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Abstract
The reactive astrocytes manifest molecular, structural, and functional remodeling in injury, infection, or diseases of the CNS, 
which play a critical role in the pathological mechanism of neurological diseases. A growing need exists for dependable 
approach to better characterize the activation of astrocyte in vivo. As an advanced molecular imaging technology, positron 
emission tomography (PET) has the potential for visualizing biological activities at the cellular levels. In the review, we 
summarized the PET visualization strategies for reactive astrocytes and discussed the applications of astrocyte PET imaging 
in neurological diseases. Future studies are needed to pay more attention to the development of specific imaging agents for 
astrocytes and further improve our exploration of reactive astrocytes in various diseases.

Keywords  Positron emission tomography (PET) · Reactive astrocytes · Monoamine oxidases-B (MAO-B) · Alzheimer’s 
disease (AD) · Parkinson’s disease (PD) · Amyotrophic lateral sclerosis (ALS) · Multiple sclerosis (MS)

Introduction

Astrocytes are the most abundant type of glial cells in the 
brain. The astrocytes are responsible for many basic func-
tions in the central nervous system (CNS). For example, 
they can provide essential metabolic support for neurons and 
other cell types, regulate synaptic plasticity, participate in 

the composition of blood–brain barrier (BBB), and maintain 
the extracellular ion balance [1]. In recent years, increasing 
studies have paid attention to the role of astrocytes other 
than their basal functions, such as participating significantly 
in the hyperactivity [2] and contributing importantly to 
remote memory formation [3]. In neurological disorders, the 
astrocytes undergo significant morphological and molecular 
phenotypic changes, the most widely characterized of which 
are cellular hypertrophy and upregulation of the intermedi-
ate filament protein GFAP. The hallmark signal of astrocyte 
reactivity appeared in the early stage of age-related cogni-
tive decline [4]. Unique features of reactive astrocytes are 
reported in neurological disorders, including Alzheimer’s 
diseases [5], amyotrophic lateral sclerosis [6], Parkinson’s 
disease [7], and multiple sclerosis [8]. Thus, there is an 
urgent need for in vivo visualization strategies for astrocyte 
activation in various diseases.

Positron emission tomography (PET) is a non-invasive 
technique that allows the visualization of biologically critical 
processes at the molecular level in vivo [9]. Therefore, PET 
has been increasingly applied in neuroimaging research [10, 
11]. Utilization of this advanced imaging modality allows 
for better understand pathological mechanism of astrocytes 
in neurological diseases, thereby hopefully developing novel 
strategies for related diseases. Regardless of the fact that 
imaging of reactive astrocytes is still a young field and in 
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need for development of suitable imaging ligands, some 
potential radiotracers are still worth our attention.

In the current review, we retrospectively searched the 
original articles on PET imaging of astrocytes published 
up to October 2021. The search strategy was to use the fol-
lowing search terms in PubMed: “reactive astrocyte(s),” 
“positron emission tomography,” “monoamine oxidases-
B,” “neurological disorders,” “Alzheimer’s disease,” “Par-
kinson’s disease,” “Amyotrophic lateral sclerosis,” “Multi-
ple sclerosis” alone and in combination. Only original full 
papers published in English in international journals with an 
impact factor were considered. Studies related to the activa-
tion of astrocytes, PET imaging agents for astrocytes, and 
their applications were eligible for inclusion. Each article 
retrieved was subsequently carefully screened based on the 
relevance of the abstract, and the reference lists of each study 
were examined for further relevant publications; 94 litera-
tures ultimately considered relevant were included. Here, we 
briefly introduced the developments of reactive astrocytes, 
as well as potential targets for PET tracers to bind, and the 
application of astrocyte PET imaging in neurological dis-
eases. We also discussed the limitations and challenges for 
imaging astrocytes in order to promote the development of 
glial pathology in neurological disease.

Reactive astrocyte

Reactive astrocyte was first described in the 1970s after 
discovery of the intermediate filament protein GFAP [12]. 
Escartin et al. redefined the concept of reactive astrocytes 
in the latest review [13], and they suggested that the reac-
tive astrocytes are an umbrella term for astrocytes compris-
ing multiple states. Reactive astrocytes refer to the astro-
cytes undergo remodeling in response to pathology, which 
involves a series of changes from transcriptome to pathol-
ogy, eventually leading to the imbalance and disturbances 
of neural homeostasis. Therefore, reactive astrocytes refer to 
the astrocytes in pathological state, excluding the plasticity 
regulation of physiological astrocytes.

GFAP served as the most widely used marker of reactive 
astrocytes, whose significance has also been questioned. The 
extent of GFAP upregulation in reactive astrocytes generally 
correlates with the severity of injury, but the correlation is 
not always proportional, perhaps due to regional differences 
in astrocytes, including differences in basal GFAP content 
[14, 15]. The astrocytes in some specific regions, such as 
the hippocampus, are more GFAP abundant than those in 
cortex, thalamus, and striatum of the healthy mouse brain. 
However, it does not mean that astrocytes in the hippocam-
pus are more reactive, but rather regionally heterogeneous. 
Besides, the expression of GFAP would naturally change in 
response to physiological activities [16, 17]. Thus, although 

the protein expression of GFAP is commonly used to evalu-
ate the reactivity of astrocytes in injury and disease, better 
astrocyte markers are still needed. Other astrocyte markers 
such as aldolase-C (ALDOC), glutamine synthetase (GS), 
and aldehyde dehydrogenase-1 L1 (ALDH1L1) should be 
used together to correctly estimate the astrocytes. However, 
immunohistochemical staining for these cytosolic enzymes 
still fail to reveal detailed processes.

Meanwhile, transcriptomics provides more marker genes 
to rigorously identify reactive astrocytes. The gene analysis 
of reactive astrocytes in mice found that neuroinflamma-
tion and ischemia induced two distinct types of astrocytes, 
termed “A1” and “A2” [18]. A1 neuroinflammatory astro-
cytes upregulate genes that have previously been proved 
to be synaptic destructive (such as complement cascade 
genes), suggesting that A1s may have a “harmful” function. 
Comparatively, ischemia-induced A2 astrocytes upregulate 
neurotrophic factors which can promote neuronal growth 
and development, suggesting that A2s may have “benefi-
cial” functions. Subsequent studies appeared to confirm this 
hypothesis. For example, RNA sequencing of astrocytes 
found that senescent astrocytes present a reactive pheno-
type of neuroinflammatory A1-like reactive astrocytes [19]. 
Moreover, the type A1 astrocytes had activation of NF-κB/
C3/C3aR signaling pathway which may contribute to syn-
aptic dysfunction in AD [20], while the formation of A2 
astrocytes scar contributes to CNS axon regeneration [21]. 
Afterwards, some studies tend to use A1- and A2-specific 
markers (such as C3 and S100a10) to label the phenotype 
of astrocytes [22–24]. However, the simple dichotomy may 
also not reflect the heterogeneity of astrocytes in the brain 
[25–27]. Hasel et al. used a multimodal approach including 
RNA sequencing, spatial transcriptomics, gene map, and 
dataset integration to profile the response of astrocytes to 
inflammatory [28]. It is found that different subsets of astro-
cytes have spatial, temporal, gender, and subtype-specific 
responses to inflammation, which provides an important 
reference for the evolution of heterogeneous responses of 
astrocytes. Consequently, future studies need to cautiously 
explain the response between different subsets of astrocytes 
in different diseases, rather than regard the change of astro-
cytes as a unitary and stable process.

PET tracers for reactive astrocytes

As pharmaceutical work begins to focus on astrocyte-
specific targets, some neuroimaging tools are increasingly 
needed to visually assess and monitor astrocyte activation 
in vivo, so as to determine the promising responder to cell-
specific drugs and carry out corresponding clinical transfor-
mation [29]. The development of PET tracers for astrocytes 
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makes the visualization of reactive astrocytes possible. PET 
tracer binding sites for astrocytes are shown in Fig. 1. In the 
section, we will introduce PET radiotracers that have been 
developed for astrocyte.

MAOB‑based radiotracer

Monoamine oxidases (MAO), first discovered in the liver 
by Mary Bernheim [30], have two subtypes, MAO-A and 
MAO-B. MAO-B is the main subtype in the human brain, 
accounting for about 70% of the total brain MAO activity 
[31, 32]. MAO-B, a major enzyme that metabolizes dopa-
mine and histamine, is highly expressed in the outer mito-
chondrial membrane of astrocytes in the human brain, which 
is considered one of the PET imaging markers of astrocytes. 
So far, many different radiotracers have been developed for 
imaging MAO-B in the reactive astrocytes.

Irreversible inhibitors

The first MAO-B radiotracer to be used for PET imaging 
in human was 11C-L-deprenyl [33]. Stereoselectivity of 
MAO-B for 11C-L-deprenyl was demonstrated by compari-
son of brain uptake and retention of the 11C-labeled inactive 
(D-) and active (L-) enantiomers. The study showed in the 
brain region rich in MAO-B, the inactive enantiomers were 
cleared rapidly and the active enantiomers were retained 

[34]. Therefore, new strategies are needed to improve the 
pharmacokinetics of imaging agents. In order to slow down 
the capture rate, deuterated analogues were prepared by 
using the kinetic isotope effect (KIE). To that end, deute-
rium-labeled isotopologues 11C-deuterium-L-deprenyl (11C-
DED) has been successfully applied to human PET research 
[33]. 11C-DED has also been widely used and applied to 
examine the changes of MAO-B in neurodegenerative 
diseases.

Irreversible inhibitors have great limitations in clinical 
applications due to the properties of irreversible binding, 
which include (i) the quantification of binding difficult 
because of rapid occurrence of irreversible binding and (ii) 
the formation of impermeable radioactive drugs which may 
be harmful to the brain. Since these limitations not only 
confuse image analysis, but also affect clinical transforma-
tion to a certain extent, other types of imaging agents, such 
as reversibly bound imaging agents, have also begun to be 
prepared and developed.

Reversible inhibitors

11C-SL25.1188, a reversible imaging agent used in the 
human brain, shows favorable characteristics in preclinical 
studies of MAO-B imaging of non-human primate (NHP) 
brain [35]. In the development of synthesizing this reversible 
inhibitor, the difficulty is to overcome the technical challenge 

Fig. 1   Illustration of tracer bind sites on astrocyte
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of 11C-CoCl2 preparation. Due to the strict requirements of 
experimental environment and technology, it can only be 
synthesized in a few laboratories in the world. Obviously, the 
clinical application of reversible imaging agents was greatly 
limited. In order to overcome this limitation, some scientists 
directly carry out intramolecular cyclization from 11C-CO2 
through automatic one-pot procedure, which avoids the use 
of CoCl2 and optimizes the synthesis of reversible imaging 
agents. Reversible imaging agents have distinct advantages 
in comparison with irreversible imaging agents. Higher 
brain uptake and lower metabolic rate greatly improve the 
quality of PET imaging, and the reversible combination also 
ensures the biosafety of agents. In the research of the human 
brain, dynamic modeling using high-resolution PET showed 
the high uptake of 11C-SL25.1188, which was significantly 
correlated with MAO-B levels of postmortem measurement 
in the brain [33]. Thus, 11C-SL25.1188 have great prospects 
for radioactive tracing of MAO-B in neurological studies.

However, the short half-life of 11C limits the clinical 
application of 11C-labled imaging agent due to the require-
ment of on-site cyclotron. Therefore, 18F-labeled imaging 
agent has been developed for MAO-B imaging because of 
its longer half-life [36, 37]. Sangram Nag et al. have made 
many efforts to the development of 18F-labeled MAO-B 
radioligand for years. They developed three new fluorine-18 
analogues of L-deprenyl in the early years [38]. Later, they 
synthesized 18F-fluorodeprenyl-D2 which has faster kinetics 
and higher sensitivity than 11C-D2-deprenyl [36]. Besides, 
18F-THK-5351 was originally designed to detect neurofi-
brillary tangles in vivo, and was found to bind MAO-B 
with high affinity [39–42]. The non-selective binding of 
THK-5351 to MAO-B and tau limits its clinical utility as 
a biomarker. In recent study, 18F-SMBT-1 was successfully 
developed through lead optimization from first-generation 
tau PET tracer 18F-THK-5351 [37]. In vitro autoradiogra-
phy of 18F-SMBT-1 using human brain tissues, SMBT-1 
showed the highest affinity for MAO-B and an excellent 
binding selectivity for MAO-B over MAO-A, amyloid, and 
tau aggregates. Because of excellent reversible binding char-
acteristics, 18F-SMBT-1 was allowed to perform repeated 
PET scans in the same subject, which would be helpful 
for longitudinal quantification of astrogliosis. Therefore, 
18F-SMBT-1 may be a promising candidate as a selective 
and reversible imaging tracer for MAO-B.

Non‑MAOB‑based radiotracer

Imidazoline2 binding sites (I2BS) are another reliable marker 
to specifically visualize astrocyte activation in the human 
brain under physiological and pathological conditions. I2BS 
is mainly expressed in the outer mitochondrial membrane 
of astrocytes, but much less in neurons [43]. Importantly, 
changes in I2BS are associated with increased astrocyte 

activation in a series of diseases [44]. Tyacke et al. have 
synthetized a new PET-tracer called 11C-BU99008, specifi-
cally targeting I2BS [45]. A recent study has shown that 11C-
BU99008 could detect I2BS expressed by reactive astrocytes 
with fine selectivity and specificity, and visualize reactive 
astrogliosis in postmortem AD brains [46], hence be a poten-
tial clinical astrocytic PET tracer to further understand the 
role of reactive astrocyte in AD.

In addition, the application of PET tracers targeting TSPO 
in astrocytes is quite limited, such as 11C-PK11195 and 18F-
DPA-714. Previous studies considered TSPO as a marker 
of microglia, but in recent years, more and more research 
have focused on the cell source of TSPO. Significantly, a 
study of the cellular origin of TSPO signaling in AD found 
that the early signal of TSPO came from astrocytes, while 
in the later stage, it was mainly microglia [47]. The results 
indicated that the interpretation of TSPO imaging depends 
on pathological stage, and emphasizes the special role of 
astrocytes. In another study on the source of TSPO cells, 
the researchers found that in neurotoxicant-induced animal 
model of demyelination, TSPO signal was initially provided 
by microglia, while in a later stage (such as 6 weeks later), 
the signal source of TSPO was mainly from astrocytes [48]. 
These studies remind us that the signal source of TSPO is 
not only composed of microglia, but also astrocytes. With 
the understanding of disease pathology, according to the dif-
ferent stages of disease development, TSPO may provide us 
with some astrocyte information [49].

PET imaging of reactive astrocytes 
in neurological diseases

A large number of studies have noticed that the pathologi-
cal changes of astrocyte may be an important link in the 
pathogenic cascade of neurological diseases. There is no 
doubt that the visualization of astrocytes by PET imaging 
can improve our better understanding of glial pathological 
changes. Here, we introduced four diseases with astrocyte 
PET imaging applications, and discussed the significance of 
corresponding PET signal changes. In addition, some neuro-
logical disorders related to astrocyte pathology but without 
specific PET research are also mentioned in the last part.

Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder with gradually cognitive decline [50]. In addi-
tion to the well-known neurofibrillary tangles and Aβ depo-
sition, glial activation and neuroinflammation also drive the 
progression of AD [4, 51, 52]. However, most PET imaging 
studies of neuroinflammation have focused on microglia, and 
there are few PET tracers of reactive astrocytes [53, 54]. The 
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11C-deuterium-L-deprenyl (11C-DED) has been widely used 
to detect activated astrocytes in patients with AD, and it can 
simultaneously measure cerebral perfusion and astrocytes 
in a single PET scan, thereby providing both functional and 
pathological information [55]. In a study using 11C-DED for 
PET imaging, the cerebellar gray matter was selected as a 
reference, and the 11C-DED data of healthy people (n = 14), 
MCI patients (n = 8), and AD patients (n = 7) were dynami-
cally analyzed. The results showed that increased 11C-DED 
uptake occurs early in the development of AD, especially in 
mild cognitive impairment (MCI) 11C-PIB+ patients’ brains 
[56]. The same results were observed in autosomal dominant 
Alzheimer’s disease (ADAD). Compared with the imaging 
results of 18F-FDG and 11C-PIB, 11C-DED images showed a 
prominent increase in MAO-B in the early stage of clinical 
symptom onset (Fig. 2), which strengthens the possibility 
the activation of astrocytes may be an early driving force of 
Alzheimer’s disease pathology [50]. In PIB+ MCI patients, 
the parahippocampal astrocytosis showed by PET was asso-
ciated with decreased GM density measured by MRI [57], 
which may suggest that the increase of parahippocampal 
astrocytes may affect the loss of gray matter cells in patients 
with prodromal Alzheimer’s disease. However, in patients 
with Alzheimer’s disease, the increase of astrocytes is less 
related to the loss of brain cells, but more related to the 
amyloid process. Subsequent preclinical studies demon-
strated that compared with the APPswe mice at 8–15 months 
and 18–24 months, the binding of 11C-DED in cortex and 
hippocampus of 6-month-old APPswe mice was twice as 
much as the former two. Longitudinally, 11C-DED binding 
decreased with age in APPswe mice, but did not change 

significantly in WT mice. Notably, immunostaining results 
showed scarce diffuse Aβ42 deposits in the cortex and hip-
pocampus of 6-month-old APPswe mice, whereas obvious 
increases were observed in 18—to 24-month-old APPswe 
mice, which may indicate that astrocytosis occurs before the 
deposition of Aβ plaques [58]. In addition, the PET study 
using imidazole receptor imaging agents showed that an 
increase in 11C-BU99008 uptake in cognitively impaired 
(CI) patients compared with healthy controls (HC) [59], and 
the autoradiography showed that 3H-BU99008 was colocal-
ized with GFAP staining, which confirmed the results of 
in vivo PET imaging. These findings are consistent with 
the results of postmortem [60] and preclinical studies [61]. 
MAO-B off target binding brought 18F-THK5351 into disre-
pute in the past few years. 18F-THK5351, initially considered 
as a tau imaging agent, was later found to have a certain 
non-specific binding with MAO-B. With the development 
of glial pathology, 18F-THK5351 provides great value for 
the diagnosis of AD and the classification of MCI because 
of which can simultaneously evaluate the pathological pro-
gress of tau and reactive astrocytes [62]. The information 
provided by PET imaging seems to be consistent with the 
discovery of other liquid biomarkers of reactive astrocytes 
in AD. For example, many recent studies have confirmed 
that the level of GFAP in plasma and CSF increases in the 
preclinical and symptomatic stages of AD [63–66]. In addi-
tion, CSF YKL-40, as a biomarker of reactive astrocyte sub-
sets, also increased in preclinical AD patients [67, 68]. In 
general, these studies have proved astrocyte activation is an 
early pathological event in the development of AD. Future 
studies could combine specific astrocyte PET imaging with 

Fig. 2   Progression of PET biomarkers in ADAD mutation carriers. 
Compared with five age-matched non-carriers, each pair of columns 
represents a single mutation carrier. Each pair of rows represents a 

different PET biomarker. The scale from left to right indicates the 
approximate time (in years) that clinical symptoms are expected to 
appear. (Reprint permission was obtained from reference [50])
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liquid biomarker data to better explain a series of behaviors 
of astrocytes in AD.

Parkinson’s disease

Parkinson’s disease (PD) is a common dyskinesia disor-
der. The pathological features of PD mainly include loss of 
substantia nigra striatum and accumulation of α-synuclein 
[69]. With astroglia α-synuclein-positive cytoplasmic accu-
mulations have been shown post-mortem in patients with 
PD, increasing evidences suggest that reactive astrocytes 
may take part in the pathophysiology of PD [70, 71]. 11C-
BU99008 PET can indirectly evaluate the activation of 
astrocytes by measuring the expression of I2BS [72, 73]. A 
study using 11C-BU99008 PET molecular imaging showed 
increased expression of I2BS in the cortex and brain stem in 
patients with early Parkinson’s disease. Compared with the 
healthy control group, 11C-BU99008 VT in the brain stem of 
patients with early Parkinson’s disease increased by about 

52%. Conversely, in patients with moderate and advanced 
Parkinson’s disease, the expression of I2BS decreased in the 
cortex and subcortical regions (Fig. 3), reflecting the loss of 
astrocyte function as the disease progressed [7]. Neverthe-
less, the reports on astrogliosis in Parkinson’s disease are 
conflicting. With MAO-B be used as a biochemical imag-
ing marker for astrocyte activation in the human brain, a 
post-mortem study on parkinsonian dopamine deficiency 
disorders showed both astrocyte markers (GFAP, vimentin, 
Hsp27) and MAO-B levels were increased and significantly 
correlated in the putamen of patients with multiple system 
atrophy (MSA); the same results were observed in the sub-
stantia nigra of patients with progressive superanuclear palsy 
(PSP). However, in the substantia nigra of patients with PD, 
the levels of MAO-B were normal [74, 75]. Findings from 
a study using 18F-THK5351 imaging in parkinsonian syn-
dromes are consistent with previous postmortem studies 
[76], which implies that the application of MAO-B-targeted 
PET imaging in Parkinson’s disease requires a more cautious 
interpretation. Taken together, correct diagnosis remains a 

Fig. 3   11C-BU99008 standard-
ized uptake value. Compared 
with the healthy control (A; 
65-year-old male), early 
Parkinson’s disease patients 
(B; 60-year-old female; disease 
duration 2 years) demonstrated 
more 11C-BU99008 uptake, 
which represented increased 
I2BS expression, whereas 
moderate/advanced Parkinson’s 
disease patients (C; 63-year-
old male; disease duration 
16 years) showed a global loss 
of it. (Reprint permission was 
obtained from reference [7])
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significant clinical challenge due to overlapping signs and 
symptoms of Parkinson’s syndrome. In combination with 
biomarkers related to pathological changes and clinical 
phenotypes, PET imaging of reactive astrocytes is a limited 
but promising way to evaluate disease progression and drug 
treatment efficacy.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS), the third largest neu-
rodegenerative disease after AD and PD, is a progressive 
neurodegenerative disease characterized by death of motor 
neurons in the cerebral cortex and/or brainstem and spinal 
cord [77]. Increasing evidences suggested that non-neuronal 
cells play an important role in the pathogenesis of ALS, 
especially astrocytes in glial cells [77, 78]. Reactive astro-
cytes have been described in postmortem central nervous 
system tissues of patients with ALS [79–81]. The transcrip-
tional profile of astrocytes in ALS was changed [82] and 
reactive astrocytes in ALS display diminished intron reten-
tion [6]. The recent study has shown that reactive astrocyte 
activator knockout can slow down the disease progression 
of ALS mouse model [22].

PET molecular imaging evidence showed that 11C-DED 
the binding rate increased in pons and white matter in ALS 
patients [83] (Fig. 4). In this study, seven patients with 
ALS were included and their clinical characteristics were 
summarized and seven healthy subjects were included as 
controls. All subjects were studied with 11C-DED. The 
results showed that in addition to the increased combina-
tion of white matter and pons, the SUV in the parietal 
cortex (3.5 ± 0.45) and temporal cortex (3.7 ± 0.32) of 
patients with ALS was significantly lower than that in the 
control group (parietal cortex: 4.2 ± 0.38; temporal cor-
tex: 4.2 ± 0.28), which may reflect the decrease of cer-
ebral blood flow in these regions in ALS patients. The 
increase of white matter binding rate is consistent with 
other neuropathological evidences [84], but the increase 
of pontine binding rate may need to be explained more 
carefully in the absence of other evidence. The high back-
ground activity of MAO-B and the small sample size of 
this study limit the correlation analysis between its imag-
ing manifestations and clinical symptoms. Two of the 
patients who subsequently underwent the second PET 
imaging had the same imaging findings as the previous 
one, but their clinical progress deteriorated, which is a 
frustrating fact that inhibited the enthusiasm of 11C-DED 
as an alternative marker. Using the reference value of cer-
ebellum for standardization, 18F-THK5351 PET scanned 
images showed increased uptake of medial motor cortex 
and prefrontal lobe in two different phenotypes of ALS 
patients. The imaging lesions were consistent with their 
respective neurological manifestations, but the case lacked 

specific quantitative analysis and other related evidences 
[85]. Therefore, the application of astrocyte PET imaging 
in ALS is still relatively limited and requires more com-
prehensive exploration.

Multiple sclerosis

Multiple sclerosis (MS), a chronic inflammatory demyeli-
nating disease of the CNS, is the most common disabling 
neurologic disease of young people [86]. According to the 
clinical characteristics, MS is divided into three different 
courses: relapsing–remitting (RR), secondary progressive 
(SP), and primary progressive (PP). The most common is 
relapsing remitting MS (RRMS), which is characterized by 
spontaneous regression of neurological dysfunction [87]. 
Astrocyte reactivity plays an important role in the patho-
logical process of MS, which widely exists from the early 
stage of lesion formation to the late chronic stage [88]. In 
multiple sclerosis, astrocytes show a highly reactive pheno-
type with large cell bodies and processes; they also recruit 
lymphocytes, cause immune activation, and promote the 

Fig. 4   11C-DED PET parametric images of ALS patient and healthy 
control. Compared with the healthy control, the uptake rates of 
pons and white matter in ALS patients were significantly increased. 
(Reprint permission was obtained from reference [83])
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development of acute lesions. In addition, the foot process of 
astrocytes is destroyed, which leads to the damage and dys-
function of blood–brain barrier. As the disease turns chronic, 
the GFAP filaments of astrocytes become accumulated and 
participate in the formation of glial scar in the later stage of 
astrocytes [89]. One strategy for visualization of astrocytes 
is 18F-THK5351 PET imaging. With the superimposition of 
the 18F-THK5351 image on the fluid attenuation inversion 
recovery, one study confirmed that the lesions accumulated 
by 18F-THK5351 structurally correspond to multiple scle-
rosis plaques [39]. Another strategy for astrocyte imaging 
is to measure 11C-acetate, which is mainly absorbed and 
metabolized in brain astrocytes [90, 91]. In the previous 
study, 11C-acetate PET was used to study the imaging of 
MS patients; 6 RRMS patients in remission and 6 healthy 
controls were recruited. The average SUV in each subject’s 
bilateral thalami was used as a reference to calculate the 
relative standardized uptake value (SUVt) [92]. The results 
showed that the average SUV of MS patients was higher than 
that of healthy subjects in all evaluation regions, especially 
in the parietal lobe, occipital, and insular regions. The main 
drawback of this study is that it only includes the analysis of 

PET static data. Another method using kinetic parameters 
was used for the determination of 11C-acetate, which used 
k2 value (total clearance of acetate metabolism in the brain) 
to reflect the metabolic rate of acetate in astrocytes [93]. The 
results showed that the white matter/gray matter ratio k2 in 
MS patients was significantly higher than that in normal sub-
jects (Fig. 5), and the most obvious change in k2 occurred 
in neuronal fiber bundles, which means that astrocytes near 
myelin sheath or axon are mainly activated in MS. However, 
there are only 8 patients in this study and they are not homo-
geneous. It is impossible to determine the effect of disease 
subtypes on astrocyte metabolism, and the contribution from 
other non-astrocytes in k2 remains to be clarified. Therefore, 
further research is still needed to improve the accuracy of 
measurement. Nevertheless, there are few studies on astro-
cyte imaging and further neuroimaging studies are needed 
to visually explore the role of astrocytes in MS.

Other neurological disorders

The proliferation of glial cells after cerebral ischemia leads 
to neuroinflammation and further injury and neuronal 

Fig. 5   Anatomically normalized group mean images of 1-C-11 ace-
tate in the MS and NC groups. k1 (a) represents influx of acetate; k2 
(b) represents clearance of total radioactive molecules generated from 

acetate metabolism in the brain; Vt (c) represents radioactivity distri-
bution volume; FA (d) represents the fractional anisotropy. (Reprint 
permission was obtained from reference [93
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death. It is noteworthy that the expression of astrocytes 
is different from that in the neurodegenerative diseases 
mentioned above. In the neuroinflammation caused by cer-
ebral ischemic stroke, the activation of microglia and the 
infiltration of macrophages first appeared, and then caused 
the response of astrocytes [94]. The reactive astrocytes are 
observed in the surrounding area of infarction. In addition 
to releasing some proinflammatory factors, astrocytes can 
also form glial scars to limit the spread of inflammation 
[95]. The molecular basis of astrocytes between harmful 
and beneficial needs more evidence to be analyzed. Tran-
scriptomic evidences supported the importance of astrocyte 
in neuroprotection after stroke. Rakers et al. identified the 
differential expression of 1003 genes and 38 transcrip-
tion factors after experimental ischemic stroke [96]. The 
results showed that the upregulation of A2 neuroprotective 
gene was more advantageous than that of A1 gene. This 
also confirms the conclusion of a previous study [97]. The 
extensive application of TSPO-PET in neuroinflammatory 
imaging provides evidences for the role of astrocytes in 
cerebral ischemia [48]. Some studies suggest that the cell 
source of TSPO signal after injury comes from microglia 
at early stage (2w), and later (6w) from astrocytes [98, 
99]. The conclusion refers to the results of immunostain-
ing, but the argument is not sufficient. The application of 
more specific imaging agents targeting astrocytes can obvi-
ously provide more explanations for reactive astrocytes in 
ischemic injury, but the current research is rarely focused 
on this aspect.

About 80% of optic neuromyelitis is closely related to 
the autoantibody of astrocyte aquaporin-4 (AQP4) [100]. 
In AQP4-IgG-positive optic neuromyelitis, the loss and 
dysfunction of astrocytes lead to the secondary loss of 
oligodendrocytes and neurons [101]. In the relevant case 
reports, more cases used 18F-FDG-PET to represent the 
astrocyte injury and hypermetabolic state of the disease 
[102, 103], which is not specific enough to reflect the 
pathological characteristics. The same examples, such 
as autoimmune GFAP astrocytopathy [104] and Alexan-
dria disease [105], are caused by astrocyte changes. The 

application of PET molecular imaging targeting astrocyte-
specific proteins can greatly improve our knowledge of 
progress in these diseases.

Conclusions and future directions

PET imaging of astrocytes has contributed to our better 
understanding of their pathological evolution in disease and 
to the development of astrocyte-related intervention strate-
gies. Evidences from PET imaging indicated the activation 
of astrocytes appears at an early stage in AD. While in PD, 
PET imaging of activated astrocytes needs to select more 
suitable targets rather than MAO-B. In ALS and MS, the 
regions with abnormal PET signal correlated with features 
of the diseases, which may suggest that astrocyte PET imag-
ing is a promising technique but requires further exploration.

PET imaging of reactive astrocytes is still in an imma-
ture stage. Firstly, the multitude of complex subtypes of 
astrocytes dictates the need for multiple molecular imaging 
markers such as enzymes, receptors, or metabolic markers to 
delineate their specific states, and the development of ligand 
imaging agents for these targets is now still very limited. 
Moreover, the specificity remains to be improved for imag-
ing agents that have been applied to astrocyte imaging, and 
current applications need to incorporate more additional 
data to better interpret imaging signals. Besides, the choice 
of reference region in astrocyte imaging was not fixed and 
tended to select the brain region with the least difference 
from healthy controls in these studies (Table 1), which may 
consider that the affected brain regions of astrocyte activa-
tion have different distributions in different diseases. Hence, 
the imaging of astrocytes needs to be combined with the 
clinical diagnosis to determine suitable reference region.

A key step forward in the field would be the develop-
ment of imaging agents that specifically target astrocyte 
subpopulations. These ideal candidate agents should have 
characteristics of relatively long half-life, eminent binding 
specificity, and high affinity, the most promising of which 
are screened and applied in patients’ cohorts with different 

Table 1   Reference regions 
of different radiotracers for 
astrocyte imaging

AD, Alzheimer’s disease; PD, Parkinson’s disease; ALS, amyotrophic lateral sclerosis; MS, multiple sclero-
sis; MAO-B, monoamine oxidases-B; I2BS, imidazoline2 binding sites

Disease Radiotracer Targets Sample Reference region Reference

AD 11C-DED MAO-B 29 Cerebellar gray matter [56]
11C-BU99008 I2BS 20 Cerebellar gray matter [59]
18F-THK-5351 MAO-B, tau 97 Cerebellar gray matter [62]

PD 11C-BU99008 I2BS 36 None [7]
18F-THK-5351 MAO-B, tau 34 Global mean [76]

ALS 11C-DED MAO-B 14 Occipital cortex [83]
MS 11C-acetate MAO-B 12 Bilateral thalami [92]

1283European Journal of Nuclear Medicine and Molecular Imaging (2022) 49:1275–1287



1 3

stages of neurological disorders. Use this as a foundation, 
future studies will enable real-time longitudinal detec-
tion of astrocyte pathological progression in various dis-
eases, thereby facilitating our better understanding of the 
sequence and time of astrocyte pathology in neurological 
diseases, and contributing to developing successful inter-
vention strategies for the regulation of astrocytes.
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