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ABSTRACT 

In Alzheimer’s disease (AD) brains, reactive astrocytes and microglia are frequently seen around amyloid 
plaques. The functions of microglia have been extensively studied, such as the neuroprotective barrier they 
form to prevent plaque growth and their release of inflammatory cytokines. However, the functions of astrocytes 
are less well known. Here I review the ongoing research on astrocytic functions around plaques. Recent studies 
suggest that astrocytes play an important role in downregulating Aβ production through the production of cho-
lesterol and reducing plaque deposition through Aβ uptake and clearance. Astrocytes also interact with micro-
glia through the clusterin and C3 pathways, possibly altering Aβ fibril formation and microglia phagocytosis. 
On the other hand, astrocytes contribute to elevated glutamate and GABA levels, potentially causing excitotox-
icity and accelerating cognitive decline. Finally, I review two possible therapeutic treatments, ceftriaxone and 
selegiline, for alleviating AD pathology by targeting astrocyte functions. Given their crucial and complex roles 
in AD, a better understand of astrocyte functions would contribute to a greater understanding of AD progression 
and uncover new therapeutic targets. 

Introduction 

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the accumulation of amyloid-β (Aβ) 
plaques and neurofibrillary tangles (NFT). The formation of Aβ plaques is caused by the cleavage of amyloid 
precursor protein (APP) and subsequent aggregation of Aβ oligomers. Aβ plaques are associated with dys-
trophic neurites such as atrophic dendrites and abnormal axonal varicosities, which likely contribute to neuronal 
circuit disruption (Gouras et al., 2014; Tsai et al., 2004; Yuan et al., 2022). Consistently, the extent of the 
cognitive impairment generally correlates with Aβ load and the number of plaques in the brain (Kok et al., 
2022). Reducing Aβ load and amyloid plaques has been the major focus of research and therapeutic treatment 
in the past two decades (Karran et al., 2022; Vickers et al., 2016). 

Reactive astrocytes and microglia are closely linked with plaques. Microglia are often found around 
plaques, where they form a neuroprotective barrier to limit plaque growth (Condello et al., 2015). Microglia 
also cause neuroinflammation and are associated with dystrophic neurites (Gomez-Isla and Frosch, 2022; Yang 
et al., 2021a). On the other hand, the role of astrocytes in plaque formation, growth, and neuronal damage is 
not as clear. They may interact with microglia and neurons around plaques to regulate plaque formation and 
neuronal damage (Kuchibhotla et al., 2009), but the detailed mechanisms underlying the astrocyte functions are 
generally unclear. In this paper, I review studies on the role of astrocytes in amyloid plaque deposition and how 
they are involved in neuroprotective functions, as well as neurotoxicity near amyloid plaques. 

Function of Astrocytes in Regulating Aβ Production and Plaque Formation 
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Astrocytes are the most abundant cells in the brain and their processes occupy everywhere throughout the neu-
ropil. Under many disease conditions, astrocytes are found to undergo substantial changes in protein expression 
and morphology. For example, astrocytes in amyotrophic lateral sclerosis (ALS) and stroke become hyper-
trophic and show high expression of glial fibrillary acidic protein (GFAP) (Harada et al., 2022; Kumar et al., 
2021; Verkhratsky et al., 2019). Such reactive astrocytes are thought to be reprogrammed to increase neuropro-
tection of nervous tissue and restore homeostasis to the central nervous system (CNS) (Kumar et al., 2021; 
Verkhratsky et al., 2019). Around Aβ plaques, similar changes in astrocytes such as elevated GFAP levels have 
been observed (Pekny et al., 2016), indicating that astrocytes become reactive and may have an important role 
in regulating Aβ load and plaque growth in AD. 
 
Astrocytes Regulate APP Processing and Aβ Levels. 
 
One way astrocytes may alter plaque formation is by regulating APP processing and Aβ levels. APP is processed 
by three main secretases, α-secretase, β-secretase, and γ-secretase (Wang et al., 2021). α-secretase resides in 
disordered polyunsaturated lipids, while β-secretase and γ-secretase reside in lipid clusters on neurons (Wang 
et al., 2021). APP is usually cleaved by α-secretase to form a soluble APP fragment (sAPP-α), which controls 
neuronal excitability and does not contribute to plaque formation. However, occasional cleavage by the other 
two proteases results in toxic Aβ fragments that accumulate with disrupted lysosomal function (Lee et al., 2022; 
Raha et al., 2021). 

APP processing is thought to involve the endocytosis of APP proteins into lipid clusters, where it is 
processed into Aβ peptides. Cholesterol regulates the formation of these lipid clusters, where β-secretase and 
γ-secretase reside (Wang et al., 2021). In the adult brain, most cholesterol is believed to be produced by astro-
cytes and transported by apolipoprotein E (apoE) to lipid clusters on neurons (Wang et al., 2021).  
The effect of modulating cholesterol levels on APP processing has been investigated by depleting astrocytic 
cholesterol through the ablation of SREBP2 gene in a recent study by Wang et al (Wang et al., 2021). SREBP2 
regulates cholesterol synthesis genes such as HMG-CoA reductase and HMG-CoA synthase (Madison, 2016). 
SREBP2 gene ablation significantly reduces the size of lipid clusters. Neither cholesterol depletion nor addition 
affects the trafficking of α-, β-, or γ-secretases in lipid clusters, suggesting that the enzymes remain static in the 
plasma membrane (Wang et al., 2021). Using ELISA to quantify Aβ40 and sAPP-α production under different 
levels of cholesterol revealed greater sAPP-α levels with low levels of cholesterol and greater levels of Aβ40 
with higher levels of cholesterol. As the secretases remain unchanged in the plasma membrane, these findings 
suggest that APP moves to areas with α-secretase under low cholesterol conditions and neuronal lipid clusters 
with β-secretase and γ-secretase under high cholesterol conditions (Wang et al., 2021). Astrocytic cholesterol 
may therefore play a role in regulating Aβ production and plaque formation by controlling the ratio of sAPP-α 
to Aβ in the brain. 
 
Astrocytes Are Involved in Aβ Uptake and Clearance 
 
Another way astrocytes regulate plaque formation is through the uptake and clearance of Aβ40 and Aβ42. It 
has been shown that Nrf2 signaling, which is involved in protein homeostasis and detoxification, also regulates 
autophagy and plays a role in the astrocytic response to Aβ pathology (Jiwaji et al., 2022). In the mouse cortex 
and hippocampus, Nrf2 overexpression in astrocytes was found to reduce plaque density, number, and size 
(Jiwaji et al., 2022). Double-labeling of astrocytes and Aβ peptides revealed Aβ peptides in GFAP-positive 
astrocytes in APP/PS1xGFAP-Nrf2 mice, suggesting that Nrf2 may promote autophagy involved in Aβ clear-
ance (Jiwaji et al., 2022). When the levels of Aβ40 and Aβ42 were compared between APP/PS1xGFAP-Nrf2 
and APP/PS1 mice, a decrease in both oligomers was found in APP/PS1xGFAP-Nrf2 mice. No difference in 
expression of BACE1, a secretase enzyme responsible for the processing of APP, was found between APP/PS1 
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and APP/PS1xGFAP-Nrf2 mice, suggesting that lower levels of Aβ was not due to altered APP processing. In 
addition, p62 is a cargo protein often used as an index to measure astrocyte autophagy as it degrades after 
successful autophagic clearance (Jiwaji et al., 2022). Greater autophagy results in less p62 expression and vice 
versa. In APP/PS1xGFAP-Nrf mice with increased Nrf2 expression, lower levels of p62 accumulation were 
found (Jiwaji et al., 2022), suggesting that there was more p62 degradation and therefore more successful au-
tophagic clearance. Together, these findings suggest that astrocytes may promote the uptake and clearance of 
Aβ through Nrf2-mediated autophagy. 

Astrocytic regulation of plaque formation through the clearance of Aβ40 and Aβ42 could also be me-
diated by its secretion of the extracellular chaperone, clusterin (Clu). Clu binds to Aβ and is involved in Aβ 
deposition and clearance (Chen et al., 2021). In a study by Wojtas et al., a 50% reduction of Clu in Clu+/- 
heterozygous mice crossed with APP/PS1 mice was found to augment Aβ accumulation in brain parenchyma 
(Wojtas et al., 2020). On the other hand, viral-induced Clu overexpression in astrocytes by around 30% was 
found to substantially reduce insoluble Aβ40 and Aβ42 levels compared to APP/PS1 controls (Wojtas et al., 
2020). Similarly, in a study by Chen et al., viral-induced Clu overexpression in astrocytes in 5xFAD mice also 
reduced the total number of amyloid deposits in the cortex and hippocampus (Chen et al., 2021). This reduced 
Aβ load could be explained by decreased Aβ fibril formation, as previous studies have shown that Clu forms 
complexes with Aβ and influences its solubility (Wojtas et al., 2020). Another possibility is increased microglial 
uptake of Aβ peptides, as lipidated Clu binds to TREM2, a gene that regulates neuroprotective functions such 
as phagocytosis by microglia  (Chen et al., 2021; Condello et al., 2018). It is important to note, however, that 
global knockout of Clu in mice resulted in a decrease in total fibrillar plaques (Chen et al., 2021; Wojtas et al., 
2020), contrary to how Clu reduction in astrocytes results in greater Aβ levels. This may be because the func-
tions of Clu in the peripheral nervous system and/or other cell types such as microglia differ from those of 
astrocytic Clu.  
 
Astrocytes Regulate Aβ Load By Interacting with Microglia. 
 
Astrocytes are known to interact with microglia under many pathological conditions including AD (Yang et al., 
2021b). As microglia are involved in neuroprotective processes around plaques, it is possible that astrocytes are 
involved in regulating plaque growth through interactions with microglia. 

Microglia are dynamic immune cells in the CNS that respond rapidly to pathological lesions in the 
brain. Microglia have been found clustered around plaques (Condello et al., 2015; Yuan et al., 2016), where 
they anti-colocalize with hotspots of Aβ42 binding (Condello et al., 2015). When the CX3CR1 chemokine 
receptor was deleted in microglia, microglia proliferation around plaques increased and plaque size decreased 
(Liu et al., 2010). Conversely, a study by Zhao et al. demonstrated that microglia deletion resulted in an increase 
of plaque size (Zhao et al., 2017). Together, these findings suggest that microglia play an important role in 
limiting plaque size, potentially by forming a barrier to reduce Aβ binding and fibrillization. Consistent with 
this notion, in vivo imaging of fibrillar amyloid plaques revealed Aβ oligomers preferentially added to the side 
of plaques uncovered by microglia. It is worth noting that diffusion of Aβ oligomers into the plaque core occurs 
after injection, even with robust microglia coverage around the plaque (Condello et al., 2015). This suggests 
that the microglia barrier decreases affinity of soluble Aβ to the plaque but is not completely effective.  

In addition to limiting growth, microglia coverage around plaques also results in compact rather than 
filamentous phenotype. Compact plaques are characterized by a distinct plaque core, surrounded by a halo of 
less compact amyloid. Filamentous forms are plaques that are less compact and typically have longer spike-like 
fibril branches (Yuan et al., 2016). Declines in microglia coverage caused by mutations of genes such as 
TREM2 result in a shift from compact to filamentous forms. This increases the average length of the diffuse 
fibrils and the surface to volume ratio of amyloid fibers by about 300% (Yuan et al., 2016). As a result, the 
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contact area between amyloid fibrils and neurites is increased, which may contribute to greater neurotoxicity 
and dystrophy (Yuan et al., 2016). 

One major interaction between astrocytes and microglia involves C3, a protein in the complement 
system which mediates innate immunity (Lian et al., 2016). It is cleaved into the peptide C3a and the opsonin 
C3b (Lian et al., 2016). In a study by Lian et al., C3 RNA in situ hybridization and immunostaining with an 
anti-GFAP antibody revealed a strong colocalization between C3 mRNA and astrocyte GFAP in AD mouse 
models. C3a receptor (C3aR) RNA in situ hybridization and Iba-1 immunostaining further showed that micro-
glia are the main source of C3aR (Lian et al., 2016). 

As Aβ upregulates C3 protein expression, altered C3a levels in astrocytes on microglial functions via 
C3a-C3aR and plaque formation were tested in the APP/PS1 mouse model. C3a elevation resulted in signifi-
cantly greater plaque deposition in the hippocampus and cortex of APP/PS1 mice  (Lian et al., 2016). Quanti-
fying Aβ40 and Aβ42 levels before plaque deposition as well as full-length APP showed no change (Lian et al., 
2016), suggesting that there was no altered processing of APP, and that clearance was instead impaired. Fur-
thermore, prolonged C3 treatment to microglia revealed an initial increase in phagocytosis, but a decrease after 
24 hours. Consistently, reduced intracellular Aβ was found in microglial cultures after prolonged C3 treatment 
(Lian et al., 2016). Together, these results suggest that astrocyte exposure to Aβ leads to chronically elevated 
levels of C3a in astrocytes and impairs microglial phagocytosis, which results in increased Aβ accumulation 
and plaque formation.  

Another interaction between astrocytes and microglia may involve the transmembrane protein PD-1 
and its ligand PD-L1. PD-1, which is mostly expressed in microglia, regulates inhibitory function and T-cell 
activation in several autoimmune diseases, while PD-L1 is mainly expressed in astrocytes (Kummer et al., 
2021). Kummer et al. observed that PD-1 deficiency in APP/PS1 mice increased soluble Aβ40 and Aβ42 levels 
as well as plaque number in the hippocampus and cortex, without significantly changing APP levels (Kummer 
et al., 2021). Measuring the uptake of fluorescently-labeled Aβ42 also revealed lower microglial uptake in PD-
1-/- microglia, suggesting that the PD-1 is involved in Aβ clearance. PD-L1 deficiency in astrocytes was also 
tested by comparing microglia in an astrocyte-conditioned medium with WT versus PD-L1-/- astroglial cul-
tures, similarly revealing decreased microglial uptake of Aβ. This could be explained by how PD-1 maintains 
CD36 expression, a gene involved in microglial uptake of Aβ (Kummer et al., 2021; Zinselmeyer et al., 2013). 
Together, these findings suggest that the PD-1/PD-L1 interaction between microglia and astrocytes is crucial 
in maintaining Aβ uptake. It is important to note, however, that PD-1 may only be expressed in microglia that 
are in close proximity to plaques, as the microglia that were closest to plaques showed the greatest expression 
of PD-1 (Kummer et al., 2021). 
 

Astrocytes Contribute to Neurotoxicity Near Amyloid Plaques 
 
Increased levels of both glutamate and GABA were observed around Aβ plaques, two of the main neurotrans-
mitters that are associated with excitatory and inhibitory functions (Hefendehl et al., 2016; Mitew et al., 2013; 
Vickers et al., 2016). Dysregulation of these neurotransmitters may thus result in both hypoactive and hyperac-
tive neurons, impairing synaptic transmission and thus cognitive ability.  
 
Astrocytes Affect Glutamate Uptake Near Plaques 
 
Astrocytes are essential in the uptake and release of glutamate via glutamate transporter-1 (GLT-1) and play a 
key role in removing excess glutamate from extracellular space into astrocytes (Hefendehl et al., 2016). In 
APP/PS1 mice, regions adjacent to plaque showed reduced GLT-1 expression (Hefendehl et al., 2016), sug-
gesting potential impairment of glutamate clearance. Reduced glutamate uptake into astrocytes and subsequent 
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build-up of glutamate in extracellular space could lead to excessive activation of NMDA/AMPA receptors 
(Ovsepian et al., 2019; Verkhratsky et al., 2019) and consequently aberrant neuronal excitability. Furthermore, 
mice with heterozygous GLT-1 expression showed accelerated cognitive decline as well as an increase in the 
Aβ42/40 ratio with no significant change in total Aβ load (Mookherjee et al., 2011). These findings suggest that 
astrocytic uptake of glutamate is impaired around plaques, which may result in excitotoxicity and accelerate 
cognitive decline. 
 
Astrocytes Release GABA Near Plaques 
 
GABA is an inhibitory neurotransmitter that is mainly synthesized from glutamate through glutamic acid de-
carboxylase-67 (GAD67) and is released by astrocytes (Wu et al., 2014). In a study by Jo et al., GABA intensity 
in GFAP-positive astrocytes inversely correlated with the distance from the Aβ plaque. Between 20 and 80 μm, 
GABA intensity significantly increased. Beyond 80 μm, GABA intensity decreased to WT levels, suggesting 
that GABA levels are elevated in astrocytes near Aβ plaques (Jo et al., 2014). This is most likely a result of 
elevated production rather than reduced breakdown, as an investigation of the putrescine degradation pathway 
in GABA production revealed higher levels of Maob, the key enzyme involved in the production of GABA 
(Chun et al., 2020; Jo et al., 2014). This elevation may be a response to compensate for elevated levels of 
glutamate in the extracellular space. In the same study, excitatory postsynaptic currents (EPSCs) were measured 
to reveal that GABA inhibited synaptic transmission by decreasing the probability of neurotransmitter release. 
Antagonizing the GABA receptor improved both LTP and memory in AD mice (Jo et al., 2014). Together, 
these results suggest that elevated GABA production in astrocytes near Aβ plaques may result in excessive 
neuronal inhibition and consequently cause deficits in synaptic transmission. In addition to Aβ plaques directly 
causing neuronal dystrophy, both elevated GABA and glutamate levels as a result of reactive astrocytes around 
plaques may result in altered neuronal activity and ultimately contribute to the formation of dystrophic neurites. 
 

Possible Astrocyte and Microglia Manipulation to Control Toxicity and 
Reduce Aβ Accumulation 
 
As demonstrated above, astrocytes and their interactions with microglia regulate plaque load, Aβ production, 
and neuronal excitability through several factors, including cholesterol, clusterin, GABA, and glutamate. For 
example, GLT-1 downregulation around plaques causes increased glutamate levels and can result in excitotox-
icity. Furthermore, GABA production in astrocytes is upregulated around plaques, which may cause excessive 
neural inhibition and accelerate AD pathology. Targeting these pathways may therefore serve as an approach 
in slowing the progression of AD. 

The drug ceftriaxone has been reported to increase the expression of GLT-1 both in vitro and in vivo 
(Rothstein et al., 2005). Hefendehl et al. administered ceftriaxone to APP/PS1 mice. After treatment, GLT-1 
expression within a 20μm radius of the plaque increased to the levels seen farther away (Hefendehl et al., 2016). 
This increased GLT-1 expression partially rescued glutamate clearance, leading to a significant reduction in the 
elevated glutamate levels normally seen around plaques. Ceftriaxone treatment also improved object recogni-
tion and performance in the Morris water maze (Hefendehl et al., 2016; Zumkehr et al., 2015). While the effect 
of ceftriaxone on Aβ plaque load was not measured, the rescue of glutamate dynamics may restore normal 
activity in hyperactive neurons and possibly alter Aβ deposition as well.  

Another possible therapeutic treatment for AD is blocking GABA receptors or reducing GABA syn-
thesis/release in astrocytes. As discussed above, reactive astrocytes around Aβ plaques excessively release 
GABA. This can cause increased tonic inhibition and impair neural transmission. In APP/PS1 mice, increased 
GABA was also found to impair memory compared to WT mice (Jo et al., 2014). Oral administration of the 
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drug selegiline to inhibit MAO-B, an enzyme involved in GABA synthesis, restored synaptic plasticity and 
memory (Jo et al., 2014). Reduction of GABA with selegiline could potentially alleviate AD pathology by 
normalizing the high level of GABA and restoring synaptic transmission associated with Aβ plaques. 
 

Conclusion 
 
In summary, recent studies have shown that astrocytes play both neuroprotective and detrimental roles in re-
sponse to Aβ pathology. In particular, astrocytes regulate APP processing through cholesterol, mediate Nrf2 
signaling to promote autophagy, and interact with microglia by releasing clusterin and C3a. However, reactive 
astrocytes have also been shown to contribute to elevated levels of both glutamate and GABA, which impairs 
synaptic transmission and induces excitotoxicity/excessive inhibition. Further studies on astrocyte functions are 
warranted in order to better understand their precise roles in AD pathogenesis. As astrocytes are involved in 
many Aβ-related processes, they present a promising target for therapeutic treatment of AD.  
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