 2016)

(Paumier et al., 2021)

(Hongpaisan et al.,
2011)

(Du Z. etal., 2021)

(Pereira Diniz et al.,
2017)

(Qiao et al., 2016)

(Du S. et al., 2021)

*Unknown expression change in AD.
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with age in the mouse cortex, however not much is known
regarding changes in astrocyte FOXO3 expression in AD.

In general, AD astrocytes undergo many changes in
expression and secretion of molecules, which contribute to
synapse loss. Further research is needed to fully explore the
effect of expression of these proteins in astrocytes on synapse
formation, and how this is altered in AD.

DISCUSSION

Astrocytes play a crucial role in synapse formation and
elimination in a healthy brain. In AD a pathological increase in
synapse loss is likely to underly cognitive decline. Therefore, our
systematic search aimed to show how astrocytes contribute to
synapse loss in AD. We performed a systematic literature search
which yielded 52 papers that discussed how AD astrocytes affect
synapse number. In these papers both human and rodent studies
were included, as well as in vitro and in vivo AD models.

To summarize our findings: AD induces changes in astrocytes,
resulting in a reactive phenotype with changed morphology
and gene expression. This AD astrocyte gene expression
profile showed a more pro-inflammatory phenotype with a
reduced expression of synaptic support genes. Whereas, healthy
astrocytes protect against synapse loss, AD astrocytes decrease
synaptic protein expression. We investigated pathways that could
explain the role of AD astrocytes in AD-related synapse loss
and distinguished direct synapse loss, due to an effect on
phagocytosis, and indirect synapse loss due to decreased support
and formation of synapses.

Astrocytes can actively affect synapse elimination through
phagocytosis (Chung et al., 2013), a process most active
during early development, but which continues into adulthood.
Experiments have shown that the phagocytic capacity of the
reactive astrocytes in AD is limited or impaired (Gomez-
Arboledas et al., 2017; Sanchez-Mico et al., 2020). This could be
caused by a decrease of MERTK or MEGFI10 expression in AD
astrocytes, but could also be via influencing microglia-mediated
synaptic pruning. ApoE4 expressing astrocytes have a slowed
phagocytosis rate, which leads to more non-functional synapses.
Accumulation of senescent synapses could result in an unhealthy
synaptic environment, causing deficits and memory loss. On the
other hand, expression of complement activator C3 was increased
in AD astrocytes (Wu et al., 2019), which is linked to increased
synapse elimination. We therefore cannot conclude whether AD
astrocytes increase or decrease phagocytosis of synapses, but the
delicate balance between synapse formation and elimination is
likely disturbed.

Synapse loss can also be caused by a decreased support for
synapse formation or maintenance, or by a disruption in normal
astrocyte processes leading to a synaptotoxic environment. In
AD astrocytes glutamate reuptake is reduced (Matos et al., 2008)
while glutamate release is increased (Talantova et al,, 2013),
resulting in excessive glutamate in the synaptic cleft, which
could be the cause of synaptotoxicity leading to synapse loss.
In addition, TSP1 expression is attenuated in AD astrocytes,
which leads to less synapse formation and a decrease in synapse

number (Rao et al., 2013; Son et al., 2015). Although the effects
of ApoE4 expression on synapse number compared to ApoE3
expression are still under debate, most studies suggest that
astrocytic ApoE4 expression affects cellular processes in such a
way that results in an unhealthy environment (Nwabuisi-Heath
et al,, 2014; Huang et al., 2017; Shi Y. et al., 2017; Teng et al.,
2017; Zhao et al, 2017; Lin et al, 2018; Wang et al.,, 2021),
which could be harmful to synapses, thereby indirectly causing
synapse loss.

As mentioned in the section “Other Astrocyte Proteins That
Affect Synapse Formation and Elimination” and summarized
in Table 2, many studies report AD-induced changes in gene
expression that may affect synapse number, but findings are
often only supported by a single study. Overall, we found that
most changes in astrocyte gene expression negatively affect
synapse number. AD likely initiates changes in Ca?* signaling
and alters AP production or processing in astrocytes, which
could lead to a synaptotoxic environment. Follow-up studies are
needed to replicate and validate these findings. In addition, as
studies looking into the role of astrocytes in AD are relatively
new, there are likely more astrocytic genes and pathways
that affect synapse number that we will learn about in the
coming years.

Many different types of models were discussed throughout
this review. It is important to keep in mind that different
models have different strengths and limitations. In vitro studies
can provide information on how specific cellular processes
or expressed proteins affect synapse number in an isolated
system. However, usually, only a limited spectrum of the AD
pathology is addressed. In vivo studies are better suited to study
how astrocytes affect synapses in a more complex and realistic
environment. Throughout this review we have addressed many
papers that have analyzed the number of synapses in AD models,
using variety of methods. A commonly used method is to analyze
synaptic protein expression using western blot (Hong et al., 2010;
Qiao et al., 2016; Shentu et al., 2019). Other papers analyzed
synapse number by performing immunohistochemistry, and
subsequently measuring the density or colocalization of synaptic
puncta (Li et al, 2016; Lin et al, 2018; Reichenbach et al.,
2018; Huang et al., 2019). Yet another method is to transfect
neurons to induce expression of a fluorescent protein (Talantova
et al.,, 2013; Pereira Diniz et al., 2017; Paumier et al., 2021),
stain neurons with a dye (Li et al., 2016), or use Golgi staining
(Jain et al,, 2013; Shentu et al., 2019) in order to visualize
the complete neuronal morphology, which can then be imaged
using various microscopes. Electron microscopy is also used to
identify and analyze spine density, without the aid of fluorescent
staining (Hong et al., 2016). Although some papers use several
of these methods and find similar results (Jung et al., 2012;
Pereira Diniz et al., 2017; Shentu et al., 2019), the different
methods used can also be a reason variation in outcome. Western
blot analysis is on average less suited to detect subtle changes
in protein expression, or in this case synapse density, while
it does allow for inclusion of many cells from different brain
regions. Staining, imaging and analyzing synapse density with
high resolution microscopy gives a very accurate count, but is
restricted to a limited number of cells, or only short sections
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of dendrites, that can be analyzed. Another important aspect
to keep in mind is the different synaptic markers that are
being used. PSD-95, synaptophysin, Homer, synapsin, syntaxin,
SNAP25, spinophilin, synaptotagmin, and synaptobrevin are all
synapse markers whose expression level were used to measure
synapse number. Although some studies that analyze multiple
markers show no differences in observed effect between those
markers (Huang et al., 2019; Shentu et al,, 2019), another study
showed a decrease in spine number visible when measuring
PSD-95 and synaptophysin levels, though not when analyzing
spinophilin, synaptotagmin or staining with Dil dye (Li et al.,
2016). Therefore, differences in experimental design should be
considered when discussion studies that look into changes in
synapse number.

Animal models of AD often recapitulate only certain aspects
of the disease, based on major pathological hallmarks, such as
amyloid plaques, neurofibrillary tangles, or neurodegeneration.
There are however also animal models with multiple aspects of
AD pathology. They can be crucial as some cellular processes
might for instance be affected by both the presence of A and
tau. Animal models allow for correlation between changes in
protein expression, different numbers of synapses, and most
importantly cognitive functioning. In addition, we have discussed
data from both human and rodent studies. Gene expression
profile studies have shown distinct differences between human
and mouse astrocytes (Zhang et al., 2016). New and better
human AD models are being developed. For instance, the use
of human iPSCs derived from AD patients or modified with
AD risk genes will have a big impact in studying cellular
processes in AD (Essayan-Perez et al, 2019; Penney et al,
2020). Development of more complex human AD models, such
as for instance AD cerebral organoids could help to further
understand more complex processes involving multiple cell types
and interactions.

Besides synapse formation and elimination, astrocytes
may also affect synapse function. Although this was out of
scope for our review, our search did result in many studies
reporting on how AD astrocytes affect synapse function.
For instance, upregulation of cancerous inhibitor of PP2A
(CIP2A) expression in AD astrocytes is linked to impaired
long-term potentiation (Shentu et al, 2019). As mentioned,
calcium signaling in astrocytes is closely connected to synapse
functioning, and neuronal activity close to AP plaques is
enhanced, with an increased frequency of spontaneous Ca’*
transients (Busche et al., 2008). There are numerous ways
in which astrocytes affect Ca®t signaling, for instance by
affecting the release of gliotransmitters such as glutamate,
GABA, ATP, and D-serine (Perea et al., 2009; Henneberger
et al, 2010; Bazargani and Attwell, 2016). Furthermore,
other studies show Af-induced impairments in synaptic
potentiation of both inhibitory and excitatory synapses,
leading to hyperactivity of neurons and consequential neuronal
loss. These impairments are linked to excessive perisynaptic

accumulation of glutamate due to disturbances in glutamate
reuptake by astrocytes (Zott et al., 2019). Overall, besides the
effect of astrocytes on synapse number, the effect on synapse
functioning is another important element to consider in
AD-related cognitive decline.

Conclusion and Future Perspective

We conclude that AD astrocytes are involved in causing synapse
loss in AD. Although this might suggest that the presence of
astrocytes in AD is harmful and that removing them could
have therapeutic effects, we have to be careful. For example,
when pharmacologically ablating astrocytes in organotypic brain
slices from 5xFAD mice, AP levels increased and spine density
and size were reduced (Davis et al., 2021). A better treatment
option might be to specifically target reactive astrocytes.
Preventing or reversing AD induced astrocyte reactivity might
maintain a healthy balance between synapse formation and
elimination, and could therefore attenuate AD induced synapse
loss and consequential cognitive decline. Several ways have been
described to attenuate astrocyte reactivity (Pekny and Pekna,
2014; Smit et al., 2021); inhibition of the Janus kinase/signal
transducer and activator of transcription 3 (Jak/STAT3) pathway
(Ceyzériat et al., 2018), knocking out intermediate filament
proteins, such as GFAP and vimentin (Kraft et al., 2013;
Kamphuis et al., 2015), or connexin-43 (Ren et al.,, 2018), or
overexpression of clusterin in astrocytes (Wojtas et al., 2020). By
combining these treatments with AD models and investigating
synapse number we could assess whether tempering astrocyte
reactivity prevents or reduces synapse loss. This will provide
important insight into new targets to attenuate cognitive decline
in AD.
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