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Abstract 

Neuroinflammation is an important component of many neurodegenerative diseases, whether as a primary cause or 
a secondary outcome. For that reason, either as diagnostic tools or to monitor progression and/or pharmacological 
interventions, there is a need for robust biomarkers of neuroinflammation in the brain. Mitochondrial TSPO (18 kDa 
Translocator protein) is one of few available biomarkers of neuroinflammation for which there are clinically available 
PET imaging agents. In this study, we further characterised neuroinflammation in a mouse model of prion‑induced 
chronic neurodegeneration (ME7) including a pharmacological intervention via a CSF1R inhibitor. This was achieved 
by autoradiographic binding of the second‑generation TSPO tracer, [3H]PBR28, along with a more comprehensive 
examination of the cellular contributors to the TSPO signal changes by immunohistochemistry. We observed regional 
increases of TSPO in the ME7 mouse brains, particularly in the hippocampus, cortex and thalamus. This increased TSPO 
signal was detected in the cells of microglia/macrophage lineage as well as in astrocytes, endothelial cells and neu‑
rons. Importantly, we show that the selective CSF1R inhibitor, JNJ‑40346527 (JNJ527), attenuated the disease‑depend‑
ent increase in TSPO signal, particularly in the dentate gyrus of the hippocampus, where JNJ527 attenuated the 
number of Iba1+ microglia and neurons, but not GFAP+ astrocytes or endothelial cells. These findings suggest that 
[3H]PBR28 quantitative autoradiography in combination with immunohistochemistry are important translational tools 
for detecting and quantifying neuroinflammation, and its treatments, in neurodegenerative disease. Furthermore, we 
demonstrate that although TSPO overexpression in the ME7 brains was driven by various cell types, the therapeutic 
effect of the CSF1R inhibitor was primarily to modulate TSPO expression in microglia and neurons, which identifies an 
important route of biological action of this particular CSF1R inhibitor and provides an example of a cell‑specific effect 
of this type of therapeutic agent on the neuroinflammatory process.
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Introduction
Many neurodegenerative diseases, such as Alzheimer’s, 
Parkinson’s and prion diseases, share  related pathoge-
netic mechanisms involving aggregation and deposition 
of misfolded proteins, leading to progressive neuronal 
degeneration of the central nervous system (CNS). 
Another common pathological hallmark of neurodegen-
eration appears to be chronic neuroinflammation, medi-
ated by disease-associated activation of microglia and 
astrocytes [1]. Attempting to modulate and attenuate 
these inflammatory processes has become an important 
focus of clinical neuroscience research.

Mitochondrial TSPO (18  kDa Translocator protein) 
is one of the few available biomarkers of neuroinflam-
mation for which there are clinically available positron 
emission tomography (PET) imaging agents. TSPO is an 
outer mitochondrial membrane protein whose role is not 
completely elucidated [2–5], but is purported to be impli-
cated in a variety of cellular and mitochondrial functions, 
including biosynthesis of steroids and haeme, porphyrin 
transport, apoptosis, cell proliferation, and neuromodu-
lation [6, 7]. Overall there is an emerging consensus that 
the primary role of TSPO may be in regulation of cellular 
metabolic processes [8], many of which are also recruited 
during inflammation [9]. Accordingly, using PET imag-
ing, increased TSPO signal has been observed in a range 
of human neurodegenerative diseases with an inflamma-
tory component, such as simian immunodeficiency virus 
encephalitis [10], multiple sclerosis [11], Huntington’s 
[12] and Alzheimer’s disease [13].

Given the extensive evidence that TSPO is upregu-
lated in neuroinflammation, there is a significant clini-
cal interest in optimising TSPO PET imaging to better 
capture various facets of inflammation in human brain 
disorders [14, 15]. A number of radiotracers have thus 
been developed to visualize TSPO in the brain. One of 
the earliest TSPO PET tracers is [11C]PK11195, still rou-
tinely used in clinical imaging but hampered by the poor 
signal-to-noise ratio arising from its low binding affinity 
[16, 17]. To overcome this problem, numerous ‘second-
generation’ TSPO PET tracers with increased affinity 
have been developed, including [11C]PBR28 [18]. How-
ever, the clinical use of these second-generation tracers is 
complicated by a single nucleotide polymorphism in the 
Tspo gene that alters its binding affinity in a proportion 
of humans. This necessitates genotyping of subjects along 
with excluding human participants who exhibit the “low 
affinity binder” status [19, 20]. Interestingly, this phe-
nomenon has not been detected in rodents.

Although increased TSPO expression has histori-
cally been mostly associated with microglial activa-
tion, TSPO is now known to be expressed in almost all 
CNS cells including astrocytes, neurons and endothelial 

cells [21–27], all of which may also be involved in, or be 
affected by neuroinflammation [28]. Hence, to effectively 
utilise TSPO as a marker of neuroinflammation in gen-
eral, as well as to ascertain its specificity in neurodegen-
eration, it is important to understand the contribution 
of these cell types toward the TSPO signal during vari-
ous pathologies and therapeutic interventions [21]. To 
this end, we examined the expression and distribution 
of TSPO in a murine model of prion disease, the ME7 
mouse. Prion diseases are a group of chronic transmis-
sible neurodegenerative diseases, characterized by both 
progressive neuronal loss and neuroinflammation [29, 
30]. Prion disease experimental models are robust and 
tractable laboratory tools to study these pathological 
processes [31, 32]. Using the ME7 mouse, we previously 
corroborated the ability of the selective colony stimulat-
ing factor receptor 1 (CSF1R) inhibitor, JNJ-40346527 
(JNJ527), to significantly block microglial proliferation. 
This was demonstrated by the reduced binding of the first 
generation TSPO tracer, [3H]PK11195, using autoradiog-
raphy [33]. Here, we extended these examinations further 
to (1) explore the sensitivity of the second-generation 
TSPO radiotracer [3H]PBR28 to detect neuroinflamma-
tion, and pharmacological modulation of microglia pop-
ulation by JNJ527, in the ME7 model, and (2) investigate 
the origin of the acquired TSPO signal changes in terms 
of their cellular composition.

Methods
Animals—experimental model of prion disease
C57BL/6J mice (n = 7–8/group) were housed under 
controlled environmental conditions (22 ± 1  °C and a 
12-h light/12-h dark cycle) with free access to food and 
water. To induce prion disease, 10-week-old mice were 
anaesthetized with a ketamine/xylazine mixture (85 and 
13 mg/kg), and 1 µl of either ME7-derived (ME7 animals) 
brain homogenate (10% w/v) or normal brain homoge-
nate (NBH animals) was injected stereotaxically and 
bilaterally in the CA1 layer of dorsal hippocampus, at 
coordinates from Bregma: anteroposterior, − 2.0 mm; lat-
eral, ± 1.7 mm; depth, − 1.6 mm [34]. JNJ527 was incor-
porated into mouse chow 12 weeks after prion infection 
as previously described by Olmos-Alonso [35], for a final 
dose of 30 mg/kg with an average daily ingestion of 5 g of 
food per mouse for 4 weeks. All animal studies were ethi-
cally reviewed and carried out in accordance with Ani-
mals (Scientific Procedures) Act 1986 and the GSK Policy 
on the Care, Welfare and Treatment of Animals.

Tissue collection
Immediately after the treatment, at the age of 26 weeks, 
prion-infected and age-matched control (NBH) mice 
were terminally anaesthetized with an overdose of 
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sodium pentobarbital and transcardially perfused with 
0.9% saline. Whole brains were excised and divided into 
two hemispheres. One hemisphere was flash frozen in 
chilled isopentane (ca. − 35  °C) and stored at − 80  °C 
until required for autoradiography. The other hemi-
sphere was placed in 4%  w/v paraformaldehyde (PFA) 
for 24 h, followed by immersion in 30% w/v sucrose solu-
tion and stored at 4  °C until required for assessment by 
immunohistochemistry.

Autoradiography
Brain hemispheres from normal brain homogenate 
(NBH) control group, ME7 and ME7 + JNJ527 mice 
(n = 7–8/group) were coronally cryosectioned at 20-µm 
thickness, mounted directly onto glass slides and pro-
cessed for autoradiography as described previously [33].

Briefly, slides were incubated with 100 mM Tris–HCl, 
containing 1  nM [3H]PBR28 (specific activity 82.8  Ci/
mmol, generously provided by Dr. David R. Owen, 
Imperial College) for 30 min, washed twice for 6 min in 
100 mM Tris–HCl, rinse-dipped in  dH2O and air dried. 
Non-specific binding was determined on adjacent sec-
tions in the presence of unlabelled PK11195 (20  µM; 
Sigma-Aldrich, #85532-75-8). Slides were exposed to trit-
ium-sensitive film (Amersham Hyperfilm MP, GE Health-
care) in autoradiography cassettes together with a set of 
tritium standards ([3H] Microscale, American Radiola-
belled Chemicals, #art-0123A) for 6  weeks. Quantita-
tive analysis was performed using MCID image analyzer 
(Image Research, Canada), and the brain structures were 
identified using the mouse brain atlas of Franklin and 
Paxinos [36]. Cortex, hippocampus and thalamus regions 
of interest (ROI) were analysed by freehand drawing tools 
in two consecutive sections per brain (i.e., total and non-
specific binding  sections (NSB) were taken adjacently). 
Data are represented as individual mouse reading from 
the average of two sections from each ROI per animal.

Histology
The remaining hemispheres from NBH (controls), ME7 
and ME7 + JNJ527 mice (n = 7–8/group) were cut at 
35  µm thickness using the HM 430 Sliding Microtome 
(Thermo Fisher Scientific).

Immunohistochemistry for TSPO (ab109497, Abcam) 
and triple immunofluorescence of TSPO (ab109497, 
Abcam), Iba1 a marker for both microglia and mac-
rophages (ab5076, Abcam) and GFAP astrocytes (ab4674, 
Abcam); along with triple immunofluorescence of TSPO 
(ab109497, Abcam), NeuN for neurons (266006, Synaptic 
Systems) and CD31 for vascular endothelium (AF3628, 
R&D Systems) were performed to determine brain TSPO 
protein expression and TSPO cellular sources.

Free floating sections were incubated in citrate buffer 
pH = 8 at 80 °C for 30 min and 0.3% v/v H2O2 to block 
for endogenous peroxidase activity (only for bright field 
immunohistochemistry), and with 10%  w/v milk and 
0.3%  v/v Triton X‐100 in TBS for 40  min. After rinses 
with tris buffered saline (TBS), sections were incu-
bated overnight at 4  °C with rabbit anti‐TSPO antibody 
(1:10,000 in blocking solution, ab109497, Abcam) for 
bright field immunohistochemistry, and with a mix of 
primary antibodies for immunofluorescence (see Addi-
tional file  1: Table  S1). After washes with TBS, sections 
were incubated with the appropriate biotinylated (Vec-
tor Labs) or Alexa-conjugated secondary antibodies (see 
Additional file 1: Table S1).

Immunohistochemistry
For bright field immunohistochemistry, following rinsing, 
the sections were incubated with Vectastain Elite ABC 
peroxidase kit (Vectors Labs) and developed with diam-
inobenzidine (DAB). Sections were mounted with DPX 
and images were captured at 40× magnification with 
photomicrographs captured using a Virtual Slide Micro-
scope VS120 (Olympus Life Science). ROIs from the cor-
tex, hippocampus and thalamus (3–4 sections/ROI) were 
analysed by measuring the percentage area covered by 
TSPO in 8640 µm × 8640 µm images using ImageJ (NIH, 
USA) and the average of an individual mouse from all 
available sections (3–4) from each region of interest per 
animal was represented.

Immunofluorescence
For immunofluorescence, sections were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) and mounted 
with FluorSave™ mounting medium (345789-20, Cal-
biochem). Imaging was performed using an inverted 
spinning disc confocal microscope system (Nikon 
Eclipse T1). For relative quantification of immunofluo-
rescence, one 2490  µm × 2490  µm photomicrographs 
containing series of ~ 10 µm deep Z stacks, correspond-
ing to ~ 12 optical sections at 60× fields from the three 
fluorescence channels were captured from a dentate 
gyrus area of the hippocampus (approximately Bregma 
− 3.24  mm) per animal. For each photomicrograph, the 
total number of (i) Iba1+ cells (microglia/macrophages), 
(ii) GFAP+ cells (astrocytes), (iii) NeuN+ cells (neu-
rons), (iv) TSPO+Iba1+ cells (microglial/macrophages 
cells expressing TSPO protein), (v) TSPO+GFAP+ 
cells (astrocytic cells expressing TSPO protein), (vi) 
TSPO+NeuN+ cells (neuronal cells expressing TSPO 
protein) and (vii) TSPO+CD31+ area (endothelial area 
expressing TSPO protein) were counted using NIS Ele-
ments Nikon software by thresholding, with DAPI 
stained nuclei as counterstain as follows. For the analysis 
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of Iba1+ cells, GFAP+ cells and NeuN+ cells, two chan-
nel images of each field were analysed, the DAPI staining 
image was converted to a DAPI staining mask, and the 
specific staining image to a specific staining mask. A third 
mask corresponding to the nuclei of the immunostained 
cells was created using the combined image. Finally, 
immunostained cell nuclei were counted using the “Ana-
lyze Particles” tool. For the analysis of TSPO+Iba1+ 
cells, TSPO+GFAP+ cells and TSPO+NeuN+ cells, 
three channel images were analysed per each field and 
the final mask corresponded to the nuclei of the double 
immunostained cells.

Statistics
Autoradiography data were analysed using a mixed-
effects model ANOVA with ROI as within-subject fac-
tor and treatment group as between-subject factor 
followed by post hoc Sidak tests. The remaining data 
were analysed using a one-way ANOVA followed by 
post hoc Tukey tests. Quantitative data are expressed as 
mean ± standard error of the mean (SEM) and analysed 
with GraphPad Prism (version 8). p value < 0.05 was con-
sidered to be statistically significant.

Results
Increased [3H]PBR28 binding in ME7‑prion mice 
and pharmacological attenuation by JNJ527
We previously demonstrated that the selective CSF1R 
inhibitor JNJ527 significantly blocked microglial prolif-
eration in the ME7 mouse model of prion disease, and 
this has been detected by ex  vivo autoradiography with 
the first generation TSPO ligand, [3H]PK11195 [33]. We 
repeated these observations here, and additionally dem-
onstrated the increased sensitivity and specificity of the 
second-generation tracer, [3H]PBR28, to detect TSPO 
signal in this model. [3H]PBR28 showed a complete lack 
of non-specific binding when visually compared to [3H]
PK11195 (Additional file 1: Fig. S1), and a larger relative 
increase in binding to the ME7 brains compared to NBH 
controls with [3H]PBR28 compared to [3H]PK11195 
in cortex (~ twofold vs. 0.9-fold), hippocampus (~ 1.5-
fold vs. 0.95-fold) and thalamus (~ threefold vs. 1.5-fold) 
(Additional file 1: Fig. S1).

Mixed-effects model ANOVA analysis of [3H]PBR28 
autoradiography showed a significant effect of treatment 
group (p < 0.0001) and ROI (p < 0.0001) with no signifi-
cant group × ROI interaction (p = 0.0833) (see Table 1A). 
[3H]PBR28 binding was significantly increased in the 
cortex, hippocampus and thalamus of ME7 vs. NBH 
mice, in line with previous findings [33, 37]. This increase 
was attenuated by the JNJ527 treatment in all areas 
(Fig.  1A, B), although the attenuation appears to be 

greater in the cortex and the hippocampus than in the 
thalamus (Fig. 1A, B).

Increased regional brain TSPO protein expression 
in ME7‑prion mice and pharmacological attenuation 
by JNJ527 in the dentate gyrus of the hippocampus
We next investigated whether the observed increase in 
[3H]PBR28 binding in the brains of ME7 mice was also 
associated with an increased expression of the TSPO pro-
tein. The contralateral hemisphere of each brain used for 
autoradiography was investigated for TSPO expression 
by immunohistochemistry. To this end, tissue sections 
containing regions of the cortex, thalamus and hip-
pocampus were immunostained with an anti-TSPO anti-
body (Fig.  2A). Using thresholding analysis we detected 
a significant effect of treatment group in the cortical 
(p = 0.0026), thalamic (p < 0.0001), and hippocampal 
regions (CA1, p = 0.0001; CA3, p = 0.0021; and the den-
tate gyrus, p < 0.0001) (see Table 1B). Upon post hoc anal-
ysis we demonstrated that TSPO protein expression was 
significantly increased in ME7 vs. NBH in the cortical 
(p = 0.0033), thalamic (p < 0.0001), CA1 (p < 0.0001), CA3 
(p = 0.0051) and dentate gyrus (p < 0.0001) (Fig.  2AB), 
confirming increased TSPO expression in ME7 mice 
compared to NBH across all ROIs. Of the regions studied, 
treatment with JNJ527 significantly reduced the TSPO 
protein expression in the dentate gyrus (p = 0.0090) with 
a trend toward a decrease in the CA1 (p = 0.09, Fig. 2B). 
Of note, we observed a higher degree of variability in 
these immunohistochemistry data than with autoradiog-
raphy, which is commented on later in this manuscript.

JNJ527 attenuates Iba1+ microglial and neuronal cell 
number but not GFAP+ astrocytes in the dentate gyrus 
of ME7‑prion mice
Given the attenuation of TSPO expression by JNJ527 
in the hippocampus, which appeared to be most robust 
in the dentate gyrus, we focused on this brain area. We 
first investigated the impact of JNJ527 induced CSF1R 
inhibition on the microglial, astrocytic and neuronal 
populations (Fig.  3). As expected, we detected an over-
all significant effect of treatment group on the num-
ber of Iba1+ cells (p = 0.0003, Fig.  3B), GFAP+ cells 
(p = 0.0017, Fig.  3C) and NeuN+ cells (p < 0.0001, 
Fig.  3D) (see Table  1C). In line with previous results 
[31, 33, 38, 39], upon post hoc analysis we corroborated 
the increase in the number of Iba1+ cells (p = 0.0002), 
GFAP+ cells (p = 0.0047) and NeuN+ cells (p < 0.0001) 
in ME7 vs. NBH. In addition, a significant reduction was 
induced by JNJ527, in Iba1+ cells (p = 0.0280) and in 
NeuN+ cells (p = 0.0003); however, there was no effect of 
JNJ527 on the number of GFAP+ cells (Fig. 3). We fur-
ther confirmed a significant effect of treatment group on 
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the number of TSPO-positive (TSPO+) cells (p = 0.0596, 
Fig. 3E) and upon post hoc analysis we corroborated the 
increased TSPO+ cells (p = 0.0049) in ME7 vs. NBH and 
a significant reduction induced by JNJ527 (p = 0.0186, 
Fig. 3E).

Increased brain TSPO expression in Iba1+ microglia, 
GFAP+ astrocytes, neurons and endothelium in the ME7 
mice and pharmacological attenuation by JNJ527 in Iba1+ 
microglia and neurons
To investigate the extent to which the changes in TSPO 
expression reflect its expression in microglia, astro-
cytes, neurons or endothelial cells, we performed 
co-localization immunofluorescence. We examined 
the dentate gyrus of the hippocampus, as before, and 
measured microglial and astrocytic activation as well 
as an increase in the neuronal population induced by 
prion disease (Fig.  3). We identified four types of cells, 
based on the expression of TSPO and of specific mark-
ers: (i) TSPO positive that are also positive for Iba1 

(TSPO+Iba1+) for microglia; (ii) TSPO positive that 
are also positive for GFAP (TSPO+GFAP+) for astro-
cytes; (iii) TSPO positive that are also positive for NeuN 
(TSPO+NeuN) for neurons; and iv) TSPO positive that 
are also positive for CD31 (TSPO+CD31) for endothe-
lium (measured here as an area  (mm2) rather than the 
number of cells). Co-localization analysis revealed a 
similar number of TSPO+Iba1+cells (2.26 ± 0.27) and 
TSPO+GFAP+cells (1.15 ± 0.31) in the control mice 
(NBH, Fig. 4A, first column) and a higher TSPO expres-
sion in neurons (5.72 ± 0.29) and area in endothelium 
(18.9 ± 2.9) (NBH, Fig.  4D, first column). Comparison 
between NBH controls and ME7 groups demonstrated 
significant increases in the number of TSPO+Iba1+ cells 
(p < 0.0001, Fig.  4B), TSPO+GFAP+ cells (p = 0.0012, 
Fig.  4C) and TSPO+NeuN+ cells (p < 0.0001, Fig.  4E) 
but not in the TSPO+CD31+ area (p = 0.1571, Fig.  4F) 
(see Table  1D). Post hoc analysis confirmed that ME7 
mice showed a significant (~ 2.2-fold) increase in both 
the number of TSPO+Iba1+ cells (p < 0.0001, Fig.  4B) 

Table 1 Significant main effect of treatment (NBH, ME7, ME7 + JNJ527) across the cortex, thalamus and hippocampal regions

(A) [3H]PBR28 autoradiography. Mixed‑effects repeated measures analysis (F tests and corresponding p values) showing a significant main effect of treatment 
group (normal brain homogenate NBH, ME7 prion infected, and ME7 prion infected treated with JNJ527), a significant main effect of region of interest (ROI; 
cortex, hippocampus and thalamus) but no significant interaction between the two factors. (B) TSPO immunohistochemistry. F tests and corresponding p values 
for an unpaired one‑way ANOVA in the cortex, thalamus and several regions in the hippocampus: CA1, CA3, dentate gyrus (DG). (C) TSPO, Iba1, GFAP and NeuN 
immunofluorescence. F tests and corresponding p values of the effects of treatment (NBH, ME7 and ME7 + JNJ527) for each marker in the DG. (D) Co‑localization 
immunofluorescence analysis of TSPO with Iba1, GFAP, NeuN and CD31. F tests and corresponding p values of the main effect of treatment (NBH, ME7, ME7 + JNJ527) 
for each marker (TSPO and Iba1, TSPO and GFAP, TSPO and NeuN, TSPO and CD31)

(A) [3H]PBR28 autoradiography

 Mixed effects ANOVA factors

   Treatment(NBH, ME7, ME7+JNJ527) F (2,20) = 40.14, p < 0.0001

   ROI(cortex, hippocampus, thalamus) F (1.998, 39.96) = 11.90, p < 0.0001

  Treatment × ROI F (4,40) = 2.227, p = 0.0833

(B) TSPO immunohistochemistry

 ROI Main effect of  treatment(NBH, ME7, ME7+JNJ527)

  Cortex F (2,20) = 8.110, p = 0.0026

  Thalamus F (2,19) = 15.72, p < 0.0001

  CA1 hippocampus F (2,20) = 14.63, p = 0.0001

  CA3 hippocampus F (2,20) = 8.509, p = 0.0021

  Dentate gyrus F (2,20) = 16.30, p < 0.0001

(C) Immunofluoresence in the dentate gyrus

 Marker Main effect of  treatment(NBH, ME7, ME7+JNJ527)

  TSPO F (2,14) = 3.473, p = 0.0596

  Iba 1 F (2,18) = 2.606, p = 0.0003

  GFAP F (2,20) = 1.096, p = 0.0017

  NeuN F (2,16) = 8.395, p < 0.0001

(D) Immunofluoresence co‑localization in the dentate gyrus

 Marker Main effect of  treatment(NBH, ME7, ME7+JNJ527)

  TSPO+ Iba1+ F (2,19) = 16.34, p < 0.0001

  TSPO+ GFAP+ F (2,20) = 10.84, p = 0.0012

  TSPO+ NeuN+ F (2,16) = 34.55, p < 0.0001

  TSPO+ CD31+ F (2,15) = 2.099, p = 0.1571
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Fig. 1 [3H]PBR28 binding in ME7‑prion mice and pharmacological attenuation by JNJ527. A Representative autoradiographs of [3H]PBR28 in NBH 
(normal brain homogenate), ME7 and ME7 + JNJ527 mice brains (upper panels represent total signal and lower panels represent non‑specific 
signal). B Mean signal intensity binding of [3H]PBR28 for cortex, hippocampus and thalamus from the three treatment groups. Each dot represents 
an individual mouse’s data from an average of two consecutive sections from each region of interest. Bars represent mean ± standard error of the 
mean. For ROI placement examples see Additional file 1: Fig. S2A. Statistical differences: significant effect of treatment group (F (2, 20) = 40.14, 
p < 0.0001) and ROI (F (1.998, 39.96) = 11.90, p < 0.0001) with no significant group × ROI interaction (F (4, 40) = 2.227, p = 0.0833). Data were analysed 
with a mixed‑effects model ANOVA with ROI as within‑subject factor and treatment group as between‑subject factor followed by post hoc Sidak 
tests (n = 7–8/group)
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and TSPO+GFAP+ cells (p = 0.0012, Fig. 4C) compared 
to controls, along with a significant (~ 1.8-fold) increase 
in the number of TSPO+NeuN+ cells compared to 
controls (p < 0.0001, Fig.  4E) and an increase in the 
TSPO+CD31+ area [did not reach statistical significance 
(Fig.  4F)]. Treatment with JNJ527 significantly reduced 
the number of TSPO+Iba1+ cells (p = 0.0341, Fig.  4B) 
and TSPO+NeuN+ cells (p < 0.0001, Fig. 4E), but had no 
effect on the number of TSPO+GFAP+ cells (p = 0.9648, 

Fig. 4C) or the TSPO+CD31+ area (Fig. 4F) compared to 
untreated ME7-prion mice.

Discussion
Imaging neuroinflammation in neurodegeneration with 
TSPO PET tracers to monitor response in clinical trials of 
novel therapies has been a major focus of interest in past 
years. However, no clear consensus has yet been reached 
regarding the cellular and functional interpretation of the 

Fig. 2 TSPO regional brain expression in ME7‑prion mice and pharmacological attenuation by JNJ527. A Representative TSPO 
immunohistochemistry images of NBH, ME7 and ME7 + JNJ527 mouse brains. B Quantification of percentage area occupied by TSPO staining in 
brain regions from the three treatment groups. Each single dot represents an individual mouse’s data from the average of 3–4 sections from each 
region of interest per animal. Bars show mean ± standard error of the mean. For ROI placement examples see Additional file 1: Fig. S2B. Statistical 
differences: significant effect of treatment group in the cortical (F (2, 20) = 8.110, p = 0.0026), thalamic (F (2,19) = 15.72, p < 0.0001), and hippocampal 
regions [CA1 (F (2, 20) = 14.63, p = 0.0001), CA3 (F (2, 20) = 8.509, p = 0.0021) and the dentate gyrus (F (2, 20) = 16.30, p < 0.0001)] (Table 1). Data 
were analysed with a one‑way ANOVA followed by post hoc Tukey tests (n = 7–8/group)
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TSPO PET signal. This is most likely driven by the het-
erogeneity of TSPO expression in the brain, its cellular 
sources, as well as binding affinity differences of TSPO 

PET imaging agents. Consequently, we sought to perform 
focused studies to address some of these themes which 
are now reported in this manuscript.

Fig. 3 Microglia/macrophages, astrocytes, neurons and TSPO in the dentate gyrus of the hippocampus in NBH, ME7, ME7 + JNJ527 mice. A 
Confocal photomicrographs from dentate gyrus‑immunostained sections. Microglia/macrophages, Iba1 (purple), astrocytes, GFAP (green), 
neurones, NeuN (cyan) and TSPO (red). B Cell counts expressed as Iba1+ cells, C GFAP+ cells, D NeuN+ cells, E TSPO+ cells from the three 
treatment groups (NBH, ME7 prion infected mice, and ME7+ treatment with JNJ527). Scale bar = 20 μm. Each single dot represents an individual 
mouse’s data from one section from each region of interest from an ROI in the dentate gyrus placed as in Additional file 1: Fig. S2B. Error bars 
represent mean ± standard error of the mean. Statistical differences: significant effect of treatment group on the number of Iba1+ cells (F (2, 
18) = 2.606, p = 0.0003), GFAP+ cells (F (2,20) = 1.096, p = 0.0017) and NeuN+ cells (F (2, 16) = 8.395, p < 0.0001). Data were analysed with a one‑way 
ANOVA followed by post hoc Tukey tests (n = 7–8/group)
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The aims of the current study were (1) to evaluate the 
potential of the second-generation TSPO radiotracer 
PBR28 to measure neuroinflammation by ex  vivo auto-
radiography in a mouse model of chronic prion-induced 
neurodegeneration (ME7) with and without pharma-
cological intervention with a selective CSF1R inhibitor; 
and (2) to investigate the origin of TSPO signal changes 
in terms of cellular sources and regional distribution. 
CSF1R inhibitor JNJ527 is a tool compound that was pre-
viously shown to attenuate microglia proliferation and 
provide therapeutic action in models of neurodegenera-
tion including ME7 prion mice and in the P301S mouse 
tauopathy model [33].

We first performed high resolution ex  vivo TSPO 
autoradiography with [3H]PBR28 which confirmed the 
increased binding, and, therefore, expression of TSPO, in 
the cortical, hippocampal and thalamic brain regions of 
ME7 mice compared to NBH controls. This demonstra-
tion of increased TSPO in experimental prion disease 
aligns with ours and others’ earlier findings using the 
first generation TSPO radiotracer [3H]PK11195 [33, 37]. 
Furthermore, as expected, pharmacological inhibition of 
CSF1R with JNJ527 attenuated the increased [3H]PBR28 
binding (Fig.  1) in multiple brain areas. We also show 
that [3H]PBR28 is superior to [3H]PK11195 with regard 
to the signal to noise ratio (Additional file 1: Fig. S1) and 
the observed effect size of pharmacological intervention 
(Additional file 1: Table S2). These findings are consistent 
with clinical data indicating that [3H]PBR28 appears to 
be more sensitive than [3H]PK11195 for detecting TSPO 
in chronic neuroinflammation in human tissue [40]. Our 
results thus confirm the superiority of second-generation 
TSPO autoradiography to detect neuroinflammation and 
its modulation in neurodegeneration.

To study the cellular composition of TSPO signal we 
used immunohistochemistry. The analysis of immuno-
histochemically stained sections confirmed an overall 
increase in TSPO expression in the cortex, thalamus and 
hippocampus in ME7 mice, compared to NBH controls. 

Unlike in ex  vivo autoradiography; however, JNJ527-
treated animals’ brains showed only a trend toward the 
expected TSPO signal decrease in most of the examined 
areas, with the exception of the hippocampal dentate 
gyrus, where the signal was significantly lower. This dis-
crepancy could be explained by the greater variability of 
immunohistochemistry results compared to ex vivo auto-
radiography. The increased variability is likely resulting 
from the non-linear nature of chromogenic (diaminoben-
zedine) immunohistochemistry signal used here which, 
unlike in immunofluorescence, is not directly related to 
the underlying antigen because of the enzymatic amplifi-
cation steps necessary to produce and visualise coloured 
precipitate in the tissue [41]. In addition, further variabil-
ity may be introduced during the staining process itself, 
as the signal of the background is heavily influenced by 
the length of time the final enzymatic reaction is allowed 
to proceed. Consequently, the quantification of DAB-
based signal is challenging; although we tried to circum-
vent this confound by performing a threshold analysis, 
rather than direct signal quantification, our immunohis-
tochemistry measurements are likely to be less sensitive 
and not as representative of the underlying ground truth, 
compared to autoradiography.

The hippocampus was one area of the brain, where the 
TSPO signal was robustly increased in ME7 mice, seen 
on both autoradiography and immunohistochemistry, 
and this increase was attenuated by JNJ527. Specifically, 
the dentate gyrus, a region with abundance of glial cells 
and an enriched neuronal population, showed a robust 
increase in TSPO signal in ME7 mice, which was signifi-
cantly reduced by treatment with JNJ527 (Fig. 2). For this 
reason, this sub-area of the hippocampus was chosen to 
further examine the cellular specificity of the TSPO sig-
nal. The dentate gyrus is also one of the two principal 
neurogenic niches, where stem cells can differentiate into 
neuroblasts that have the potential to migrate to sites 
of injury in a potential compensatory neural repair role 
[42, 43]. Our interest in the dentate gyrus was furthered 

Fig. 4 TSPO expression in microglia, astrocytes, neurons and endothelium in the dentate gyrus of the hippocampus in the ME7−prion mice. A, 
D Confocal photomicrographs from dentate gyrus‑immunostained sections from NBH, ME7, ME7 + JNJ527 mice. A Microglia/macrophages, Iba1 
(cyan), astrocytes, GFAP (green), and TSPO (red). D Neurons, NeuN (green), endothelial cells, CD31 (purple) and TSPO (red). Scale bar = 20 μm for 
top panels A and D. Magnifications at 50 μm showing TSPO (red) in astrocytic cells (green) and in microglia/macrophages (cyan) (bottom panel 
A) and TSPO (red) in neuronal cells (green) and in the vascular endothelium (purple) (bottom panel D) with their confocal lateral views showing 
co‑localization of TSPO in the different cell types. Nuclear counterstaining was performed with DAPI (blue). For panel A: white arrowsheads: cells 
positive for GFAP and TSPO; empty arrowheads: cells positive for Iba1 and TSPO and for panel D: white arrowsheads: cells positive for NeuN and 
TSPO; empty arrowheads: cells positive for CD31 and TSPO. B Cell counts expressed as TSPO+Iba1+, C cell counts expressed as TSPO+GFAP+ 
cells, E cell counts expressed as TSPO+NeuN+, F area expressed as TSPO+CD31+ area and G representation of TSPO+Iba1+, TSPO+GFAP+ and 
TSPO+NeuN+ cells from the dentate gyrus from the three treatment groups. Each single dot represents an individual mouse’s data from one 
selected section from each region of interest from an ROI in the dentate gyrus placed as shown in Additional file 1: Fig. S2B. Error bars represent 
mean ± standard error of the mean. Statistical differences: significant differences in the number of TSPO+Iba1+ cells (F (2, 19) = 16.34, p < 0.0001), 
TSPO+GFAP+ cells (F (2, 20) = 10.84, p = 0.0012) and TSPO+NeuN+ cells (F (2, 16) = 34.55, p < 0.0001) but not in the TSPO+CD31+ area (F (2, 
15) = 2.099, p = 0.1571). Data were analysed with a one‑way ANOVA followed by post hoc Tukey tests (n = 7–8/group)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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by earlier discoveries that aberrant increased neurogen-
esis takes place during some neurodegenerative sequelae 
including that in experimental prion disease [31]. Given 
that more recent evidence confirms TSPO expression in 
neurons [44], along with the established presence in the 
glial and endothelial cells [26, 45], we were keen to exam-
ine the contribution of neurons, glia and endothelial cells 
to TSPO signal in ME7 mice.

Prior to investigating the cellular diversity of TSPO, we 
examined the response of different cell types individu-
ally to ME7 prion infection. We detected an increased in 
GFAP+ astrocytes, Iba1+ microglia and neurons in the 
dentate gyrus (Fig. 3). Gliosis is consistent with the pres-
ence of neuroinflammation [46]. Microgliosis and astro-
cytosis were previously described in the dentate gyrus 
area of the hippocampus of prion disease mice [32, 38, 
39]. The observed increase in neurons indirectly sup-
ports the aforementioned evidence of increased neuro-
genesis and potentially reflects the aberrant placement of 
neurons [47], although we did not measure neurogenesis 
directly here as this was beyond the scope of the study.

We next examined the relative distribution of TSPO 
by colocalization of TSPO signal with the markers of 
different cell types: Iba1 for microglia/macrophages, 
GFAP for astrocytes, NeuN for neurons and CD31 for 
endothelial cells. We first confirmed the presence of 
TSPO in all those cell types in the control (NBH) mice: 
~ 25% of the total cells were TSPO+Iba1+ cells, ~ 13% 
TSPO+GFAP+ cells and ~ 63% TSPO+NeuN+ cells in 
the control mice (NBH, Fig.  4G). Following ME7 infec-
tion, there was a significant increase in the number of 
all examined TSPO+ cells. The increases were more 
than twofold in Iba1+ microglia and GFAP+ astrocytes 
and ~ 1.8-fold increase in neurons and an increase in 
the endothelium area that did not reach statistical sig-
nificance (Fig. 4F). This finding supports the notion that 
when visualising neuroinflammation by TSPO imag-
ing, one should consider the multi-cellular nature of 
the signal increase. Indeed, our previous study examin-
ing cellular sources of TSPO in a rodent model of acute 
neuroinflammation, the LPS-challenged rat, also found a 
similar diversity of source of TSPO signal which was pre-
sent in all examined cells at baseline, but then increased 
significantly in astrocytes and microglia upon inflamma-
tory insult [21]. Similarly, others have found that TSPO 
positive microglia, astrocytes and endothelium are all 
increased in models of Alzheimer’s-like neurodegenera-
tion [48–51] and in postmortem human Alzheimer’s dis-
ease brains [27].

The relatively novel finding here was of the increase in 
TSPO positive neuronal cells in ME7 mice brains. Given 
the finding of increased neurons in the dentate gyrus, this 
is unsurprising—if there are more neurons, and neurons 

contain TSPO, then it is expected that TSPO signal will 
increase. However, it is also possible that TSPO is func-
tionally upregulated and participates in either the prolif-
eration or redistribution of neurons in ME7 mice. Studies 
have demonstrated the presence of TSPO in immature 
neurons, as well as in differentiating/regenerating neu-
rons [23, 24, 52]. TSPO is involved in the mitochondrial 
intermembrane transport of cholesterol which is the 
necessary precursor for the synthesis of neurosteroids 
[53–56], and both cholesterol and neurosteroids are 
important for neuronal regeneration [57]. Neurosteroids 
are also thought to be associated with promoting adult 
neurogenesis, alongside their other proposed roles of 
modulating synaptic transmission and neuronal network 
formation [58]. To this end, neurosteroids, together with 
their synthetic analogues, as well as TSPO ligands, are 
being investigated as potential therapeutic and neuropro-
tective agents [59–62]. All this, therefore, points toward a 
plausible role for modulatory function of TSPO in prion 
neurodegeneration and neurogenesis.

Examination of the effect of JNJ527 treatment on cells 
in the dentate gyrus revealed a significant reduction of 
the number of Iba1+ microglia/macrophages (p = 0.0280) 
and neurons (p = 0.0003), (Fig. 3B, D), but not of GFAP+ 
astrocytes and endothelium; this was matched by the 
observed reduction in the number of TSPO positive Iba1 
positive microglia/macrophages (p = 0.0341) and neu-
rons (p < 0.0001) (Fig. 4B, E). As CSF1R is thought to be 
expressed exclusively by microglia [34, 63, 64] and its 
inhibition reduces their proliferation, it is unsurprising 
that Iba1+ microglia/macrophages were also reduced 
by this treatment. However, CSF1R is not known to be 
expressed in neurons [38]. Nevertheless, the decrease in 
neuronal cells is in line with our earlier observations that 
pharmacological modulation of microglia with another 
CSF1R inhibitor, GW2580 was able to reduce neuronal 
population and aberrant neurogenesis and restore the 
normal neuronal differentiation [38]. Given that an 
increase in hippocampal neurogenesis was previously 
shown to correlate with the expansion of the microglia 
population [31] the results thus far corroborate the sug-
gested intercellular communication occurring between 
the neurons and microglia in the dentate gyrus of the 
hippocampus during prion induced neurodegeneration.

In summary, our findings show that [3H]PBR28 auto-
radiography is an important translational tool for detect-
ing and quantifying regional neuroinflammation both at 
baseline and following pharmacological intervention. In 
addition, TSPO overexpression in the ME7 mouse model 
of prion disease appears to be driven by a number of 
cell types: microglia/macrophages, astrocytes, neurons 
and endothelial cells. Inhibition of the number of Iba1+ 
microglial cells by JNJ527 induced a decrease in TSPO in 
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both the Iba1+ microglia/macrophages and neurons as a 
consequence of the decrease in the neuronal and Iba1+ 
microglial population. Further work is now warranted to 
explore the nature of the connection between microglia/
macrophages and neurons in the neuroinflammatory and 
neurodegenerative processes.

Researchers utilising TSPO to image neuroinflam-
mation will need to consider the effect of multiple cell 
types contributing to the neuroinflammatory aspect 
of the disease itself and/or the effect of drug treatment 
when interpreting findings. This study also highlights 
the importance of coupling tissue autoradiography with 
relevant histology methods to define and understand the 
biological/cellular framework underpinning the neu-
roinflammatory processes which may differ between 
neurodegenerative diseases and will add to our overall 
interpretation and understanding of image data utilising 
TSPO PET agents.
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