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Abstract

To monitor innate immune responses in the CNS, the 18 kDa Translocator protein

(TSPO) is a frequently used target for PET imaging. The frequent assumption that

increased TSPO expression in the human CNS reflects pro-inflammatory activation

of microglia has been extrapolated from rodent studies. However, TSPO expression

does not increase in activated human microglia in vitro. Studies of multiple sclerosis

(MS) lesions reveal that TSPO is not restricted to pro-inflammatory microglia/macro-

phages, but also present in homeostatic or reparative microglia. Here, we investi-

gated quantitative relationships between TSPO expression and microglia/

macrophage phenotypes in white matter and lesions of brains with MS pathology. In

white matter from brains with no disease pathology, normal appearing white matter

(NAWM), active MS lesions and chronic active lesion rims, over 95% of TSPO+ cells

are microglia/macrophages. Homeostatic microglial markers in NAWM and control

tissue are lost/reduced in active lesions and chronic active lesion rims, reflecting cell

activation. Nevertheless, pixel analysis of TSPO+ cells (n = 12,225) revealed that

TSPO expression per cell is no higher in active lesions and chronic active lesion rims

(where myeloid cells are activated) relative to NAWM and control. This data suggests

that whilst almost all the TSPO signal in active lesions, chronic active lesion rims,

NAWM and control is associated with microglia/macrophages, their TSPO expression

predominantly reflects cell density and not activation phenotype. This finding has

implications for the interpretation of TSPO PET signal in MS and other CNS diseases,

and further demonstrates the limitation of extrapolating TSPO biology from rodents

to humans.
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1 | INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating inflammatory disease

of the central nervous system (CNS). While current anti-inflammatory

strategies targeting the adaptive immune response effectively reduce

the frequency of relapses, they fail to limit the neurodegeneration driv-

ing disease progression and irreversible accumulation of disability. One

potential explanation for this is that innate immune responses, particu-

larly microglia activation linked to aging of the CNS and the immune

system, may be a major contributing factor in neurodegeneration and

irreversible disease progression (Labzin et al., 2018).

The 18 kDa translocator protein (TSPO) is widely used to monitor

innate immune responses in the CNS in neuroinflammatory diseases

using PET imaging in vivo (Banati et al., 2000; Colasanti et al., 2014;

Venneti et al., 2006). While such expression is commonly considered to

reflect activated pathogenic microglia, the early assumption that TSPO

expression increases in human microglia as they become activated was

inferred from animal studies using rodents (Bae et al., 2014; Gottfried-

Blackmore et al., 2008; Karlstetter et al., 2014; Owen et al., 2017;

Wang et al., 2014). However, we recently demonstrated that TSPO

expression in primary human macrophages and microglia does not

increase with classical pro-inflammatory or anti-inflammatory activation

in vitro (Owen et al., 2017). Similarly, TSPO mRNA was reported to be

equal among all different microglia clusters in Alzheimer's disease (Olah

et al., 2020). We subsequently showed that TSPO expression in

microglia co-localizes with both classical pro-inflammatory and anti-

inflammatory phenotypic markers in brains from people with MS

(Nutma et al., 2019). These studies also revealed expression of TSPO in

a substantial number of brain glial cells which were negative for HLA-

DR, a classical marker for activated microglia. In inactive MS lesions and

in the center of chronic active lesions, these TSPO+ cells were mainly

astrocytes. However, in other regions, the identity of these TSPO+,

HLA-DR negative cells was not determined.

Here, we substantially extended the characterization of TSPO+

cells in the MS brain post mortem using a range of microglia and mac-

rophage cell markers (IBA-1, CD68, HLA-DR) to test the hypothesis

that the TSPO+, HLA-DR negative cells were primarily HLA-DR nega-

tive microglia. We also investigated quantitatively the relationship

between TSPO expression and microglia/macrophage phenotypes

across the MS brain. We show that previously unidentified TSPO+

cells are microglia and macrophages and that in control tissue and, in

brains of people with MS, in normal appearing white matter (NAWM),

active lesions and the rim of chronic active lesions nearly all TSPO+

cells (approximately 95%) are microglia and macrophages. As

expected, the phenotype of these cells differs across regions. In

control brain tissue and NAWM in MS, microglia and macrophages

predominantly express IBA-1 and CD68, while in active MS lesions

HLA-DR expression appears in addition. As previously documented,

P2ry12 and TMEM119 are expressed in control tissue and NAWM

microglia, but expression is lost or reduced in active lesions and in the

rims of chronic active lesions. Nevertheless, despite the phenotypic

change in microglial cells in control and NAWM relative to active and

rim of chronic active lesions, the TSPO pixel count per cell is similar

across regions. We conclude that the increased TSPO expression in

the MS brain can be attributed to an increase in microglia and macro-

phage cell density predominantly and not due to activation of these

cells. This is unlike the rodent brain, where both factors can contribute

substantially in inflammatory pathology.

2 | MATERIALS AND METHODS

2.1 | Human brain tissue

Human brain tissues were obtained from 19 MS patients diagnosed

by the McDonald criteria (Polman et al., 2005) and six age-matched

controls with non-neurological conditions (Table 1). Controls were

selected from a larger cohort based on the clinical and pathological

profile and were excluded if they were recorded as having neurologi-

cal disorders, cancer or other inflammatory CNS diseases. The rapid

autopsy regime of the Netherlands Brain Bank in Amsterdam (coordi-

nator, Dr. I. Huitinga) was followed to obtain donor tissues. Partici-

pants or next of kin had given informed consent for brain autopsy and

for use of their tissue for research purposes.

Tissues were fixed in 4% paraformaldehyde, processed, and

embedded in paraffin. Tissues were selected and classified based on

the size and type of lesion for quantitative analyses. Identification of

the lesions was acquired by immunohistochemistry for myelin pro-

teolipid protein (PLP) to detect myelin loss and HLA-DR to detect

microglia and macrophage activation (van der Valk & De Groot, 2000).

2.2 | Immunofluorescence

Paraffin sections were immersed in xylene for 5 min for de-

paraffinization and rehydrated in descending concentrations of etha-

nol and washed in phosphate buffered saline (PBS). To reduce

autofluorescence sections were incubated in 0.1% glycine for 10 min.

Antigen retrieval was performed with citrate or TRIS buffer in the

microwave (10 min, 180 Watt). Sections then were incubated with

primary antibodies diluted in antibody diluent (Sigma, U3510) over-

night, washed and afterwards incubated with Alexa Fluor®-labeled

secondary antibodies for 1 h at room temperature (Table 2). Auto-

fluorescent background signal was reduced with Sudan black (0.1% in

70% EtOH) for 10 min after which sections were thoroughly rinsed.

Nuclei were stained with 4,6-diami-dino-2-phenylindole (DAPI) and

mounted with Fluormount (Invitrogen; #00-4959-52). For all fluores-

cent staining procedures, negative controls in which either the pri-

mary or secondary antibodies were omitted were used to control the

presence of background signal.

2.3 | Imaging and quantitative analyses

Images of each lesion type were collected using a Leica DM6000

microscope (Leica Microsystems, Heidelberg, Germany) for
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fluorescent images. Images were obtained randomly in the white mat-

ter of controls, and from MS in normal appearing white matter

(NAWM) and white matter lesions. Pictures were analyzed using

ImageJ software and stained cells were counted manually using the

cell counter plugin (de Vos, University of Sheffield, UK). Cells were

counted as single, double, or triple positive based, and co-localization

of markers was based on observation of overlapping fluorescent

signal. To justify the accuracy of the counting, 18 pictures were manu-

ally counted by three independent observers (EN, EG, MM). The inter-

observer consistency was evaluated, resulting in a correlation coeffi-

cient of >0.90. For the Sholl analysis, microglia were manually traced

using ImageJ software. Afterwards, the traced microglial masks were

analyzed using the Sholl Analysis Plugin (Ferreira et al., 2014). Data

was analyzed using GraphPad Prism 8.2.1 software. All data was

TABLE 1 Clinical details of multiple sclerosis and control cases

Case Age Sex Diagnosis Duration, years PM delay (h:min) Cause of death

1 50 F SPMS 17 7:35 Euthanasia

2 66 F PPMS 13 9:35 Euthanasia

3 77 F PPMS 24 10:00 Euthanasia

4 54 F Unknown 27 9:25 Respiratory failure

5 63 F Unknown Unknown 10:50 Unknown

6 70 M SPMS 38 9:25 Euthanasia

7 61 M SPMS 18 9:15 Euthanasia

8 60 F SPMS 10 10:40 Euthanasia

9 64 F SPMS 31 10:10 Urinary tract infection by MS

10 56 M SPMS 14 10:10 Unknown

11 71 M Unknown Unknown 7:15 Urinary tract infection and pneumonia

12 70 M SPMS 38 9:25 Euthanasia

13 45 M PPMS 10 7:45 Pulmonary embolism or cardiac arrest

14 63 M Unknown Unknown 10:00 Aspiration pneumonia and sepsis

15 63 M Unknown Unknown 11:00 Aspiration pneumonia and sepsis

16 67 M SPMS 38 11:00 Sudden death with MS, pneumonia

17 77 F Unknown Unknown 9:45 Aspiration pneumonia

18 35 F SPMS 10 10:20 Euthanasia

19 66 F Unknown Unknown 09:30 Euthanasia

Controls

1 49 M Control N/A 6:15 Euthanasia/Hodgkin's lymphoma

2 56 M Control N/A 14:00 Heart failure

3 81 M Control N/A 5:30 Metastasis prostate carcinoma

4 92 F Control N/A 7:00 Acute death/probably pulmonary embolism

5 62 M Control N/A 7:20 Unknown

6 71 M Control N/A 8:55 Pancreatic and rectal carcinoma with hepatic metastases

Abbreviations: F, female; M, male; MS, multiple sclerosis; N/A, not applicable; PM, post-mortem; PP, primary progressive; SP, secondary progressive.

TABLE 2 Antibodies for

immunohistochemistry
Antigen Host Source Antibody Dilution

CD68 Mouse DAKO M0814 1:500

CD68 Rabbit Atlas Antibody HPA048982 1:4000

HLA-DP,-DQ,-DR Mouse DAKO M0775 1:400

HLA-DR (LN3) Mouse Biolegend 327,011 1:750

IBA-1 Rabbit Wako 1,919,741 1:10.000

TSPO (PBR) Goat Novus Biologicals NB100-41398 1:750

P2RY12 Rabbit ANASPEC AS55042A 1:200

TMEM119 Rabbit Merck HPA051870 1:250
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tested for normal distribution, using the Shapiro–Wilk normality test

(Ghasemi & Zahediasl, 2012). Significant differences between the

lesions were tested using the one-way analysis of variance

test (ANOVA), (Kim, 2017) or the Kruskal-Wallis test, in case of

non-normally distributed data. When positive, Dunnett's post-hoc

analysis was performed to analyze which groups differ significantly

from their respective control or NAWM in MS tissue (Lee &

Lee, 2018). Data was considered significant when p < .05.
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F IGURE 1 Expression of HLA-DR/DP/DQ in white matter lesions in MS. Representative images of HLA-DR/DP/DQ expression in control
(a) and multiple sclerosis lesions (b–d); Active (b), chronic active (CA) rim (c) and inactive (d) lesions. (e) Quantitative analysis of the number of
HLA-DR and HLA-DR/DP/DQ positive cells showed an increase in active lesions compared to control and NAWM tissues. (f) HLA-DR positive
cells and HLA-DP/DQ/DR positive cells from single immunostainings show an overlap in the number of positive stained cells. ****p < .0001. Scale
bar = 50 μm. NAWM = normal appearing white matter, CA = chronic active
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F IGURE 2 Expression of microglia/macrophage markers in white matter lesions in MS. Representative images of HLA-DR, IBA-1 and
CD68 expression in control (a) and multiple sclerosis lesions (b–d); Active (b), chronic active (CA) rim (c) and inactive (d) lesions.
(e) Quantitative analysis of the number of positive cells for the three microglia/macrophage markers showing an increase in
microglia/macrophage cell density in the active lesion areas (f ). ****p < .0001. Scale bar = 50 μm. CA, chronic active; NAWM, normal
appearing white matter

NUTMA ET AL. 2451



TSPO

A
C

T
IV

E

HLA-DR IBA-1 TSPO / HLA-DR / IBA-1

TSPO / HLA-DR / CD68

TSPO / IBA-1 / CD68

TSPO

A
C

T
IV

E

HLA-DR CD68

TSPO

A
C

T
IV

E

IBA-1 CD68

TSPO

A
C

T
IV

E

HLA-DR TSPO / HLA-DR 

(j)(i)(h)

(g)(f)(e)

(a)

(b)

(c)

(d)

F IGURE 3 Legend on next page.

2452 NUTMA ET AL.



3 | RESULTS

3.1 | Expression of microglia and macrophage
markers in multiple sclerosis lesions

The LN3 antibody (Table 2) was used to denote the expression of HLA-

DR in human tissues (Peferoen et al., 2015). To investigate whether the

lack of expression of HLA-DR by some microglia or macrophages is due

to the antibody specificity we used another antibody (CR3/43)

targeting HLA-DR, DP and DQ. We compared expression in the white

matter of controls (Figure 1(a)) with non-neurological diseases, and in

NAWM, active (Figure 1(b)), chronic active (Figure 1(c)), and inactive

(Figure 1(d)) MS lesions in post mortem tissue. Immunostaining of HLA-

DR, DP, DQ, and HLA-DR showed a complete overlap with HLA-DR in

all MS and control cases. The number of cells positive for both HLA-DR

and HLA-DR, DP, DQ was increased four-fold in active lesions com-

pared to control (p < .0001) or NAWM (p < .0001, Figure 1(e)).

To characterize the distribution of the markers IBA-1, CD68 and

HLA-DR, a triple staining was performed in control (Figure 2(a)), and in

NAWM, active (Figure 2(b)), chronic active (Figure 2(c)), and inactive

(Figure 2(d)) MS lesions. In control and NAWM, most microglia and mac-

rophages (64%, SEM 6%) were positive for IBA-1 and CD68 but negative

for HLA-DR (Figure 2(e)). The few remaining cells were triple positive.

However, in active white matter lesions and the rim of chronic active

lesions, most microglia and macrophages (76%, SEM 19%) were triple

positive, and the few remaining cells were double (either IBA-1/CD68,

IBA-1/HLA-DR, or HLA-DR/CD68) or single positive (Figure 2(e)).

The number of microglia and macrophages expressing all three

markers was approximately 18-fold greater in active lesions compared

to control (p < .0001) or to NAWM (p < .0001) (Figure 2(f)). This large

increase is a combination of (a) an increase in the percentage of

microglia and macrophages which are triple positive, as described

above, and (b) an increase in microglia and macrophage density in

active lesions of approximately 4-fold. In inactive lesions, the microglia

and macrophage population was substantially smaller than in control

and NAWM regions, and the percentage of triple positive cells was

lower, too, contributing only approximately 15% of the microglia and

macrophage population. In summary, most microglia and macrophages

express IBA-1 and CD68 in control and NAWM, while in active MS

lesions, many microglia and macrophages also express HLA-DR.

3.2 | Identity of TSPO+ cells in MS lesions

As we reported previously (Nutma et al., 2019) TSPO + HLA� cells

were observed in control, NAWM and lesional white matter (Figure 3

(a)). TSPO + HLA� cells are most abundant in the centers of chronic

active lesions and in inactive lesions. We have previously shown that

the TSPO + HLA� cells are astrocytes in these regions (Nutma

et al., 2019). In other regions, the TSPO + HLA� population is

approximately 30% lower, but, and the identity of these cells has not

been made clear. Morphologically these TSPO + HLA� cells resemble

microglia or macrophages. To test the hypothesis that these are

indeed macrophages and/or microglia, we performed triple-

immunostaining for TSPO and different pairs of three microglial and

macrophage markers; TSPO/HLA-DR/IBA (Figure 3(b)), TSPO/HLA-

DR/CD68 (Figure 3(c)), and TSPO/IBA-1/CD68 (Figure 3(d)). All three

triple stains (Figure 3(e)–(g)) showed an increase of triple positive cells

in active lesion areas compared to control and NAWM. The triple stain

for TSPO, IBA-1 and CD68 (Figure 3(j)) showed that in control and

NAWM and in the rims of chronic active lesions, almost all TSPO+

cells were microglia and macrophages. In control tissue, every TSPO+

cell was also double positive for IBA-1 and CD68 (n = 36 cells/mm2)

(Figure S1). In NAWM, every TSPO+ cell (n = 35 cells/mm2)

expressed at least one of IBA-1 or CD68, and most (88%) were double

positive (Figure 3(j)). In the rim of chronic active lesions, 98% of TSPO

+ cells were double positive for IBA-1 and CD68. In active lesions,

only 88% of TSPO+ cells expressed at least one of IBA-1 or CD68.

However, the majority of the remaining 12% of cells which were

IBA-1 and CD68 negative are likely to be microglia/macrophages,

because the triple stains which included HLA-DR, instead of CD68,

showed that only 6% of TSPO+ cells were HLA-DR and IBA-1 nega-

tive (Figure 3(h),(i)). As expected, the percentage of TSPO+ cells

which were negative for microglia/macrophage markers was high in

inactive lesions (75%) and in the center of chronic active lesions

(25%). These percentages are consistent with our previous work

which identified these cells as astrocytes (Nutma et al., 2019).

In summary, almost all TSPO+ cells in control, NAWM, active

lesions, and the rims of chronic active lesions are microglia and/or

macrophages, although, in the centers of chronic active lesions and

inactive lesions, there is a substantial proportion of TSPO+ cells

which are astrocytes.

3.3 | Expression of homeostatic markers
TMEM119 and P2ry12 by TSPO + HLA+ cells

Expression of the homeostatic markers TMEM119 and P2ry12 is

reported to be mostly limited to NAWM and inactive lesions (Satoh

et al., 2016; Zrzavy et al., 2017). To further characterize the relation-

ship between TSPO expression and phenotypic markers, we per-

formed triple staining of P2ry12 or TMEM119 in combination with

F IGURE 3 Co-localization of TSPO with microglia/macrophage markers in white matter lesions in MS. Representative images of TSPO
+ HLA-DR� cells in active lesion areas in MS (a), and representative images showing co-localization between TSPO and HLA-DR/IBA-1 (b), HLA-
DR/CD68 (c), IBA-1/CD68 (d). Quantitative analysis showed an increase in microglia markers in active lesion areas for all different staining
combinations (e–g). Percentages showing that nearly all TSPO+ cells in white matter MS lesions co-localize with at least one or two microglia/
macrophage markers (h–j). **p < .01, ***p < .001, ****p < .0001. Scale bar = 50 μm. CA, chronic active; NAWM, normal appearing white matter
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HLA-DR and TSPO to identify whether TSPO+ cells expressed

markers of both activated (HLA-DR) and homeostatic (TMEM119 and

P2ry12) microglial cells. The triple stains showed that in control

(Figure 4(a),(g)), NAWM, active (Figure 4(d),(j)), chronic active and inac-

tive lesions P2ry12 + TSPO+ cells as well as TMEM119 + TSPO+

cells are found with (Figure 4(c),(f ),(i),(l)) and without (Figure 4(b),(e),(h),

(k)) HLA-DR expression. As expected, all TSPO+ cells in control and

NAWM, which we demonstrated above are microglia or macrophages,

express both P2ry12 and TMEM119. Also as expected, TSPO+ cells

in active lesions and the rim of chronic active lesions, which again we

have demonstrated above are microglia and macrophages, showed

evidence of altered phenotype compared to control and NAWM. In
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F IGURE 4 Microglia show a phenotypic shift in active lesions. Representative images of TSPO, P2ry12, and HLA-DR (a–f) in control white
matter (a–c) and an active MS white matter lesion (d–f) showing both TSPO + P2ry12 + HLA-DR� cells (b,e) as well as TSPO + P2ry12 + HLA-
DR+ cells (c,f). Representative images of TSPO, TMEM119 and HLA-DR (g–l) in control white matter (g–i) and an active white matter lesion (j–l)
showing both TSPO + TMEM119 + HLA-DR� cells (h,k) as well as TSPO + TMEM119 + HLA-DR+ cells (i,l). Quantitative analysis showed a
phenotypic shift and subsequent loss of P2ry12 expression in active lesion areas (m), as well as an increase in the cell density of microglia but a
reduction in the percentage of TMEM119+ microglia/macrophages (n). Scale bar = 50 μm. Scale bar = 50 μm. CA, chronic active; NAWM,
normal appearing white matter
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these lesion areas, P2ry12 expression is lost in almost all cells

(Figure 4(m)), TMEM119 expression is lost in approximately 50% of

cells, and HLA-DR expression increases so that it appears in almost all

cells (Figure 4(n)).

3.4 | TSPO pixels per cell do not change across
regions with different microglial phenotypes and
morphology

We have shown that almost all TSPO+ cells in control, NAWM, active

lesions and rim of chronic active lesions are microglia and macro-

phages. We have also shown that, as expected, microglia and

macrophages in the active lesions and rim of chronic active lesions

express activation markers. Therefore, the TSPO expression per cell

was compared across the different regions of white matter to deter-

mine whether it is increased when the microglial cells are activated

compared to when the cells are homeostatic. To do this, the number

of TSPO+ pixels across 12,225 TSPO+ cells were analyzed (Figure 5

(a)–(c)). The percentages of pixels that were TSPO+ were similar

across all of the regions of the white matter (control, 0.036% (±0.015),

NAWM, 0.033% (±0.008), Active lesions; 0.041% (±0.014), CA rim;

0.038% (±0.014)) and were not statistically significant (Figure 5(a)).

Furthermore, nearly all the cells in white matter lesions that express a

microglia/macrophage marker are positive for TSPO (Figure 5(b)). To

further investigate the amount of TSPO expression in microglia/mac-

rophages on a per cell basis, the morphology was investigated using

the Sholl analysis. Using this approach we found no correlation

between the complex morphological changes that microglia/macro-

phages undertake, as shown by a loss in intersections of microglia/

macrophages in active lesions (Figure 5(c)), and the amount of TSPO

expression per cell (R2 = 0.006278, p = .3521) (Figure 5(d)) when

transitioning from an homeostatic to activated state.

In summary, although the microglia and macrophages in active

and rim of chronic active lesions express activation markers, the

expression of TSPO at protein level in these cells is no different

to the microglia in control and NAWM regions, which express

homeostatic microglia/macrophage markers.

4 | DISCUSSION

TSPO is used widely as a target for PET imaging in studies of CNS

inflammation. Many of these studies are interpreted assuming that

TSPO is upregulated in activated glial cells such as microglia, macro-

phages and astrocytes with neuroinflammation (Beckers et al., 2018).

This interpretation is based on studies of cellular expression of TSPO

performed in rodents (Bae et al., 2014; Gottfried-Blackmore

(b)(a)

(d)(c)

 

F IGURE 5 TSPO pixel count does not change across regions with different microglial morphology. The overall TSPO+ pixels per TSPO+ cell
did not change in active lesion areas compared to control white matter and NAWM p > .05 (a). A table showing the percentages of microglia/
macrophages that were positive for TSPO subdivided by lesion type (b). Microglia lose their complex morphology in active lesions, shown by a
loss of intersections (c). No correlation was observed between the amount of TSPO+ area and the morphology of microglia in control, NAWM or
active lesions (d)
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et al., 2008; Karlstetter et al., 2014; Owen et al., 2017; Wang

et al., 2014). However, recent investigations have shown that TSPO

expression does not increase in human microglia and macrophages

in vitro after classical pro-inflammatory stimulation (Owen

et al., 2017), and that in the TSPO expression in microglia in the MS

brain post mortem co-localizes with both classical pro-inflammatory

and anti-inflammatory phenotypic markers (Nutma et al., 2019).

Furthermore, an earlier study found that transformation of microglia

to ameboid phagocytes is not necessary for maximal PK11195 binding

(Banati et al., 1997).

In the current study, the expression of macrophage/microglia

markers was examined in post mortem MS tissue to characterize the

phenotype of cells expressing TSPO. We initially examined a large

population of TSPO+ but HLA-DR� cells, presumed to be microglia

based on morphology and the lack of GFAP expression (Nutma

et al., 2019). Examination of IBA-1 and CD68 staining established that

almost all cells were IBA-1+ or CD68+, and hence this population

must be microglia/macrophages.

To further characterize TSPO expression in microglia and

macrophages, MS lesions were stained for combinations of microglia/

macrophage markers with TSPO. Cells expressing TSPO and

microglia/macrophage markers were most abundant in active lesion

areas, as expected from PET data showing increased TSPO signal in

lesions (Colasanti et al., 2014; Datta et al., 2017; Debruyne

et al., 2003; Unterrainer et al., 2018; Vomacka et al., 2017). In control

tissue, NAWM, active lesions and the rim of chronic active lesions

very few TSPO+ cells were negative for the markers IBA-1, CD68 or

HLA-DR indicating that the majority of the TSPO+ cells in these areas

are likely to be microglia. In the center of chronic active lesions and in

inactive lesion areas there were substantial numbers of TSPO+ cells

that lacked expression of any microglial or macrophage marker.

Indeed, up to 70% of TSPO+ cells do not co-localize with IBA-1,

CD68, or HLA-DR in inactive lesions. This is consistent with our

previous findings, showing that approximately 65% of the total popu-

lation of TSPO+ cells in inactive lesions are astrocytes (Dickens

et al., 2014; Kaunzner et al., 2019; Nutma et al., 2019). Although

TSPO is also expressed in endothelial cells an can be found at low

levels in oligodendrocytes and neurons, our data suggests that in the

MS brain the largest proportion of TSPO PET signal in the white

matter originates from microglia, except in the proportionally smaller

volumes of inactive lesions, in which most of the signal must originate

from astrocytes (Banati, 2003; Cosenza-Nashat et al., 2009; Nutma

et al., 2019; Veronese et al., 2018; Wimberley et al., 2018).

Microglia adopt intricate and complicated phenotypes that

cannot be well defined by single markers (Holtman et al., 2017;

Vogel et al., 2014; Zrzavy et al., 2017). As expected, using a range of

markers, our data revealed evidence of a phenotypic shift across

lesion type. In active MS lesions microglia and macrophages predom-

inantly express all three commonly used markers CD68, IBA-1 and

HLA-DR suggesting that these cells have the capacity to scavenge,

present antigens as well as phagocytose debris from their environ-

ment (Hendrickx et al., 2017; Ito et al., 1998; Ohsawa et al., 2004;

Sasaki et al., 2001). In control and NAWM tissue, microglia and

macrophages predominantly expressed IBA-1 and CD68 but not

HLA-DR, indicating that HLA-DR expression arises during activation

of microglia in active MS lesions, corroborating previous studies

(Zrzavy et al., 2017). Recently, P2ry12 and TMEM119 have been

identified as markers of homeostatic microglia (Bennett et al., 2016;

Butovsky et al., 2014; Satoh et al., 2016), some of which express

TSPO (Nutma et al., 2019). Microglia expressing TMEM119 also

express CD68 in control tissue as well as in early MS lesions (Zrzavy

et al., 2017) indicating that resident microglia (expressing P2ry12

and TMEM119) express activation markers the balance of which is

likely regulated by inflammatory cytokines in their environment (van

Wageningen et al., 2019). As expected, we show that TMEM119 and

P2ry12 expression is constitutive in regions where microglia are

homeostatic (control, NAWM) and lost in areas where microglia are

activated (active lesions and the rim of chronic active lesions). We

also show the co-localization of P2ry12 and HLA-DR, suggesting

that these cells are either transitioning from their homeostatic status

toward a more inflammatory profile or vice versa, from active to

homeostatic cells.

That almost all TSPO+ cells across a range of white matter

regions were microglia, and that – as expected - the phenotype in

control and NAWM was homeostatic, and the phenotype in active

lesions and the rim of chronic active lesions was activated, allowed

for examination of the relationship between activation and TSPO

expression. We analyzed the percentage of TSPO+ pixels in TSPO+

cells (n = 12,225 cells) and compared regions containing homeo-

static microglia with regions containing activated microglia. There

was no difference in pixel count per cell between these regions. This

implies that although TSPO+ cells in active lesion areas are acti-

vated microglia/macrophages, their TSPO expression does not

increase on a per cell basis relative to microglia/macrophages from

homeostatic regions. Additionally, there was no correlation between

the morphology and the amount of TSPO expression in microglia

and macrophages. These findings are consistent with previous

reports from our own group and others showing a lack of increase

in TSPO expression in activated myeloid cells (Harberts et al., 2013;

Owen et al., 2017), and co-localization of TSPO with markers of

both pro-inflammatory and reparative phenotypes in the MS brain

(Nutma et al., 2019). In support of our studies, a recent study

showed that single cell RNA-seq of microglia in Alzheimer's disease

reported comparable TSPO mRNA levels across all microglial sub-

types suggesting TSPO PET to be a good proxy for total microglia

count (Olah et al., 2020). Taken together, these findings support

generalization of the hypothesis that when human myeloid cells

adopt a pro-inflammatory phenotype, TSPO expression itself does

not increase, and any change in signal likely reflects an increase in

myeloid cell density rather than a phenotypic shift. The data also

highlights the limitations of extrapolating from rodents to humans

when examining TSPO biology.
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