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Abstract

The use of Translocator Protein 18 kDa (TSPO) as a clinical neuroimaging biomarker of brain 

injury and neuroinflammation has increased exponentially in the last decade. There has been a 

furious pace in the development of new radiotracers for TSPO positron emission tomography 

(PET) imaging and its use has now been extensively described in many neurological and mental 

disorders. This fast pace of research and the ever-increasing number of new laboratories entering 

the field often times lack an appreciation of the historical perspective of the field and introduce 

dogmatic, but unproven facts, related to the underlying neurobiology of the TSPO response to 

brain injury and neuroinflammation. Paradoxically, while in neurodegenerative disorders and in all 

types of CNS pathologies brain TSPO levels increase, a new observation in psychiatric disorders 

such as schizophrenia is decreased brain levels of TSPO measured by PET. The neurobiological 

bases for this new finding is currently not known, but rigorous experimental design using multiple 

experimental approaches and careful interpretation of results is critically important to provide the 

methodological and/or biological underpinnings to this new observation. This review provides a 

perspective of the early history of validating TSPO as a biomarker of brain injury and 

neuroinflammation and a critical analysis of controversial topics in the literature related to the 

cellular sources of the TSPO response. The latter is important in order to provide the correct 

interpretation of PET studies in neurodegenerative and psychiatric disorders. Furthermore, this 

review proposes some yet to be explored explanations to new findings in psychiatric disorders and 

new approaches to quantitatively assess the glial sources of the TSPO response in order to move 

the field forward.
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A) The peripheral benzodiazepine receptor: early history of validation as a 

biomarker of brain injury and neuroinflammation

1. From PBR to TSPO and beyond:

The peripheral benzodiazepine receptor (PBR) was first described as a binding site for 

diazepam (valium) in the quest to identify the endogenous receptor for benzodiazepines in 

the brain [Baestrup and Squires, 1977]. Studies using tritium-labeled diazepam discovered 

that brain tissue expressed [3H]-diazepam specific binding sites, that could be displaced by 

the benzodiazepine clonazepam [Baestrup and Squires, 1977]. It was also discovered that 

kidney, liver, and lungs also expressed a specific binding site for [3H]-diazepam that was not 

displaced by clonazepam but was sensitive to Ro5–4864, a benzodiazepine derivative of 

diazepam that lacks affinity for the GABAa receptor [Baestrup and Squires, 1977]. 

Furthermore, [3H]diazepam binding in kidney was associated with the mitochondrial 

fraction, while in the brain it was associated with the plasma membrane fraction [Baestrup 

and Squires, 1977]. These findings lead to the identification of the peripheral 

benzodiazepine receptor binding site (also previously known as mitochondria 

benzodiazepine receptor, and omega-3 receptor), because it bound the benzodiazepine [3H]-

diazepam and it was highly expressed in peripheral tissue; thus, the original name peripheral 

benzodiazepine receptor. This was a fortuitous finding because diazepam is a drug that has 

high binding affinity for both the central benzodiazepine receptor (CBR) associated with the 

GABAa receptor, and the PBR [Maragos et al., 1982]. Subsequently, detailed studies showed 

that in fact the CBR and PBR were distinct proteins that differed in tissue distribution, 

pharmacology, and cellular and subcellular localization [Patel and Maragos, 1982; 

Benavides et al., 1983; Anholt et al., 1986] with CBR primarily expressed in neurons and 

PBR in glial cells [Schoemaker et al., 1982; Starosta-Rubinstein et al., 1987; Junck et al., 

1989].

The use of the non-benzodiazepine isoquinoline carboxamide PK11195 (initial studies used 

the R,S-racemic form and later studies used the active R-enantiomer) and the GABAa 

receptor nonactive derivative of diazepam Ro5–4864 (4’-chlorodiazepam) as selective 

ligands for PBR with no affinity for the CBR facilitated the characterization of brain PBR 

binding sites. Early studies using different models of brain injury and neurodegeneration 

indicated that PBR levels measured by [3H]-PK11195 and [3H]-Ro5–4864 specific binding 

increased markedly at primary and secondary sites of brain injury [Gehlert et a., 1985; 

Doble et al., 1987; Benavides et al., 1987; Dubois et al., 1988; Benavides et al., 1988; 

Benavides et al., 1990; Diorio et al., 1991; Miyazawa et al., 1995; Guilarte et al., 1995] and 

these studies provided the first description of PBR’s association with gliosis in animal 

models of brain injury [Dubois et al., 1988; Benavides et al., 1990; Diorio et al., 1991; 

Miyazawa et al., 1995; Guilarte et al., 1995]. Despite the fact that the name PBR was used 

for many years, it was misleading since it was not an exclusively “peripheral” organ protein 

nor was it a receptor in the classical sense of neurotransmitter receptors. At the time, PBR 

was proposed to “transport” or “translocate” cholesterol from the inner to the outer 

mitochondria membrane for pregnenolone synthesis; the rate-limiting step in the production 

of neurosteroid [Krueger and Papadopoulos, 1990]. It is ironic that while the name PBR was 
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changed to translocator protein 18 kDa (TSPO) in 2006 based on its proposed function and 

molecular weight [Papadopoulos et al., 2006], recent studies using conditional and global 

TSPO knockout mice have questioned the cholesterol “translocator” function of TSPO 

[Morohaku et al., 2014; Tu et al., 2014; 2015].

2. Early validation of TSPO as a biomarker of gliosis:

The ability to image and quantitatively measure TSPO levels in the living human brain using 

Positron Emission Tomography (PET) has significant advantages over other methodologies 

because it provides a direct dynamic view of glial responses to ongoing brain injury and 

inflammation. TSPO can also be used ex vivo to assess regional brain injury with exquisite 

spatial resolution and sensitivity using quantitative receptor autoradiography and more 

recently immunofluorescence confocal imaging. Many studies during the last three decades 

have demonstrated that TSPO is a sensitive biomarker that is able to detect neuronal injury 

ranging from subtle neuronal terminal damage [Guilarte et al., 2003; Chen and Guilarte, 

2008], to frank neuronal loss [Guilarte et al., 1995; Kuhlmann and Guilarte 1997, 1999, 

2000], demyelination [Chen et al., 2004; Chen and Guilarte, 2006], virus-induced 

inflammation [Cagnin et al., 2001a; Mankowski et al., 2003; Hammoud et al., 2005; 

Coughlin et al., 2014], and neurodegeneration in animal models [Ji et al., 2008; Domene et 

al., 2016; Loth et al., 2016] and in humans with neurological disease [Banati et al., 2000; 

Turner et al., 2004; Coughlin et al., 2015; 2017]. The cellular basis of TSPO as a biomarker 

of brain injury is due to the fact that the hallmark response of the brain to injury is the 

activation of microglia and astrocytes, the glial cell types that express and upregulate TSPO 

[Chen and Guilarte, 2008]. In the normal brain neuropil, TSPO is expressed at very low 

levels, but TSPO levels increase rapidly as a result of brain injury anywhere in the brain and 

from any etiology [Venneti et al., 2006; Chen and Guilarte, 2008]. TSPO levels increase in 

glial cells prior to behavioral manifestation of disease or histological detection of 

neurodegeneration, making it an early biomarker of brain injury and inflammation 

[Kuhlmann and Guilarte, 1997; Loth et al., 2016; Domene et al., 2016]. TSPO levels not 

only increase at primary sites of brain injury and inflammation, but also at secondary sites 

[Venneti et al., 2006; Cagnin et al., 2001a; Kulhmann and Guilarte 1999; Turner et al., 

2004]. These characteristics make TSPO an exceptional biomarker that can be used to assess 

recovery from injury [Chen and Guilarte, 2006] and monitor the effectiveness of therapeutic 

strategies [Doorduin et al., 2008].

The early studies of TSPO as a biomarker of brain injury and inflammation was primarily 

driven by the use of radiolabeled ligand binding studies using receptor binding techniques 

(“grind and bind filtration assay”) or quantitative receptor autoradiography in ex vivo brain 

tissue. As noted above, these studies provided early evidence that TSPO levels measured by 

radioligand binding were associated with gliosis in areas of the brain undergoing 

neurodegeneration. However, the cellular sources of the TSPO response in injured brain 

tissue was not clearly defined, although some of the early studies described TSPO as being 

associated with microglia activation and thus, neuroinflammation [Myers et al., 1991; 

Stephenson et al., 1995; Banati et al., 1997; Vowinckel et al., 1997; Conway et al., 1998]. 

The paucity of information on the cellular sources of the TSPO response was largely due to 

the lack of molecular and cellular biology tools including the lack of well-characterized and 
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validated TSPO antibodies. Furthermore, despite significant efforts from several laboratories 

including our own, to develop in situ hybridization techniques for mapping the spatial 

distribution of TSPO gene expression in healthy and diseased brain tissue, no such method 

was ever developed or validated.

B) A critical analysis of the glial sources of the TSPO response

1. TSPO in microglia and/or astrocytes?-a controversy that remains embedded in the 
literature today:

Early studies from a number of laboratories using quantitative receptor autoradiography 

demonstrated that the levels of radioligand binding to TSPO was very low in the normal 

brain neuropil but increased dramatically as a result of different types of brain pathology 

[Benavides et al., 1983, 1987, 1988, 1990; Gehlert et al.,1985; Dubois et al., 1988; Myers et 

al., 1991; Stephenson et al., 1995; Banati et al., 1997; Vowinckel et al., 1997; Conway et al., 

1998; Guilarte et al., 1995; Kuhlmann and Guilarte 1997, 1999, 2000; Chen et al., 2004; 

Chen and Guilarte, 2006]. At this time, autoradiography (film and/or emulsion) and receptor 

binding studies were the only methods available to identify and assess the cellular sources of 

the TSPO response. Film autoradiography has tissue level resolution while emulsion 

autoradiography has resolution at the cellular level. Using [3H]PK11195 quantitative 

receptor autoradiography and emulsion autoradiography, several laboratories including our 

own examined the TSPO response to brain injury using a variety of different animal models 

of CNS pathologies.

The approach taken in our laboratory was to use well-characterized neurotoxicant-based 

animal models of neurodegeneration that would target different brain regions as primary 

sites of injury and would produce different degrees of injuries to examine the sensitivity of 

TSPO in detecting a signal from the injured brain. We used neurotoxicants that had not been 

used previously in the TSPO literature in order to complement other models being used at 

the time. Combined, these different models would provide face-validity to TSPO as a 

general biomarker of brain injury and inflammation based on the glial response [Chen and 

Guilarte, 2008]. The first neurotoxicant used in our laboratory was trimethyltin (TMT) 

which has a well-characterized regional and temporal pattern of neuropathology in the 

limbic system [Guilarte et al., 1995]. In the initial study, we found that increased levels of 

[3H]PK11195 specific binding to TSPO faithfully tracked the regional and temporal pattern 

of TMT-induced neuropathology. Furthermore, the increased temporal pattern of 

[3H]PK11195 binding in the hippocampus followed the levels of glial cell activation based 

on immunostaining and astrocytes based on glial fibrillary acidic protein (GFAP) ELISA 

[Guilarte et al., 1995]. However, these studies were not as methodologically advanced as to 

what is possible and available today [see section C.4 below].

At approximately the same time, other laboratories using transient global forebrain ischemia, 

facial nerve axotomy, and experimental autoimmune encephalomyelitis, attributed the TSPO 

response to brain injury exclusively to microglia and/or macrophage infiltration at the sites 

of injury with no apparent association to astrocytes [Myers et al., 1991; Stephenson et al., 

1995; Banati et al., 1997; Vowinckel et al., 1997; Conway et al., 1998]. However, careful 

examination of these early (and later) studies that attributed the cellular sources of the TSPO 
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response exclusively to microglia reveals several limitations including: 1) visual inspection 

of the spatial pattern of TSPO autoradiography and immunohistochemistry of glial markers 

was only done at one time point in the progression of the injured brain [Stephenson et al., 

1995; Mirzaei et al., 2016]; 2) astrocyte staining was noted as being done but images were 

not provided [Banati et al., 1997]; 3) immunohistochemistry for astrocytes was not 

performed at all [Vowinckel et al., 1997; Kannan et al., 2007; Arlicot et al., 2008; Toyama et 

al., 2008; Miller et al., 2013; Harhausen et al., 2013]; 4) microglia was noted in the title as 

being the source of the TSPO signal, but microglia staining was not performed [Yankam 

Njiwa et al., 2016]; or 5) despite the fact that the spatial pattern of gene expression of the 

astrocytic marker GFAP was similar to the spatial distribution of [3H]PK11195 binding 

(autoradiography) at later time points in the progression of the injured brain in a global 

forebrain ischemia model, the authors conclude that because the early temporal expression 

of the GFAP mRNA and [3H]PK11195 binding were different, it supported the proposed 

localization of TSPO in activated microglia [Conway et al., 1998]. This conclusion was 

provided despite the fact that the spatial distribution of the GFAP mRNA and [3H]-PK11195 

binding closely overlapped (by visual inspection) at a later time point (8 days after the 

ischemia event-see Figure 2 panels F and I in Conway et al., 1998) and microglia 

immunohistochemistry was not performed.

These initial studies were taken as experimental evidence of an exclusive localization of 

TSPO in microglia with no association with astrocytes. They formed the foundation for the 

current disregard of the significance of the astrocyte contribution to elevated TSPO levels in 

many neurological and neurodegenerative conditions. Another significant methodological 

pitfall of the early studies was that associations of the spatial pattern of [3H]PK11195 

binding using film or emulsion autoradiography as compared to the pattern of 

immunostaining of microglia and astrocyte markers were performed by visual inspection 

and could be influenced by experimenter interpretation. To this point, it is relevant to note 

that when publications using the same approach and animal model of brain injury were 

compared, significantly different interpretations were provided. For example, Banati et al., 

[1997] examining the TSPO response in the facial nucleus at 1, 4, and 21 days after facial 

nerve axotomy indicated that [3H]PK11195 emulsion autoradiography was restricted to 

microglia (based on immunostaining; no astrocyte staining was provided). However, another 

group using the same facial nerve axotomy model noted that [3H]PK11195 binding was 

associated with the staining of both microglia and astrocytes during a similar time period 

following axotomy, i.e., 5–10 days [Gehlert et al., 1997]. They indicate that following facial 

nerve transaction, elevated levels of TSPO measured by increased [3H]PK11195 binding 

colocalized based on visual inspection with the immunostaining of both microglia and 

astrocytes [Gehlert et al., 1997].

2. TSPO radioligand binding and correlation with glial cell number and 
immunofluorescent staining of glial markers:

Another approach used in the early studies to assess the cellular sources of the TSPO 

response was to correlate the level of [3H]PK11195 binding to TSPO with the number of 

cells immunostained with a microglia/macrophage and/or an astrocyte marker. In an animal 

model of traumatic brain injury (TBI), increased [3H]PK11195 binding was correlated with 
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the number of ED-1-positive cells for microglia/macrophages or GFAP-positive astrocytes 

[Rao et al., 2000]. The number of ED-1 or GFAP positive cells were both shown to 

significantly correlate with [3H]PK11195 binding but it was noted that there was a “better” 

correlation with ED-1 than with GFAP. The authors seem to disregard the astrocytic TSPO 

response with the statement that “microglia/macrophages are the major cell type associated 

with the increased TSPO expression following TBI” while considering that “the possibility 

of some astroglial contribution to the increased TSPO expression following TBI cannot be 

ruled out” [Rao et al., 2000]. Regardless of their interpretation of the results, one 

experimental limitation of this study is that cell counting did not use unbiased stereological 

cell counting methods nor was a description of the morphological or cell size criteria used to 

count cell number was provided. The latter is important with ED-1 positive microglia/

macrophages since in the injured brain there is clustering of microglia/macrophages 

(microglial nodule) and loss of ramifications with microglia activation (or with entry of 

peripheral macrophages) making it difficult to determine the actual number of cells in a 

cluster.

Another study of a macaque model of neuroAIDS, [11C]PK11195 PET imaging was 

performed in 11 simian immunodeficiency (SIV) infected macaques and 2 non-infected 

controls [Venneti et al., 2004]. The animals used had a wide range of age and the length of 

infection varied significantly from 56 to 1,622 days. This PET study showed that 

[11C]PK11195 brain uptake was increased in 6 animals that developed SIV encephalopathy 

(SIVE) compared to those that did not. Postmortem brain analysis of the 6 SIVE animals 

using [3H]PK11195 autoradiography confirmed the increased TSPO levels in SIVE relative 

to SIV animals and controls. Immunofluorescence for a macrophage marker (CD68), 

astrocytes (GFAP), or neurons (MAP2) was performed in the same regions. The authors then 

correlated the levels of [11C]R-PK11195 specific binding in vivo with the levels of 

astrocytes, macrophages, and neurons based on the immunofluorescent signal. It was noted 

that TSPO levels using [3H]PK11195 binding in postmortem tissue or in vivo [11C]PK11195 

was correlated with the CD68 signal but not with the GFAP or MAP2 signal using confocal 

laser microscopy. In this study, the authors used an average pixel fluorescence for a 

particular cellular phenotype using confocal imaging and the latter determined the cellular 

phenotype that was associated with the ex vivo [3H]PK11195 binding [Venneti et al., 2004]. 

The study concludes that the increased TSPO in the brain of SIVE animals correlated with 

the abundance of microglia/macrophages and not astrocytes. However, these two different 

endpoints, that is receptor binding (postmortem) or TSPO radioligand uptake (in vivo) and 

fluorescent imaging cannot be associated unless it is demonstrated that both signals are 

originating in the same cell which is not possible based on the approach used.

In a later study, the same authors examined the glial sources of the TSPO response in 

postmortem tissue from a variety of human neurological conditions such as cerebral infarct, 

multiple sclerosis, frontotemporal dementia, amyotrophic lateral sclerosis, and Alzheimer’s 

disease [Venneti et al., 2008]. Despite the fact that analysis of CD68 (microglia/macrophage) 

and GFAP (astrocytes) were elevated in all neurological conditions, the authors conclude 

that the TSPO signal arises from microglia based on correlation of autoradiography area 

with immunofluorescence area. Further, in a rat model of TBI, a similar conclusion was 

provided despite significant astrocyte activation [Venneti et al., 2007]. Lastly, in a study 
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using postmortem brain tissue from Alzheimer’s disease subjects, in the abstract and title the 

authors note that PK11195 binding correlates with the extent of microglia activation despite 

the fact that an association was also found between [3H]PK11195 binding and GFAP 

immunostaining [Venneti et al., 2009]. The latter study is indicative of an investigator-based 

selective bias to an association of the TSPO signal with microglia and disregard the 

association with astrocytes. A common error in the TSPO literature.

While these early studies were important contributions to the TSPO literature and used the 

best available methods at the time, they had significant methodological limitations that could 

lead to biased interpretations based on the fact that: 1) the cellular sources of the TSPO 

response were determined by examining the spatial pattern of TSPO radioligand binding 

using film or emulsion autoradiography with the pattern of immunostaining of microglia/

macrophage or astrocyte markers which required visual inspection and potential 

experimenter bias, or 2) were based on correlation of the number of microglia/macrophage- 

or astrocyte-labeled cells or immunofluorescent signal intensity with [3H]PK11195 binding. 

However, the counting of labeled cells did not use state-of-the-art unbiased stereological cell 

counting methods [see Kanaan et al., 2010; Lemus et al., 2015] and were often based on 

gross analysis of immunofluorescence signal intensity. Therefore, there was a great need to 

use more rigorous experimental approaches in order to begin to provide a more quantitative, 

accurate, and direct assessment of the glial sources of the TSPO signal in the injured brain.

3. TSPO immunohistochemistry-A new era:

As noted previously, one of the limiting factors of the early studies examining the cellular 

sources of the TSPO response was the lack of commercially available, validated TSPO-

specific antibodies that could be used for experiments in which double label of TSPO with 

specific glial markers could be performed. In 2000, using the same TMT animal model that 

we first described in 1995 (single i.p. injection of 8 mg/kg TMT in rats), we performed 

studies on the cellular sources of the TSPO response [Kuhlmann and Guilarte, 2000]. The 

temporal TSPO response to TMT-induced neurodegeneration was performed at 2 days, 14 

days, and 6 weeks following a single 8.0 mg/kg TMT injection. Besides the typical methods 

used at this time (film and emulsion autoradiography), we also performed the first TSPO 

immunohistochemistry with a validated TSPO antibody provided by Dr. V. Papadopoulos. 

The results showed that the levels of [3H]PK11195 binding in various limbic brain regions, 

including the hippocampus, increased significantly as a function of time following TMT 

injection. Furthermore, [3H]PK11195 binding to TSPO was sustained in brain regions 

undergoing neurodegeneration. We also showed that the cellular sources of the TSPO 

response was driven by an early microglia response that resolved by 6 weeks after injury 

while the astrocytic response appeared at 14 days and remained present at 6 weeks following 

TMT administration. TSPO immunohistochemistry provided the first evidence that TSPO-

labeled cells in the TMT-treated hippocampus, with active neurodegeneration based on silver 

staining, expressed morphology consistent with both activated microglia and astrocytes. 

Importantly, the presence of TSPO in both glial cell types was confirmed with the first-ever 

double-label immunostaining of TSPO with either Griffonia simplicifolia isolectin B4 for 

microglia or GFAP for astrocytes [Kuhlmann and Guilarte, 2000]. This study provided the 

first direct evidence based on double-label immunohistochemistry of a distinct TSPO 
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colocalization with both microglia and astrocytes. However, it did not perform analysis of 

TSPO signal cellular colocalization with glial markers as a function of brain region or time 

after brain injury [see sections C.4 below]. Nevertheless, it was the first study to use a 

TSPO-specific antibody and showed that TSPO colocalization occurred with both microglia 

and astrocytes.

C) Longitudinal studies demonstrate different temporal patterns of TSPO expression in 
activated microglia and astrocytes:

Glial cells have a dynamic response to different brain pathologies in their morphology and 

function. Therefore, performing studies at a single point in time does not provide an accurate 

representation of the dynamic nature of the glial response in the time-continuum of brain 

disease or injury [McNeela et al., 2017]. To address this important aspect of the cellular 

sources of the TSPO response, we used another model of neurotoxicant-induced brain injury 

using cuprizone. Cuprizone is a copper chelator that damages oligodendrocytes and 

produces widespread demyelination of the brain [Praet et al., 2014]. This neurotoxicant-

induced animal model of demyelination was selected because cuprizone-induced 

demyelination exhibits a recovery phase with extensive remyelination once the animal is 

removed from the cuprizone exposure [Praet et al., 2014]. Using this model, we assessed the 

glia cell TSPO response in a demyelination-remyelination continuum [Chen et al., 2004; 

Chen and Guilarte, 2006]. This was an excellent animal model to examine two important 

questions in the early validation of TSPO as a biomarker of brain injury and inflammation: 

1) Is TSPO able to track not only brain injury but also resolution of injury? and 2) what are 

the dynamics of the glial cell TSPO response during the demyelination-remyelination 

continuum?

Demyelination phase: The results of the demyelination study showed a dose-response 

relationship between cuprizone dose and [3H]R-PK11195 specific binding to TSPO based 

on autoradiography analysis of brain regions undergoing demyelination. Demyelinating 

brain regions were confirmed by myelin staining using Black Gold histochemistry [Chen et 

al., 2004; Chen and Guilarte, 2006]. Examination of the temporal response of [3H]R-

PK11195 binding, microglia staining with Mac-1 and astrocyte staining with GFAP, found 

that increased [3H]RPK11195 binding at 2 weeks of cuprizone exposure was primarily 

driven by microglia since there was limited or no staining of astrocytes at this time point in 

brain regions exhibiting increased [3H]R-PK11195 binding to TSPO. However, at 3 and 4 

weeks of cuprizone exposure when [3H]R-PK11195 increased dramatically compared to 

non-exposed control animals, there was markedly increased staining of both microglia and 

astrocytes supporting a role of both glial cell types in the TSPO response but with different 

temporal profiles. That is, an early microglia response followed by a later activation of 

astrocytes. [3H]R-PK11195 emulsion microautoradiography with glial marker 

immunostaining confirmed the colocalization of the TSPO signal with both microglia and 

astrocytes. These studies showed the importance of examining the course of brain injury 

using a longitudinal design because if we had only performed the study at 2 weeks after 

cuprizone exposure our conclusion would have been that the TSPO response is exclusively 

from microglia. However, if would fail to demonstrate that in this animal model of brain 

injury, astrocytes are also activated at later time points in the same brain regions undergoing 
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demyelination. Furthermore, [3H]R-PK11195 emulsion autoradiography demonstrated 

TSPO cellular colocalization with both microglia and astrocytes at 3 and 4 weeks of 

exposure [Chen et al., 2004].

Remyelination phase: We also examined the remyelination phase of the cuprizone model 

using a similar approach of [3H]R-PK11195 quantitative autoradiography and 

immunostaining for glial markers and Black Gold histochemistry for myelin in the corpus 

callosum [Chen and Guilarte, 2006]. The corpus callosum is a major white matter fiber track 

connecting the cerebral hemispheres. In this study, we also performed [11C]R-PK11195 

microPET in similarly treated animals. We found that as previously shown [Chen et al., 

2004], 3 weeks of cuprizone exposure of the animals resulted in approximately a 5-fold 

increase in [3H]R-PK11195 binding to TSPO in the corpus callosum relative to non-treated 

controls. The increase in [3H]R-PK11195 binding measured at 3 weeks of cuprizone-

induced demyelination decreased significantly at 3 and 6 weeks after removing animals from 

the cuprizone exposure and it was inversely associated with increased levels of myelin 

staining imaged by Black Gold histochemistry [Chen and Guilarte, 2006]. By 6 weeks of 

remyelination there was approximately a 50% decrease in the maximal [3H]-R-PK11195 

specific binding measured at 3 weeks of cuprizone-induced demyelination. This decrease in 

[3H]R-PK11195 binding to TSPO during the remyelination phase was associated with 

increased myelin staining in the corpus callosum and with little or no labeled Mac-1 positive 

microglia by 6 weeks of remyelination. On the other hand, GFAP-labeled astrocytes also 

decreased but there were more labeled astrocytes in the same brain region remaining at 6 

weeks of remyelination [Chen and Guilarte, 2006]. Considering that [3H]RPK11195 was 

still significantly elevated to approximately 50% of the maximal demyelination response at 

the 6 weeks remyelination time point, strongly suggests that astrocytes provide a significant, 

if not the majority of the TSPO signal at 6 weeks of remyelination. Finally, [11C]RPK11195 

microPET confirmed a significantly increased TSPO signal during the demyelination phase 

with the TSPO signal achieving complete recovery to control levels by 10 weeks following 

removal from the cuprizone exposure [Chen and Guilarte, 2006].

Collectively, these two longitudinal studies demonstrated that the TSPO response can track 

not only disease onset and progression but also resolution of injury. Furthermore, it 

demonstrates a critical point on the importance of examining the TSPO response in a 

longitudinal fashion in the context of the glial sources. That is, if one examines the glial 

sources of the TSPO response at an early time point (2 weeks) after initiation of cuprizone-

induced demyelination, one would conclude that the TSPO response is exclusively from 

microglia since no astrocyte staining was present at this time. Similarly, if one only 

examined the 6-week time point after removing the animals from the cuprizone exposure 

during the remyelination phase, one would conclude that the TSPO signal is exclusively 

from astrocytes since at 6 weeks there was no or minimal microglia staining. In both cases, 

the conclusions when utilizing a single time point would have been correct for those specific 

time points but would have been completely inaccurate when taken into consideration the 

progression of the disease as there is contribution of both microglia and astrocytes during the 

different phases of the demyelination-remyelination continuum.
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1. Studies support an astrocyte contribution to the TSPO response in diverse 
pathologies:

Following our TMT and cuprizone studies [Kulhmann and Guilarte, 2000; Chen et al., 2004; 

Chen and Guilarte, 2006] and due to the biological importance of understanding the glial 

sources of the TSPO response to brain injury for proper interpretation of PET studies and for 

potential therapeutic approaches, other laboratories interrogated this question using TSPO 

immunohistochemistry. They confirmed that the TSPO signal is from both microglia and 

astrocytes using a variety of animal models of CNS pathologies and in postmortem brain 

tissue in human neurodegenerative disorders (Maeda et al., 2007; Rojas et al., 2007; Ji et al., 

2008; Cosenza-Nashat et al., 2009; Maeda et al., 2011; Mattner et al., 2011; Lavisse et al., 

2012; Arlicot et al., 2014; Wang et al., 2014; Dickens et al., 2014; Biesmans et al., 2015; 

Lavisse et al., 2015; Liu et al., 2015; Sérrière et al., 2015; Domene et al., 2016; Janssen et 

al., 2016; Israel et al., 2016; Nguyen et al., 2018). These series of studies showed that the 

dynamic nature of the TSPO glial cell response to brain injury represents a continuum of 

change based on the type of injury and whether the injury is acute or chronic. From this 

collection of papers, there are two studies that are notable for discussion. First, Ji et al., 

[2008] examined the cellular sources of the increased TSPO response in two mouse models 

of Alzheimer’s disease (APP23 and PS19 tau transgenic mice). Using double-label 

immunostaining, they found that in APP23 (mutant APP) mice, there was predominant 

localization of the TSPO signal to astrocytes in the vicinity of β-amyloid plaques with no 

detectable TSPO signal in Iba-1 positive microglia. Strikingly, and in contrast to the TSPO 

astrocyte response in APP23 mice, the reverse was found in the PS19 tau transgenic mice. 

That is, the build-up of phospho-tau in the PS19 mouse brain was associated with a TSPO 

signal in microglia and not in astrocytes. This study clearly indicated different glial sources 

of the TSPO response based on the animal model used. Although they did not do a 

timecourse profile in these two animal models of Alzheimer’s disease that would have 

potentially discovered additional glial cell TSPO colocalization at different time points as in 

the cuprizone studies presented above.

In the same publication, the authors also examined a variety of neurotoxicant-induced 

animal models to examine the cellular sources of the TSPO response using double-label 

immunostaining. They found that similar to the APP23 and PS19 mouse models, the cellular 

sources of the TSPO response was specific to the neurotoxicant used. In particular, when 

they examined the TSPO glial cell response in the striatum and corpus callosum of 

cuprizone-exposed animals to induce demyelination, they found that the vast majority of 

astrocytes in the striatum exhibited high levels of TSPO staining. They then performed in 

vivo microPET with [18F]FEDAA1106 and found increased uptake in the striatum of 

cuprizone-treated mice relative to nontreated mice. This finding was another demonstration 

that in vivo TSPO imaging is able to measure increased TSPO levels originating from 

astrocytes. In summary, this study provided evidence that TSPO increases in both microglia 

and astrocytes and may reflect deleterious and beneficial consequences of glial responses, 

respectively, in the injured brain.

The second notable study is related to the development of an animal model of selective 

astrocyte activation through lentiviral gene transfer of the cytokine ciliary neurotrophic 
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factor (CNTF) into the striatum in the absence of neurodegeneration and microglia activation 

[Lavisse et al., 2012]. This approach resulted in extensive astrocyte activation visualized by 

GFAP staining with minimal or no increase in microglia activation markers. The authors 

showed that using two different TSPO radioligands i.e., [18F]DPA-713 and [11C]SSR180575 

there was significant uptake of these two TSPO radioligands in the CNTF-injected striatum 

relative to the contralateral control striatum. Furthermore, the radioligand uptake was 

displaced by nonradioactive PK11195, demonstrating the pharmacologically selective 

binding of the radiotracer to TSPO. Examination of brain tissue indicated significantly 

increased TSPO mRNA and protein levels that colocalized with CNTF-activated astrocytes. 

This study showed a selective increase of TSPO levels in reactive astrocytes that yields a 

selective and increased radioligand TSPO signal using in vivo microPET imaging in the 

absence of microglia activation. In summary, these studies provided strong and confirmatory 

evidence that the sources of the PET radioligand uptake is also derived from astrocytes. It is 

notable that the dogma that the cellular source of the TSPO response in various CNS 

pathologies is exclusively from microglia is so erroneously entrenched in the literature that 

despite the fact that some studies have clearly shown and articulated that astrocytes 

significantly contribute to the TSPO signal, the astrocyte contribution to the TSPO signal 

was not reflected in the title of the publication [Dickens et al., 2014; Israel et al., 2016; 

Brackhan et al., 2016].

2. TSPO-PET literature indicating TSPO as an exclusive microglia biomarker:

Despite the fact that there are now many studies demonstrating an important contribution of 

astrocytes to the TSPO signal in brain injury and inflammation using both ex vivo and in 
vivo imaging methods, the TSPO-PET literature continues to have a significant number of 

studies taking the reductionist view that TSPO is a biomarker of neuroinflammation whose 

signal is originating from microglia (Table 1). This view is prevalent despite the fact that the 

TSPO response is defined by a complex cross-talk between microglia and astrocytes 

following brain injury [Streit et al., 2004; Masgrau et al., 2017; Schain and Kreisl, 2017], 

and neuroinflammation is not a selective microglia event, but it also involves other cells 

including astrocytes [Streit et al., 2004; Masgrau et al., 2017; Schain and Kreisl, 2017]. 

While it is scientifically expedient to believe that TSPO is a biomarker of brain injury and 

neuroinflammation whose signal is exclusively attributed to microglia and/or infiltrating 

peripheral macrophages, it is an inaccurate statement unless there is direct demonstration 

that a selective “microglia” TSPO signal occurs during the course of a specific brain 

disorder or pathology. Often, studies note that the TSPO response is due to microglia but 

they either do not examine TSPO expression in astrocytes or the immunostaining is only 

done at one time point or in one brain region and are highly likely missing the presence of an 

astrocyte-mediated increase in the TSPO signal at a different time point or brain region in 

the progression of the neuropathology or disease (Table 1). Consistent with this point, a 

study in which TSPO immunohistochemistry was performed with microglia/macrophage 

and astrocyte markers in the spinal cord of experimental autoimmune encephalomyelitis 

(EAE) rats shows an apparent selective increase of TSPO only in microglia and not in 

astrocytes [Abourbeh et al., 2012]. However, despite the fact that there was a longitudinal 

assessment of neurological score that ranged from 0–5 from approximately 8–15 days post-

immunization, only animals that had the highest (peak) neurological score, i.e., 4–5 were 
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used for TSPO and glial markers immunohistochemistry. Therefore, the authors missed the 

opportunity to examine the temporal profile of the TSPO glial cell response during the 

induction phase and resolution of the EAE disease [Abourbeh et al., 2012]. Based on a 

single time point in the continuum of the EAE, the authors conclude that the increased 

TSPO levels in EAE is from microglia/macrophages rather than astrocytes. While it is 

entirely possible that at the peak of the behavioral manifestation of the EAE the TSPO 

response originates from microglia, one cannot assume that the other phases of the disease 

have a similar TSPO glial cell response profile since signal colocalization and quantification 

were not performed. It is highly likely that the TSPO contribution from astrocytes was 

missed by the selection of a single time point in the disease continuum as it has been 

discussed with the cuprizone model above.

3. Endotoxin-induced neuroinflammation: TSPO in microglia and astrocytes?

Other studies have examined the TSPO glial cell response in endotoxin-induced 

neuroinflammation. Hannestad et al., [2012] examined the TSPO response in baboons 

injected with lipopolysaccharide (LPS; single injection) and TSPO brain levels imaged 

before and at 1 hr, 4hr, or 22 hr after i.v. injection of LPS using [11C]PBR28-PET. Whole 

brain analysis of PET scans revealed an increase in radioligand uptake in the whole brain 

that was increased only at the 4 hr time point and not at the 1 or 22 hr time points after LPS. 

However, when they used the animal’s own baseline PET scan, they found increased TSPO 

levels at 1 and 4 hrs suggestive of a transient increase since at the 22 hr time point PET 

analysis showed a marked decrease or no TSPO increase relative to the individual animal’s 

baseline PET [Hannestad et al., 2012]. Out of the 6 animals available, the authors euthanized 

1 animal at 6 hr after LPS administration to perform immunohistochemistry for TSPO and 

CD68 for microglia/macrophages and GFAP staining for astrocytes. The immunostaining 

was only performed in the frontal lobe despite widespread increased brain TSPO uptake in 

the PET scan. From these limited immunostaining experiments the authors concluded that 

“cells that were immunoreactive (IR) for the antibody for TSPO are almost exclusively 
small, rod-like cells with short or no visible processes”. “These cells were very similar in 
morphology, size, and distribution to CD68 IR cells”. They further state: “Conversely, GFAP 
IR cells (astrocytes) were larger, much more abundant, and had more numerous and longer 
processes”. From this limited immunostaining in the absence of doublelabel studies they 

conclude that “Thus, TSPO immunoreactivity occurred almost exclusively in microglia, but 
not in astrocytes…”. This conclusion was representative of a single small area in the frontal 

lobe, from 1 animal, at a single time point after LPS (6 hr) in which double-label of TSPO 

with each individual glial marker was not performed. But yet, the conclusion based on visual 

inspection of presumed cellular morphology provides the evidence that the TSPO response 

from LPS administration is exclusively from microglia. Further, it is known that TSPO does 

not label the entire microglia or astrocyte but certain subcellular compartments; thus, the 

distinction cannot be made on presumed cellular size. Moreover, LPS not only activates 

microglia via TollLike Receptor 4, but it also activates the same receptors in astrocytes 

[Brahmachari et al., 2006; Gorina et al., 2011]. Finally, it is interesting to note that in the 

discussion of the study, the authors contradict their main conclusion that “TSPO 
immunoreactivity is occurring exclusively in microglia” by the following statement: “For the 
postmortem data, because double immunostaining was not performed it is possible that 
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TSPO and CD68 expression occurred in different cell types, or that TSPO expression 
occurred in astrocytes in addition to microglia”.

This oversimplification of the cellular sources of the TSPO response was translated to a 

subsequent human study using LPS administration and [11C]PBR28-PET [Sandiego et al., 

2015]. Eight healthy control volunteers had two [11C]PBR28-PET scans on the same day. 

They had a baseline scan and then a second scan in which LPS (10 ng/kg, i.v.) was 

administered 180 min before the second scan. They found a 30–60% increase in [11C]-

PBR28 binding in multiple brain regions. Indeed, examination of the PET scan images after 

LPS indicated increased TSPO radioligand uptake throughout the entire brain. In the 

discussion, the authors conclude: “In the current study, the systemic LPS markedly increased 
the [11C]PBR28 binding in humans. [11C]PBR28 is a radioligand sensitive to TSPO levels 
expressed on activated microglia and is a putative biomarker of neuroinflammation. TSPO is 
also expressed in astrocytes; however, immunohistochemistry performed in nonhuman 
primate brain after LPS administration confirmed that TSPO expression occurred mainly in 
activated microglia [32]”. This conclusion referenced their previous baboon study 

[Hannestad et al., 2012] in which 1 single animal, at a single time point after LPS (6 hr), one 

brain area that was assessed by visual inspection of TSPO labeled cells with glial markers 

and in which double-label of TSPO with each individual glial marker and colocalization 

signal analysis was not performed. Further, as noted above, they acknowledge in the 

discussion of the baboon study, the uncertainty of the statement that the TSPO response is 

exclusively from microglia [Hannestad et al., 2012]. Despite these limitations and 

uncertainties in the baboon study, they indicate these two statements in the discussion of the 

human study: “In the current study, systemic LPS markedly increased [11C]PBR28 binding 
in humans. [11C]PBR28 is a radioligand sensitive to TSPO levels expressed on activated 
microglia and is a putative biomarker of neuroinflammation. TSPO is also expressed in 
astrocytes; however, immunohistochemistry performed in a nonhuman primate brain after 
LPS administration occurred mainly on microglia [32]”. They conclude: “thus, we have 
successfully extended the main findings of the nonhuman primate study to human subjects 
and established that LPS administration in humans is associated with a marked and 
significant increase in activated microglia”. While it is entirely possible that the early TSPO 

signal following LPS may be from microglia, the LPS response was examined at a single 

time point and may have missed the astrocytic TSPO response at other time points. In fact, a 

study from another group in which LPS was directly injected into the rat brain and in which 

a time-course study was performed using TSPO double label immunofluorescent imaging 

with microglia and astrocyte markers confirms that TSPO colocalized with microglia at the 

early time points with no TSPO astrocyte labeling but TSPO colocalized to astrocytes at a 

later time point when microglia do not express TSPO [Ory et al., 2015]. The study by Ory et 

al., [2015] support a significant body of evidence that the TSPO response in microglia and 

astrocytes have different temporal profiles. A limitation of the Ory et al., study was the lack 

of quantification of TSPO signal colocalization with the glial markers (see below).
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4. TSPO signal colocalization with microglia and astrocytic markers and computer-based 
quantitative image analysis–a way forward:

The last two decades of studies using TSPO as a biomarker of brain injury have witnessed a 

gradual improvement of methodological approaches used for assessing the cellular sources 

of the TSPO response. The current availability and use of state-of-the-art computer-based 

image analysis technology has facilitated the quantitative analysis of the colocalization of 

immunofluorescent signals from different proteins in the same cell with exquisite sensitivity 

and spatial resolution. An example of this new approach is depicted in a recent TSPO study 

using a mouse model of Sandhoff disease [Loth et al., 2016]. Sandhoff disease is an 

autosomal recessive disorder characterized by a deficiency of the lysosomal enzyme β-

hexosaminidase leading to the accumulation of gangliosides and glycolipids in neurons, 

specifically GM2 and GA2 [Sango et al., 1995; Mahuran, 1999; Jeyakumar et al., 2002]. The 

accumulation and aggregation of gangliosides is the triggering event that leads to 

progressive and widespread neurodegeneration. The TSPO response was examined in this 

animal model as a function of age (neurodegeneration increases with age) using the second 

generation radioligand [3H]DPA-713 (autoradiography) and [125I]-iodo-DPA-713 

(microSPECT) in parallel with behavioral and pathological expression of the disease. It was 

found that the increased TSPO response as measured by [3H]-DPA-713 autoradiography 

occurred much earlier in time in the thalamus (1.5 months) than the behavioral manifestation 

of disease (3 months). The thalamus is the brain region that exhibits the first 

neurodegenerative changes in this disease. Furthermore, increased [3H]DPA-713 specific 

binding to TSPO occurred simultaneously with the aggregation of GM2 gangliosides in 

neurons and before evidence of active neurodegeneration using Silver staining [Loth et al., 

2016]. The increase in brain TSPO in the living anesthetized animal was measured using 

[125I]-iodo-DPA-713 microPET and brain uptake was blocked by the administration of non-

radioactive PK11195. Double-label immunofluorescence imaging of TSPO (using an 

extensively validated TSPO antibody) with the microglia marker Mac-1 and the astrocyte 

marker GFAP was also performed in an age-dependent fashion (See Figure 1). Notably, this 

was the first study to provide a quantitative analysis of percent colocalization of the TSPO 

immunofluorescence signal with the Mac-1 or GFAP immunofluorescence signal using 

confocal imaging and computer-based image analysis. The results of this quantitative 

approach showed that there was a greater percent colocalization of the TSPO signal with 

GFAP (astrocyte) than with Mac-1 (microglia) and it changed with disease progression 

[Loth et al., 2016]. This state-of-the-art quantitative approach is an example of what is 

possible today using computer-based microscopy and image analysis software. During the 

writing of this review, a new study was published in a murine model of mesial temporal lobe 

epilepsy in which [18F]DPA-714 microPET/computed tomographic scanning, 

autoradiography, and double label immunofluorescence was performed using a longitudinal 

approach [Nguyen et al., 2018]. This study confirmed that the glial sources of the TSPO 

response was due to an early microglia component which decayed with time, and a 

predominant TSPO colocalization in astrocytes at the later time point providing further 

support that both microglia and astrocytes contribute to the TSPO signal. However, this 

study did not use computer-based microscopy and image analysis to determine the percent 

signal colocalization as performed by Loth et al., [2016], a method that is currently routinely 

used in many laboratories.
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Recommendation 1: Unlike in the early studies that examined the cellular sources of the 

TSPO response, today there are well-validated and specific antibodies that are commercially 

available for TSPO as well as glial markers. Furthermore, there are a number of computer-

based microscopy and image analysis software that are readily available commercially and 

can provide unbiased quantitative TSPO immunofluorescence signal colocalization with 

microglia and astrocytes markers. Therefore, it is recommended and highly desirable that 

studies examining the cellular sources of the TSPO response should be done with the same 

level of experimental rigor and be standardized so that studies using different animal models 

of human disease with a longitudinal design can be compared. This approach can also assist 

with the interpretation of human PET studies.

In summary, a critical review of the literature indicates that the cellular sources of the TSPO 

response to brain injury is disease specific and has a temporal component. Temporal 

examination of the glial sources in any human disease of interest is critically important 

because glial cell dynamics are known to change as a function of age and disease 

progression [McNeela et al., 2017]. What is clear, however, is that it is inaccurate and a 

simplification of the complexity of glial responses to brain injury to continue to state that 

TSPO is a biomarker of microglia activation when astrocytes also play an important role in 

upregulating the TSPO signal in the neuroinflammatory response in many neurological and 

neurodegenerative disorders. Even within a single disease entity, the temporal profile of the 

TSPO signal originating from microglia/macrophages and/or astrocytes may vary depending 

upon the stage of the disease and unless a time-course in postmortem tissue is performed it 

is scientifically prudent to take great caution in making a generalized assumption, especially 

in PET studies. The most prudent approach is to note that TSPO is representative of a glial 

response rather than a specific glial type. The technological advances that exist today 

provide the appropriate means to rigorously examine this important question in brain tissue 

from any animal model or in human post-mortem brain tissue.

What has been extensively validated over the years is that the TSPO signal measured with 

[3H]R-PK11195 binding studies is driven by an increase in the maximal number of binding 

sites (Bmax) with no change in the affinity constant (Kd) of the protein-ligand interaction 

[Gehlert et al., 1997; Rao et al., 2000; Chen et al., 2004; Venneti et al., 2004; Chen and 

Guilarte, 2008]. What has yet to be discovered is the functional significance of the increased 

TSPO response to brain injury and neuroinflammation and whether the increased TSPO 

response has the same or different biological function(s) in microglia and astrocytes. A 

resolution to these important question(s) can bring about a new era in the development of 

novel TSPO radiotracers with a possible selectivity for microglia or astrocytes. If the latter is 

ever accomplished, it would be a major scientific breakthrough in the TSPO field.

C) Exploration of new findings in psychiatric disorders

1. TSPO in psychiatric disorders: an exception to the rule or alternative explanations?

The last decade has seen an exponential increase in the number of studies related to TSPO as 

a biomarker of brain injury and neuroinflammation. Technological advances in high 

resolution PET scanners and the development of second generation TSPO ligands with more 

favorable pharmacokinetics and lower non-specific binding than the prototypical TSPO 
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ligand RPK11195, has facilitated this work [Dolle et al., 2009; Cumming et al., 2017; 

Dupont et al., 2017]. Further, TSPO as a biomarker of inflammation has been extended to 

study other organ systems [Hardwick et al., 2005; Fairweather et al., 2014]. Psychiatric 

disorders are no exception in the quest to use TSPO as a biomarker of neuroinflammation 

and the last 5 years have seen a number of reports with mixed results [see review by De 

Picker et al., 2017]. Paradoxically, some studies have provided the first description of 

decreased rather than increased brain TSPO levels in schizophrenia [Coliste et al., 2017; 

Benlloch et al., 2018] and in major depression [Li et al., 2018]. Overall, studies have found 

increased, decreased, or no change in brain TSPO levels in schizophrenia [De Picker et al., 

2017] and in depression [Hannestad et al., 2013; Setiawan et al., 2015; Holmes et al., 2017; 

Li et al., 2018; Richards et al., 2018; Setiawan et al., 2018] compared to age-matched 

controls using PET imaging with radiolabeled R-PK11195 or with second generation TSPO 

PET ligands. There are many factors in study design such as TSPO radioligand used (R-

PK11195 or second generation), PET imaging quantification with and without radioligand 

plasma input data, medicated vs naïve subjects, as well as corrections for the human TSPO 

polymorphism and vascular radioligand binding that have been discussed in the literature 

[Turkheimer et al., 2015; De Picker et al., 2017; Veronese et al., 2017] and could potentially 

account for some of the different findings of TSPO-PET in these psychiatric disorders. 

However, other factors that could potentially influence the interpretation of the PET results 

have yet to be investigated. This is critically important before the TSPO biomarker field 

takes a turn as it has recently occurred with studies on the function of TSPO [Morohaku et 

al., 2014; Tu et al., 2014; 2015]. Today, TSPO appears to be an orphan protein looking for a 

function because the longheld dogma of its principal role as the rate limiting step in the 

transfer of cholesterol from the outer to the inner mitochondria membrane for steroid 

synthesis has been questioned [Selvaraj and Stocco, 2015; Gut et al., 2015; Selvaraj and Tu, 

2016]. While there are studies which seem to support and some that do not support the 

function of TSPO in steroid synthesis; this discourse has not yet occurred with the use of 

TSPO as a biomarker of brain injury and neuroinflammation. However, a 

reconceptualization of TSPO as a biomarker of neuroinflammation in psychiatric disorders 

has been proposed [Notter et al., 2017].

2. TSPO studies in schizophrenia prior to PET imaging-a historical review:

Before examining the TSPO-PET literature in schizophrenia, it is important to review the 

early literature in which TSPO levels were measured in cells or postmortem brain tissue 

from schizophrenia subjects. These studies may provide important information that may 

help the interpretation of current TSPO-PET findings. As far back as 1986, there were 

studies examining the levels of TSPO in platelets from schizophrenia subjects [Gavish et al 

1986; Weizman et al., 1986]. Two different studies showed that the maximal number of 

[3H]PK11195 binding sites (Bmax) in platelets from untreated schizophrenia subjects did 

not differ from age-matched healthy controls. However, in one study, schizophrenia subjects 

with chronic neuroleptic treatment exhibited a 30% decrease in [3H]PK11195 Bmax with no 

change in Kd (affinity constant) compared to untreated schizophrenics and healthy controls 

[Gavish et al., 1986]. In the second study, medicated schizophrenia subjects with and 

without tardive dyskinesia had 31.3% and 21.1% decreased [3H]PK11195 Bmax relative to 

unmedicated patients and health controls [Weizman et al., 1986]. These studies showed no 
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significant alterations in [3H]PK11195 binding parameters to TSPO in platelets from 

untreated schizophrenia subjects relative to healthy controls, but TSPO Bmax levels 

decreased significantly with schizophrenia medication or disease classification.

Later studies using platelets and other peripheral cells to measure TSPO levels supported the 

findings that TSPO binding parameters could be altered based on specific classifications of 

the disease. Additionally, co-morbidity factors such as alcohol and substance abuse also 

influenced TSPO binding parameters. For example, using granulocytes, Wodarz et al., 

[1998] found a 38% decrease in [3H]PK11195 Bmax in residual-type schizophrenics relative 

to controls. Similarly, Ritsner et al., [2003] found a 30% decrease in platelet [3H]PK11195 

Bmax in aggressive schizophrenia relative to controls. Studies in peripheral cells from 

alcoholics, cocaine dependence, and after suicide attempts in schizophrenia subjects indicate 

that these factors can decrease [3H]PK11195 Bmax in peripheral cells [Suranyi-Cadotte et 

al., 1988; Javaid et al., 1994]. Collectively, all of these studies provided evidence of no 

change in peripheral cell [3H]PK11195 Bmax or Kd in unmedicated schizophrenia subjects 

relative to healthy controls but schizophrenia with specific classifications or co-morbidity 

factors decreased peripheral cell [3H]PK11195 Bmax with no change in Kd. These studies 

indicate that factors from disease classification to co-morbidity need to be carefully 

controlled to provide clarity to current findings from TSPO-PET studies in schizophrenia.

3. Relevant TSPO studies in brain tissue from schizophrenia subjects:

There is a paucity of studies examining TSPO levels in postmortem brain tissue from 

schizophrenia subjects. The only study found in PubMed was by Kurumaji et al., [1997] that 

examined postmortem brain tissue from schizophrenia subjects and controls. Analysis of 26 

brain regions indicated decreased [3H]-PK11195 specific binding in superior parietal cortex, 

occipital cortex-visual area 1, and putamen that ranged from 23.1 to 41.5 %. Parenthetically, 

in this study they found decreases in both Bmax and Kd. That is, decreased number of 

binding sites with increased affinity.

Although the current review is focused on TSPO as a biomarker of neuroinflammation in 

schizophrenia, it was important to examine studies in which microglia and astrocyte 

morphology and viability have been examined in postmortem tissue from schizophrenia 

subjects. Notably, Wierzba-Bobrowicz et al., [2004] have described that in brain tissue from 

schizophrenia subjects there is evidence of degenerative changes in microglia including 

fragmentation of processes, apoptotic changes and, importantly, degenerated mitochondria. 

These findings are relevant because TSPO is highly localized in mitochondria and their 

degeneration can influence the available number of TSPO binding sites that can be measured 

in TSPO-PET studies. A PubMed search under “schizophrenia and microglia” resulted in 

272 hits and “schizophrenia and astrocytes” resulted in 350 hits (January 27, 2018). 

Therefore, there are many studies, beyond the scope of this review, that may be relevant in 

understanding glial cell mitochondrial changes that may influence TSPO expression in 

schizophrenia.
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4. What are potential but yet unexplored interpretations of TSPO PET findings in 
schizophrenia?

The current results of brain TSPO changes (increased, decreased, or no change) in 

schizophrenia relative to age-matched controls may depend on other potentially important 

factors that have yet to be considered but may need to be experimentally controlled and/or 

examined. Several points to this effect and relevant recommendations are provided below:

POINT 1: Disease modifying effects on peripheral TSPO levels or TSPO ligand binding 

proteins may alter the availability of TSPO radioligands for brain uptake:

It is well recognized that TSPO levels in peripheral organs including peripheral circulating 

blood cells are much higher than those expressed in normal or even in pathological brain 

tissue. Schizophrenia is thought to have a peripheral inflammatory component. Thus, it is 

entirely plausible that in peripheral tissues TSPO levels could be differentially altered from 

those in the brain at different stages of the disease so that peripheral TSPO is markedly 

altered and may modulate the amount of radiotracer delivered to the brain. A possible effect 

of increasing or decreasing peripheral TSPO levels could be reflected as an “apparent” 

decrease or increase in TSPO radioligand brain uptake measured by PET. In fact, such a 

modulatory effect of a treatment on [11C]PBR28 arterial plasma concentration and brain 

uptake has been reported with LPS and PLX3397 in nonhuman primates [Hillmer et al., 

2017a]. PLX3397 is a selective colony-stimulating factor 1 receptor inhibitor used to deplete 

microglia in the brain.

Similarly, it is possible that in schizophrenia or in other disease conditions, there is induction 

of gene(s) that encode protein(s) in peripheral organs, blood, and possibly even in the brain 

neuropil that are able to bind R-PK11195 and/or second generation TSPO ligands; thus, 

potentially altering radiotracer delivery, uptake, or binding to TSPO in the brain. Such a 

protein exists and has already been described in the literature but has not been accounted for 

in TSPO-PET studies. The acute phase reactant 1-acid glycoprotein (AAG), an abundant 

protein in plasma, has been shown to bind PK11195 with high affinity [Lockhart et al., 

2003]. While there is no current information on whether AAG also binds second generation 

TSPO ligands, it is highly likely that it does. Relevant to schizophrenia, plasma levels of 

AAG have been shown to be altered in schizophrenia subjects [Goodman et al., 1961] and 

AAG plasma concentrations are altered by drugs used for the treatment of schizophrenia 

[Levinson and Levine, 1995; Telford et al., 2012]. Furthermore, AAG protein levels are 

markedly increased in plasma, and potentially in the brain neuropil, by pathophysiological 

conditions including inflammation, depression, cancer, and autoimmune deficiency 

syndrome, altering the pharmacokinetic disposition of drugs that bind to AAG [Holladay et 

al., 1998; Garrido et al., 1999]. Notably, AAG genetic variants have been shown to alter the 

blood to brain transfer of AAG-binding drugs [Jolliet-Riant et al., 1998]. Finally, relevant to 

psychiatric disorders, studies have found a positive association between serum AAG with 

age in depressed female subjects [Young et al., 1999]. In summary, the abovementioned 

studies indicate that it is critically important to determine and understand the potential for 

disease-modified levels of AAG in plasma, and potentially in the brain, on TSPO ligand 

uptake and binding in the brain and its implications in the interpretation of TSPO-PET 

studies.
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Recommendation 2: determine if AAG binds second generation TSPO radioligands with 

high affinity.

Recommendation 3: Examine plasma levels of AAG in schizophrenia subjects at the time of 

the TSPO-PET study, and under medication treatments, to determine if differences in AAG 

occur between schizophrenia subjects and age-matched healthy controls at different stages 

of the disease.

Recommendation 4: Determine in post-mortem brain tissue if AAG levels are altered in 

psychiatric disorders, neuroinflammatory disease, and other neuropathological conditions.

POINT 2: Microglia and astrocyte number in schizophrenia: analysis using rigorous 

unbiased stereological cell counting:

There is evidence of microglia number changes in schizophrenia [Frick et al., 2013; van 

Kesteren et al., 2017] as well as astrocytes [Williams et al., 2013; Kim et al., 2017]. 

Therefore, changes in microglia and/or astrocyte number in schizophrenia may influence 

TSPO-PET findings.

Recommendation 5: Determine microglia and astrocyte number in schizophrenia brain tissue 

and age-matched healthy controls using rigorous unbiased stereological cell counting 

methods.

POINT 3: Mitochondria number in microglia and astrocytes in schizophrenia: are they 

different? Microglia and astrocytes are the brain cells that express and increase TSPO levels 

in a variety of brain pathologies. Further, TSPO is a protein that is highly expressed in 

mitochondria. Therefore, one must consider the possibility that TSPO levels in 

schizophrenia subjects could be influenced by disease-modifying changes in glial cell 

mitochondria number; thus, altering the putative number of TSPO binding sites even under 

conditions where no glial cell activation or glia cell number change is observed. There is 

evidence of decreased mitochondria number in glial cells in the brain of schizophrenia 

subjects [Ben-Shachar, 2002; Somerville et al., 2012; Roberts, 2017] as well as changes in 

mitochondria genes that could modulate TSPO expression [Iwamoto et al., 2005].

Recommendation 6: Determine mitochondria integrity and number in microglia and 

astrocytes in postmortem brain tissue in schizophrenia using 3-dimensional scanning 

electron microscopy.

POINT 4: Modeling schizophrenia in preclinical animal models and their effect on brain 

TSPO levels - what do they tell us? Schizophrenia is a uniquely human disease and it is not 

possible to capture its complexity in an animal model. However, animal models of 

schizophrenia do provide a presumed behavioral and neuropathology phenotype and mimic 

certain aspects of the human disease. There is a paucity of studies using appropriate animal 

models of schizophrenia that also assess brain TSPO levels. A recent study by Notter et al. 

[2018] examined the relationship of the brain TSPO response in an inflammatory 

developmental animal model of schizophrenia; that is, the injection of polyriboinosinic-

polyribocytidylic acid (poly:IC) in timepregnant mice. The offspring of these poly:IC 
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exposed dams express deficits in prepulse inhibition of the acoustic startle response and 

social interaction similar to what has been described in schizophrenia subjects [Notter et al., 

2017]. In the same study, the authors also performed TSPO-PET using [11C]DPA-713 in 

recent-onset schizophrenia subjects and matched healthy controls. They found a near 

(p=0.051), but non-significant decrease in TSPO levels by PET in the middle frontal gyrus 

of schizophrenic subject relative to controls.

In the animal portion of this study, the authors perform TSPO immunohistochemistry in 

frontal cortex and hippocampus of poly:IC exposed animals and controls. They found an 

apparent decrease in brain TSPO levels using immunofluorescent labeling that appears to be 

selective to the frontal cortex with no change in the hippocampus [Notter et al., 2018]. TSPO 

immunofluorescence signal was measured using relative optical intensity, a method that is 

not quantitative. In fact, a more quantitative method, receptor autoradiography, that they also 

used provided no evidence of a change in TSPO specific binding in the frontal cortex or 

hippocampus of poly:IC exposed animals compared to non-exposed. The authors recognized 

the discrepancy in results using TSPO immunohistochemistry and receptor autoradiography 

but they argue that the differences using these two methods are explained by the lower 

resolution of ex vivo radiotracer autoradiography compared to immunohistochemistry which 

can provide analysis at the cellular and subcellular level. They state that the 

immunohistochemistry technique is likely to be more suitable in detecting relatively small 

changes in TSPO expression, and thus confirmation of decreased TSPO levels in the frontal 

cortex of poly:IC exposed animals. While the authors make an argument for a significant 

and selective decrease in TSPO levels in the frontal cortex in the in utero exposed poly:IC 

animals based on the immunohistochemistry results, this argument needs further validation 

as they did not measure the TSPO signal specifically at the cellular and/or subcellular level. 

That is, they performed optical density readings at the gross anatomical level which not only 

includes a signal from TSPO labeled cells but also microvasculature and specific and non-

specific primary and/or secondary antibody staining. It is likely that the receptor 

autoradiography data is providing the most accurate results. That is, no change in TSPO 

levels in frontal cortex or hippocampus of poly:IC animals compared to non-exposed 

controls as has been found in several of the TSPO-PET studies in schizophrenia subjects 

including results from the same investigators [Notter et al., 2018].

Recommendation 7: In animal studies it is important to use multiple methods to confirm a 

finding, including: 1) radioligand binding such as film and emulsion microautoradiography 

with the latter having resolution at the cellular level similar to confocal imaging 

immunofluorescence, 2) radioligand saturation isotherms with Scatchard analysis of brain 

tissue to determine Kd and Bmax values which is a more accurate representation of the 

radioligand interaction than a single radioligand concentration as it is typically used in 

autoradiography studies, and 3) protein analysis by quantitative Western blot.

POINT 5: Maintain independent variables the same in comparison groups: In the same 

study, a potentially important experimental design problem is that the animals used for 

TSPO immunohistochemistry received a behavioral experience, i.e., assessment of pre-pulse 

inhibition and social interaction [Notter et al, 2018-supplementary materials] while the 

animals used for TSPO autoradiography did not experience behavioral tests. Thus, it is 
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possible that the behavioral experience, along with the handling of animals for behavior-a 

form of environmental enrichment- may differentially affect TSPO brain levels in poly:IC 

animals used for immunohistochemistry relative to those used for autoradiography. Although 

the authors waited a week prior to euthanizing the animals that experienced the behavioral 

protocol, the effect of the behavior on regional TSPO levels is not known and was not 

studied.

Recommendation 8: All animals in both treatment groups should have experienced an 

identical behavioral protocol in order to eliminate any potential modulatory effects from the 

behavior and manipulation which only one set of animals experienced. In future studies, it is 

possible to use one hemisphere for autoradiography studies and the other hemisphere for 

immunohistochemistry so that there is a direct comparison of the two different methods in 

the same animal. Alternatively, an entirely behaviorally naïve set of animals should have 

been used for both the immunohistochemistry and autoradiography studies.

D. Concluding remarks:

It is clear from the limited but increasing number of human TSPO studies in schizophrenia 

and other psychiatric disorders such as depression that the findings are equivocal in regards 

to TSPO as a biomarker of neuroinflammation. During the writing of this review, a report 

appeared of a meta-analysis in individual participant data of TSPO-PET studies in first-

episode schizophrenia patients with psychosis and healthy controls [Plaven-Sigray et al., 

2018]. The meta-analysis concludes that overall, brain TSPO levels are decreased in 75 

schizophrenia participants relative to 77 healthy controls from five independent studies. This 

meta-analysis provides evidence of a decrease in TSPO levels in the schizophrenia brain 

relative to aged-matched healthy controls using PET imaging and provides a compelling 

reason to study the recommendations outlined in this review.

While there are differences amongst the TSPO-PET studies in schizophrenia in regards to 

TSPO radioligand used, PET imaging quantification with and without radioligand plasma 

input data and analytical methods used, medicated vs naïve subjects, as well as corrections 

for the human TSPO polymorphism and vascular radioligand binding; there are other 

important factors that have not been considered and are delineated in this review. From the 

perspective of using preclinical animal models, it is critically important that rigorous 

experimental design and interpretation of results be provided so that potential confounding 

factors are eliminated to reduce paradoxical findings and increase the reliability and 

reproducibility of the results. These considerations of rigor and authentication will go a long 

way to bring clarity so that the TSPO biomarker field is not turned up-side-down as has 

recently happened with studies on the function of TSPO. To this end, a remaining point of 

contention in the literature is the cellular sources of the TSPO response to brain injury and 

neuroinflammation which is often and still described by a significant number of publications 

in the literature as an exclusively microglial response. The current availability of well-

validated and specific TSPO antibodies and computer-based software for microscopy and 

image analysis of confocal images now make it possible to provide accurate, reliable, and 

direct results on the cellular sources of the TSPO response with quantitative analysis of 

signal colocalization with glial markers in any human brain disease or preclinical model in 
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which brain tissue samples are available. Using this type of approach, there is evidence that 

the TSPO response to different brain pathologies is derived from both microglia and 

astrocytes, although they may have different temporal profiles and degree of induction. The 

ready dismissal of the nature of the TSPO response to be less than a complex interaction of 

microglia and astrocytes, “a glial response”, in the context of diverse brain pathologies or 

neurodegenerative/mental disorders and their progression is no longer tenable and will not 

provide a near term solution, but it will delay the inevitable reality of how nature works. The 

progression of science will eventually provide the correct answer since “in science, truth 
always wins” (Nobel Prize winner Max Perutz; http://www.vega.org.uk/video/

programme/1).
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Figure 1: 
Temporal colocalization of TSPO with glial markers in wildtype (WT) and Sandhoff disease 

(SD) mice in the thalamus. A) Representative triple labeled immunofluorescent confocal 

images in the thalamus of WT and SD mice at four different ages. Triple labeled 

immunofluorescent confocal imaging confirmed that TSPO colocalized with the microglial 

marker Mac-1 as indicated by the purple and magenta colors and astrocyte marker GFAP as 

indicated by the yellow color. B) In the thalamus, the percent colocalization of TSPO with 

Mac1 follows a similar pattern in both the WT and SD mice, with a more pronounced effect 

in the SD mice. The percent colocalization between TSPO and Mac-1 increases with age in 

both WT and SD mice and peaks at the 2 months of age. C) The percent colocalization 

between TSPO and GFAP also differs significantly between WT and SD mice, due to the 

low signal of both in the WT mice. In the SD mice, we observed a high degree of 
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colocalization beginning at 1.5 months and remaining at 3 months of age. Each value 

represents the mean ± SEM. n = 3 – 4 animals and experiments.

“Reprinted from Neurobiology of Disease, 85, MK Loth, J Choi, JL McGlothan, MV 

Pletnikov, MG Pomper, TR Guilarte, TSPO in a murine model of Sandhoff disease: 

presymptomatic marker of neurodegeneration and disease pathophysiology, 174-186, 2016, 

with permission from Elsevier.”
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Table 1:

Representative animal and human studies in which the TSPO response is attributed only to microglia.

Human Disease or Animal Model Experimental Methods Experimental Shortcoming Reference

Autoimmune Encephalomyelitis (rats) PET imaging; western blot and 
immunohistochemistry

Single time point; no signal 
colocalization analysis 
performed.

Abourbeh et 
al., 2012

Excitotoxicity using quinolinic acid 
(rats)

Microglia in title; SPECT imaging; 
autoradiography and immunohistochemistry

No GFAP 
immunohistochemistry 
performed.

Arlicot et al., 
2008

Facial nerve axatomy (rats) Emulsion microautoradiography; microglia 
immunohistochemistry

GFAP immunohistochemistry 
noted but not shown.

Banati et al., 
1997

Rasmussen’s encephalitis (human) PET imaging; immunohistochemistry Assumed astrocytes do not 
contribute to TSPO signal. 
GFAP immunostaining not 
performed. Emulsion 
autoradiography with GFAP 
staining not performed.

Banati et al., 
1999

Multiple Sclerosis (human, rats) PET imaging; autoradiography and 
immunohistochemistry

GFAP immunohistochemistry 
noted but not shown.

Banati et al., 
2000

Status Epilepticus (rats) PET imaging; autoradiography and 
immunohistochemistry

High degree of correlation of 
TSPO PET signal with both 
microglia and astrocytes. No 
double label of TSPO with glial 
markers. Only microglia 
correlation is noted in 
manuscript title.

Brackhan et 
al., 2016

Alzheimer’s disease dementia (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Cagnin et al., 
2001b

Multiple Sclerosis (human) PET imaging; no assessment of microglia No postmortem tissue 
immunohistochemistry 
performed.

Debruyne et 
al., 2003

Lipopolysaccharide (LPS) (rats) PET imaging; autoradiography and 
immunohistochemistry

Increased microglia and 
astrocyte staining; no double 
label with TSPO performed; 
only microglia is noted in 
manuscript title.

Dickens et 
al., 2014

Multiple system atrophy (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Gerhard et 
al., 2003

Corticobasal degeneration (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Gerhard et 
al., 2004

Ischemic stroke (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Gerhard et 
al., 2005

Idiopathic Parkinson’s disease (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Gerhard et 
al., 2006a

Progressive Supranuclear Palsy 
(humans)

PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Gerhard et 
al., 2006b

Parkinson’s Disease (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Ghadery et 
al., 2017

Alzheimer’s Disease (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Groom et al., 
1995
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Human Disease or Animal Model Experimental Methods Experimental Shortcoming Reference

Lipopolysaccharide (LPS) (non-human 
primates)

PET imaging; immunohistochemistry Individual TSPO, microglia, and 
astrocyte imaging. No double 
label immunostaining 
performed.

Hannestad et 
al., 2012

Corticobasal degeneration (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Henkel et al., 
2004

Microglia depletion and activation 
(nonhuman primates)

PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Hillmer et 
al., 2017a

Alcohol Dependence (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Hillmer et 
al., 2017b

Creutzfeldt-Jakob Disease (human) PET imaging No TSPO, microglia, or 
astrocyte postmortem tissue 
immunohistochemistry 
performed.

Iaccarino et 
al., 2017

Fatal Familial Insomnia (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Iaccarino et 
al., 2018

Head Injury (mice) microPET imaging; autoradiography; 
immunohistochemistry

High degree of correlation of 
TSPO PET signal with both 
microglia and astrocytes. No 
double label of TSPO with glial 
markers. Only microglia 
correlation is noted in 
manuscript title.

Israel et al., 
2016

Lipopolysaccharide (LPS) (rabbit) microPET imaging; immunohistochemistry No astrocyte staining; no double 
label immunohistochemistry.

Kannan et 
al., 2007

Amnestic mild cognitive impairment 
(human)

PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Knezevic et 
al., 2017

Neuropathic Osteoarthritic Pain (rats) Receptor binding; autoradiography; 
immunohistochemistry

No astrocyte staining performed; 
no TSPO double-label 
immunohistochemistry 
performed.

Miller et al., 
2013

Alzheimer’s Disease (5XFAD mice); 
postmortem human tissue from 
sporadic Alzheimer’s disease

microPET imaging; autoradiography; 
immunohistochemistry

One age of animals used. No 
signal colocalization and 
analysis performed.

Mirzaei et 
al., 2016

Ischemic stroke (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Pappata et 
al., 2000

Huntington’s Disease (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Politis et al., 
2015

Lipopolysaccharide (LPS) (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed. Referenced 
nonhuman primate study of a 
single animal [Hannestad et al., 
2012].

Sandiego et 
al., 2015

Global forebrain ischemia (rats) Autoradiography; immunohistochemistry One time point; no double label 
of TSPO with glial markers; 
visual inspection of TSPO 
binding with 
immunohistochemistry.

Stephenson 
et al., 1995

Huntington’s Disease (human) PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Tai et al., 
2007
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Human Disease or Animal Model Experimental Methods Experimental Shortcoming Reference

Alzheimer’s disease (human) PET imaging Presumed TSPO staining in 
arteries and veins in brain. No 
microglia or astrocyte 
immunohistochemistry.

Tomasi et al., 
2008

Alcohol (rats) microPET imaging; histological staining of 
microglia

No staining of astrocytes. Toyama et 
al., 2008

Amyotrophic Lateral Sclerosis (ALS; 
human)

PET imaging No postmortem tissue 
immunohistochemistry 
performed.

Turner et al., 
2004

AIDS (non-human primates) PET imaging; autoradiography and 
immunohistochemistry

No double label or quantitative 
analysis signal colocalization.

Venneti et 
al., 2004

Traumatic Brain Injury (TBI) (rats) Autoradiography (in vitro and ex-vivo) and 
immunohistochemistry

No quantitative analysis of 
signal colocalization.

Venneti et 
al., 2007

Cerebral Infarcts, Amyotrophic Lateral 
Sclerosis, Alzheimer Disease, 
Frontotemporal Dementia, and Multiple 
Sclerosis (humans)

Autoradiography and immunohistochemistry No quantitative analysis signal 
colocalization.

Venneti et 
al., 2008

Alzheimer’s disease postmortem tissue 
(human) APP/PS1 transgenic mice

MicroPET studies; autoradiography; 
immunohistochemistry

No quantitative analysis of 
signal colocalization.

Venneti et 
al., 2009

Multiple Sclerosis (MS) (humans) and 
Experimental Autoimmune 
Encephalomyelitis (EAE) (mice)

PET imaging; autoradiography and 
immunohistochemistry

No astrocyte 
immunohistochemistry; no 
double label 
immunohistochemistry

Vowinckel et 
al., 1997

Epilepsy (rats) microPET imaging; No postmortem tissue 
immunohistochemistry 
performed.

Yankam 
Njiwa et al., 
2016
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