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Pro-inflammatory activation of microglia in the brain of patients with sepsis

Aims: Experimental data suggest that systemic immune

activation may create a pro-inflammatory environment

with microglia activation in the central nervous system

in the absence of overt inflammation, which in turn

may be deleterious in conditions of neurodegenerative

disease. The extent to which this is relevant for the

human brain is unknown. The central aim of this

study is to provide an in-depth characterization of the

microglia and macrophage response to systemic inflam-

mation. Methods: We used recently described markers

to characterize the origin and functional states of

microglia/macrophages in white and grey matter in

patients who died under septic conditions and com-

pared it to those patients without systemic inflamma-

tion. Results: We found pro-inflammatory microglia

activation in septic patients in the white matter, with

very little activation in the grey matter. Using a specific

marker for resident microglia (TMEM119), we found

that parenchyma microglia were activated and that

there was additional recruitment of perivascular macro-

phages. Pro-inflammatory microglia activation occurred

in the presence of homeostatic microglia cells. In con-

trast to inflammatory or ischaemic diseases of the

brain, the anti-inflammatory microglia markers CD163

or CD206 were not expressed in acute sepsis. Further-

more, we found pronounced upregulation of inducible

nitric oxide synthase not only in microglia, but also in

astrocytes and endothelial cells. Conclusion: Our results

demonstrate the pronounced effects of systemic inflam-

mation on the human brain and have important impli-

cations for the selection of control populations for

studies on microglia activation in human brain disease.
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Introduction

Systemic immune activation during the course of

peripheral infections affects the central nervous system

(CNS), manifesting in signs of the so-called sickness

behaviour including fever, malaise and fatigue [1]. This

may have deleterious effects creating a pro-inflamma-

tory state in the CNS, which may exacerbate neurologi-

cal diseases [2–4]. The underlying pathophysiological

mechanisms are still poorly understood. Studies suggest

a role for signalling through vagal nerve stimulation

and an effect of cytokines on circumventricular organs

or the blood–brain barrier which results in increased

Correspondence: Hans Lassmann, Center for Brain Research, Med-
ical University of Vienna, Spitalgasse 4, A-1090 Wien, Austria.
Tel: +431 40160 34200; Fax: +431 40160 934203; E-mail:
hans.lassmann@meduniwien.ac.at

© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd

on behalf of British Neuropathological Society.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and

reproduction in any medium, provided the original work is properly cited.

278

Neuropathology and Applied Neurobiology (2019), 45, 278–290 doi: 10.1111/nan.12502

http://orcid.org/0000-0001-8617-5052
http://orcid.org/0000-0001-8617-5052
http://orcid.org/0000-0001-8617-5052
http://creativecommons.org/licenses/by/4.0/


cytokine production within the brain and spinal

cord [1].

Microglial cells, which are the resident brain phago-

cytes, are believed to play a pivotal role in mediating

metabolic and phenotypical changes in the CNS during

systemic infection [5,6]. Microglia activation is typically

classified into a pro-inflammatory neurotoxic (M1), and

an anti-inflammatory or neuroprotective (M2) pattern,

although this dichotomous division is oversimplified

[7,8]. Most data on the communication between the

peripheral immune system and the CNS are derived

from experimental studies in rodents challenged with

pathogens or mimetics of systemic inflammation. A sys-

tematic review of 51 studies of animal models reported

a direct influence of systemic inflammation on micro-

glial activation, demonstrating activation of microglia

cells by upregulation of pro-inflammatory proteins and

concomitant production of pro-inflammatory cytokines

[9]. Furthermore, in experimental models of neurode-

generative diseases, systemic inflammation results in

disease acceleration and increased neuronal loss,

associated with microglia activation and increased

production of pro-inflammatory mediators including IL-

1b, IL-6 and TNF-a [10].

Information on microglia phenotypes and activation

patterns in humans with peripheral inflammation has

not been well studied. To our knowledge, only one

study has systematically assessed the microglia pheno-

type in patients with sepsis in the absence of CNS infec-

tion or pathology and used a limited number of

markers [11]. In our study, we measured leucocyte

recruitment and microglia activation in brain tissue

devoid of inflammatory, vascular or neurodegenerative

pathology in the CNS from patients with systemic sepsis

and compared them to carefully selected noninflamma-

tory controls. We found pro-inflammatory microglia

activation primarily in the white compared to grey

matter, whereas perivascular recruitment of macro-

phages was present in both compartments. Molecules

with anti-inflammatory function were only expressed in

perivascular macrophages. Interestingly, the expression

of the homeostatic microglia marker P2RY12 was simi-

lar in septic and control brains. The most prominent

difference between patients with sepsis and noninflam-

matory controls was the massive induction of inducible

nitric oxide synthase (iNOS) in microglia, astrocytes

and endothelial cells.

Material and methods

Sample characterization

Our study was performed on archival paraffin embed-

ded autopsy tissue collected in the Center for Brain

Research and at the Institute of Neurology at the Medi-

cal University of Vienna. It included 10 patients, who

died under septic conditions and 11 control patients,

who died without clinical evidence of systemic infection

or sepsis (Table 1). All available medical records, labo-

ratory charts and autopsy charts were screened. Septic

patients had to fulfil the following criteria: clinical diag-

nosis of sepsis by the physician (with microbiological

confirmation available in 8/10 patients) [12]. None of

the patients suffered from neurological disease and a

detailed neuropathological evaluation did not provide

evidence for an inflammatory or neurodegenerative dis-

ease (Figure 1A–C). All tissue sections from the septic

patients were screened with Gram and Gram Twort

staining for bacteria and no perivascular bacteria were

seen. However, all sections from septic patients con-

tained at least some intravascular macrophages with

bacteria (Figure 1F–K). This was also seen in the two

patients, where microbiological confirmation of bacte-

rial sepsis was not available. Control patients had a

cause of death unrelated to systemic inflammation or

sepsis. Two patients in the control cohort suffered from

Parkinson’s disease, however, the tissue blocks of tem-

poral cortex and white matter included in our study

were devoid of any a�synuclein positive Lewy-bodies.

Furthermore, detailed analysis of sections with haema-

toxylin & eosin, luxol fast blue and Bielschowsky silver

impregnation did not reveal pathological alterations in

the grey and white matter.

Microglia and Macrophage Markers

Immunohistochemistry was performed on paraffin sec-

tions with a biotin/avidin detection system as described

in detail before [13,14] using markers defined in

Table 2. For the characterization of microglia and

macrophages, the general marker Iba-1 was used to

depict all microglia and macrophages. To distinguish

between macrophages recruited from the periphery and

resident microglia we employed TMEM119. TMEM119

is a transmembrane protein expressed on microglia but
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not on recruited blood derived macrophages [15,16].

For resting (homeostatic) microglia we used P2RY12, a

microglia antigen, which is rapidly downregulated in

microglia in experimental rodent models and human

brain tissue in inflammatory and neurodegenerative

diseases [17,18]. CD68 was used as a marker involved

in phagocytosis, MHC Class I and Class II and the cos-

timulatory molecule CD86 as markers for antigen pre-

sentation, and p22phox as part of the NADPH oxidase

complex as well as iNOS to depict oxygen and nitric

oxide radical production in macrophages or microglia.

As prototypical markers associated with anti-inflamma-

tory function of macrophage populations, we used the

haptoglobin/haemoglobin scavenger receptor CD163

and the mannose receptor CD206 [19]. As CD206 and

CD163 are constitutively expressed on perivascular

macrophages in the normal brain we made use of these

markers to compare the quantity of perivascular

macrophages in this study. All markers have been

extensively characterized regarding their reliability and

expression patterns in human autopsy material of lym-

phatic tissue [18]. For evaluation of lymphocytic infil-

tration, CD3 was used to assess all T cells.

Transglutaminase 2 (TG2) and glial fibrillary acidic

protein (GFAP) was used as an endothelial and astro-

cyte marker for double staining.

Immunohistochemistry

Sections were routinely deparaffinized followed by

blocking of the endogenous peroxidase with methanol

and 0.02% H2O2. Antigen retrieval was done as out-

lined in Table 2. Nonspecific protein binding was

blocked by incubation with a mixture of 10% foetal calf

serum and DAKO buffer. Primary antibodies were

applied overnight at 4°C at the dilutions indicated in

Table 2. Antibody labelling was detected by using spe-

cies-specific biotinylated secondary antibodies against

mouse, rabbit or goat immunoglobulins, incubation

with streptavidin/peroxidase complex and development

with diaminobenzidine. For control, immunohistochem-

istry was performed in the absence of the primary anti-

bodies and by using normal rat and goat serum or

isotype-matched monoclonal antibodies.

For double staining using primary antibodies derived

from different species, the same antigen retrieval tech-

niques and incubation with primary antibodies was

used as described above. Antibody binding was

Table 1. Clinical demographics and microbiology of cases included in the study

Case Details Sex Age Cause of death Microbiology Intravascular bacteria

Control 1 Control female 27 Suicide

Control 2 Control female 35 pulmonary embolism

Control 3 Control female 39 cervix CA

Control 4 Control female 42 lung CA

Control 5 Control male 46 pulmonary embolism

Control 6 Control male 65 myocardial infarction

Control 7 Control female 71 myocardial infarction

Control 8 Control male 72 cardiovascular failure

Control 9 Control male 83 cardiovascular failure

Control 10 Control female 88 cardiovascular failure

Control 11 Control male 71 myocardial infarction

Septic 1 Septic female 21 multiple organ failure Staphylococcus +
Septic 2 Septic male 23 septic shock Staphylococcus ++
Septic 3 Septic female 38 multiple organ failure Escherichia ++
Septic 4 Septic male 40 cardiac arrest Staphylococcus ++
Septic 5 Septic female 51 cardiovascular failure n.a. ++
Septic 6 Septic male 56 organ failure Staphylococcus ++
Septic 7 Septic female 58 septic shock Neisseria ++
Septic 8 Septic male 66 septic shock Staphylococcus +
Septic 9 Septic male 83 myocardial infarction Proteus; Klebsiella; Enterococcus ++
Septic 10 Septic female 89 cardiovascular failure n.a. +

CA, carcinoma; n.a., not available.

Intravascular bacteria: semiquantitative rating of macrophages with gram positive bacteria in their cytoplasm; +: single vessels with

macrophages; ++: some vessels with macrophages containing bacteria.
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visualized with either biotinylated secondary antibodies

and peroxidase- or alkaline phosphatase-conjugated

streptavidin or directly with horseradish peroxidase

(HRP) or alkaline phosphatase conjugated secondary

antibodies (MACH 4TM; Biocare Medical). Reaction prod-

ucts were visualized by development with fast blue BB

salt (for alkaline phosphatase; blue) or amino ethyl car-

bazole (AEC; for peroxidase; red) respectively.

Double staining using antibodies derived from same

species (Iba-1, P2RY12, iNOS, TMEM119, p22phox,

GFAP) were performed with a different protocol by

using heat-induced epitope retrieval between the

(A)

(B)

(D) (E)

(F) (G) (I)

(H)

(J) (K)

(C)

Figure 1. Neuropathological characterization of cases recruited into the study. (A–C) Cortex and white matter of a septic patient; no

structural brain lesions and no signs of inflammation are seen in sections stained with haematoxylin and Eosin (H&E; A), luxol fast blue

myelin stain (LFB; B) and Bielschowsky silver impregnation (BIEL; C). (D,E) Microglia phenotype in sections stained with the pan-

microglia marker Iba-1; in the white matter of a septic patient (D) microglia are enlarged and show an amoeboid phenotype in contrast

to the ‘resting’ phenotype seen in the white matter of a control patient (E). (F–K) In the white matter of a patient with sepsis,

macrophages containing gram positive bacteria are seen in the vessel lumen (*), but there is no evidence for gram positive bacteria in

the perivascular spaces or the parenchyma. As a positive control we included the staining of bacteria within a bacterial abscess (H and

K). Magnification bars: 50 lm.
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subsequent immunohistochemical reactions [14]. After

deparaffinization and a primary round of antigen

retrieval sections were incubated with the primary

antibody (TMEM119/P2RY12/iNOS), followed by

biotinylated anti-rabbit antibody. In the case of

P2RY12 and iNOS catalysed signal amplification with

avidin peroxidase followed by biotinylated tyramine

was performed. Finally, streptavidin alkaline phos-

phatase was applied and the reaction was visualized

by development with fast blue BB salt (blue). Then,

another round of antigen retrieval for 30 min at pH

9 was performed, which abolishes antibody reactivity

from the previous round but leaves the visualized

product intact. Afterwards, the second immunohisto-

chemistry reaction was applied using Iba-1/p22phox/

GFAP/CD68 antibody as the primary antibody and

the biotinfree horseradish peroxidase (HRP) antibody

conjugated system (MACH 4TM; Biocare Medical) as

detection system. Peroxidase reaction products were

visualized using amino ethyl carbazole (AEC; red).

For control reasons, immunohistochemistry was per-

formed in the absence of the second primary antibod-

ies confirming inactivation of the first peroxidase step

by heat-induced epitope retrieval. In addition, double

staining of P2RY12 and GFAP confirmed absence of

colocalization.

Immunofluorescence Since both primary antibodies

come from the same species (rabbit), double staining

for iNOS and Iba-1 was performed using extensive

heat-induced epitope retrieval between the subsequent

immunohistochemical reactions. After deparaffination

and a primary round of antigen retrieval, sections were

incubated with iNOS followed by biotinylated anti-

rabbit antibody, avidin peroxidase and catalysed signal

amplification with biotinylated tyramine. Then, another

round of antigen retrieval for 30 min at pH 9 was

performed. Afterwards DyLight 549 Anti-Streptavidin

was applied. Later, the second immunohistochemistry

reaction was applied using Iba-1 antibody as the

primary antibody and anti-rabbit Cy2 as a secondary

antibody. Immunofluorescence was visualized in a

confocal laser microscope (Leica SP2).

Quantitative evaluation

We manually quantified white and grey matter areas of

temporal lobe tissue. The number of T cells were

counted separately in the perivascular and parenchy-

mal areas. Later, these values were pooled in the statis-

tical analysis. For quantification of lymphocytes, a

morphometric grid within the ocular lens was used

and 30 fields of 0.9126 mm2 per tissue were counted.

Table 2. Primary antibodies and immunocytochemical techniques

# Antibody Origin Target Dilution

Antigen

retrieval Source

1 CD3 Rabbit (mAB) T-cells 1:2000 St (E) RM-9107-S; Neomarkers

2 Iba-1 Rabbit (pAB) Ionized calcium binding adaptor

molecule 1

1:3000 St (E) 019-19741; Wako

3 CD68 Mouse (mAB; IgG1) CD68 110-kD transmembrane

glycoprotein in macrophages

1:100 St (E) M0814; Dako,

4 HLA-DR Mouse (mAB; IgG1) MHC Class II antigen 1:100 St (C) M0775; Dako,

5 p22phox Rabbit (pAB) NADPH oxidase protein 1:100 St (C) sc-20781; Santa Cruz

6 TMEM119 Rabbit (pAB) Transmembrane protein 119 1:100 - HPA051870; Sigma-Aldrich

7 P2RY12 Rabbit (pAB) Purinergic receptor 1:2500 St (E) Harvard, Dr. Butovsky

8 HC10 Mouse (mAB; IgG2a) Heavy chain of MHC Class I 1:2000 St (E) Stam et al., 1990

9 Ferritin Rabbit (pAB) Iron storage protein 1:1000 St (E) MO (F5012); Sigma-Aldrich

10 CD206 Mouse (mAB; IgG1) Mannose receptor 1:100 St (E) ab117644; abcam

11 CD163 Mouse (mAB; IgG1) Haemoglobin-haptoglobin scavenger

receptor

1:1000 St (C) NCL-CD163; Novocastra

12 iNOS Rabbit (pAB) Inducible nitric oxide synthase I 1:200 St (E) PA1-37925; Thermo Scientific

13 CD86 Goat (pAB) Costimulatory T-cell signal 1:250 St (C) AF-141-NA; R&D Systems

14 GFAP Rabbit (pAB) Glial fibrillary acidic protein 1:3000 St(E) Z0334; Dako

15 TG2 Mouse (mAB) Transglutaminase 2 1:5000 St (E) AB-3; NeoMarkers

MAB, monoclonal antibody; pAB, polyclonal antibody; ST (E), antigen retrieval by steaming in EDTA buffer (pH: 9); St(C), antigen retrie-

val by steaming in citrate buffer (pH: 5).
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For the quantitative evaluation of microglia/macro-

phages, sections were overlaid by a morphometric grid

(0.2256 mm2) placed within the ocular lens and

parenchymal cells were quantified in 2 to 3 fields of

the white and grey matter. Cells expressing the respec-

tive marker were counted and the values were

expressed as cell counts per square millimetre. INOS-

positive microglia were identified by their morphologi-

cal appearance and the microglia expression was con-

firmed by double staining with Iba-1. We counted

CD206+ and CD163+ perivascular cells to quantify

perivascular macrophages by counting 10 fields in the

white and grey matter separately.

Digital optical densitometry was performed for mark-

ers, which were not exclusively expressed in macro-

phages and microglia, such as the MHC Class I marker

HC10, ferritin and iNOS according to a previously pub-

lished protocol [20]. Expression of these markers was

quantified by calculating the positive DAB signal area

fraction using ImageJ. One to two images per region of

interest were taken at 109 objective lens magnification

(0.43 mm2). Images were saved as TIFF. For digitally

removing haematoxylin counterstaining, a colour

deconvolution plugin (freeware kindly provided from A.

C. Ruifrok, NIH) was run. Furthermore, RGB images

were converted into 8-bit grey scale images and

inverted. A threshold was set in resulting images and

the area fraction was calculated. All values are

expressed as percentage of positive area.

Statistical analysis

Statistical analysis was performed with IBM SPSS 21 and

GraphPad Prism 6. Due to uneven distribution of our

data, statistical analysis was performed with nonpara-

metric tests. Descriptive analysis included median value

and range. Differences between two groups were assessed

with Wilcoxon–Mann–Whitney U-test. Correction for

multiple testing was performed according to Bonferroni–

Holm procedure. Interdependence of variables was

evaluated by the Spearman nonparametric correlation

test. The reported p-values are results of two-sided tests.

A P-value ≤ 0.05 was considered statistically significant.

Results

The aim of our study was to investigate the effect of

systemic infection on the activation patterns of

microglia and recruited macrophages in the human

CNS. We selected autopsy material from patients with

sepsis, confirmed by clinical microbiology, and com-

pared them to patients, in whom a systemic inflamma-

tory condition at the time of death could be excluded

(Table 1). Since in two septic patients, microbiological

confirmation of sepsis was not available, we addition-

ally analysed the sections for bacteria containing

intravascular macrophages using Gram staining and

found them in variable numbers in all septic patients

(Table 1; Figure 1F–K). The mean age of the inflamma-

tory cohort was 52.5 years (range 21 to 89), which

was slightly lower than in the control cohort (58 years,

range 27 to 88). Gender distribution was nearly equal

between septic and nonseptic patients (female 6:5; male

5:5). Since microglia are activated in the course of

brain inflammation or neurodegeneration, we selected

tissue blocks which were carefully screened for the

absence of pathological changes, visible in sections

stained with haematoxylin & eosin, luxol fast blue mye-

lin staining and Bielschowsky silver impregnation (Fig-

ure 1A–C). Specifically, no inflammatory infiltrates

were seen in the sections in haematoxylin & eosin

stained sections. As described previously [21] very few

perivascular or parenchymal CD3+ T-cells were present

and their number in the perivascular space and the

parenchyma was not significantly different in septic vs.

noninflammatory patients, both in the cortex and white

matter (Figure 2A). Granulocyte infiltration was absent

in both control and septic patients. The only global dif-

ference between septic and control tissue was a more

pronounced microglia activation phenotype, the cells

being enlarged with partly increased and partly

retracted processes in the former (Figure 1D,E).

Microglia and macrophage phenotype in nonseptic
controls:

The white matter (WM) contained significantly more

Iba-1+ and TMEM119+ microglia compared to cortex

(GM) (114.4 vs. 88; 112.9 vs. 82.1; P = 0.000;

P = 0.005 respectively) (Figure 3A,B). More than 90%

of all microglia-like cells coexpressed Iba-1 and the

microglia-specific marker TMEM119 (98% of Iba-1 +

cells in the WM and 93% in the GM). In addition, sig-

nificantly more microglia in the white matter expressed

the phagocytosis marker CD68 (P = 0.001) and the

T-cell costimulatory molecule CD86 (P = 0.005) as
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compared to the cortex (Figure 3D,I). In comparison to

data published in rodents [17,22], microglia in the

human CNS showed a partially preactivated phenotype

as seen by a reduced number of P2RY12+ microglia

(47.43% of Iba-1 + cells in the WM and 76.6% in the

GM) and a profound expression of p22phox and CD68

(78% and 60% (WM); 88% and 48% (GM) (Figure 3C,

E). iNOS expression was largely absent in microglia

(Figure 3F), however, it was found in some immunore-

active endothelial cells. Neither significant age-related

correlations nor gender-specific differences in microglia

activation patterns were seen. CD163 and CD206 were

only expressed in perivascular macrophages (Fig-

ure 3K,L).

Microglia in the white matter of septic patients:

Similar to control patients, nearly all cells with a mor-

phological microglia phenotype (96%) coexpressed Iba-

1 and TMEM119 (Figure 4A). In general, microglia

cells were more likely to be enlarged, with increased or

retracted cell processes and some showed an amoeboid

phenotype (Figure 1D,E). There was no additional loss

of the homeostatic marker P2RY12 compared to con-

trols (Figures 3C and 4B) and microglia coexpressed

P2RY12 and pro-inflammatory markers (Figure 4C,D).

However, the expression profile of pro-inflammatory

molecules was significantly different. Compared to con-

trols, we found a strong increase of the phagocytosis

marker CD68 (P = 0.000) and of both CD86 and HLA-

DR (P = 0.002 and P = 0.049, respectively) (Fig-

ure 3D,G,I). Likewise, iNOS expression on cells with a

microglia morphology was significantly higher com-

pared to controls (P = 0.004) and a trend towards

higher numbers of p22phox positive cells was seen

(Figure 3E,F). In addition, the number of iNOS-positive

vessels was significantly elevated (P = 0.004) and reac-

tivity was also present in astrocytes (Figure 2D; Fig-

ure 4G–K). To evaluate the overall expression of iNOS,

we determined the immunoreactive area fraction by

densitometry, which was significantly higher

(P = 0.000) as well (Figure 2E).

The expression of the putative anti-inflammatory

molecules CD163 and CD206 on parenchymal

Figure 2. Quantitative evaluation of CD3+ T-cells (A), CD163+ or CD206+ perivascular macrophages (B,C) and iNOS expression in

vessels (D) or in the global tissue determined by densitometry (E). WM: white matter; GM: grey matter.
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Figure 3. Quantitative profiles of microglia activation in the cortex and white matter of septic patients in comparison to

noninflammatory controls for the microglia and macrophage marker Iba-1 (A), the specific microglia marker TMEM119, (B) the

‘homeostatic’ microglia marker P2RY12 (C) and the microglia activation markers CD68 (D), p22phox (E), iNOS (F), HLA-D (G), MHC

Class I (HC10; H), CD86 (I), ferritin (J), CD163 (K) and CD206 (L). The values represent cells/mm2 or the area fraction (AF) determined

by densitometry.
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(A) (B)

(C)

(G) (H) (I)

(K)(J)

(F)(E)

(D)

Figure 4. Patterns of microglia activation shown by double staining. (A–D) Coexpression of different markers in the white matter of a

patients with sepsis shows that nearly all Iba-1 positive cells also express TMEM119 (A), but only a fraction is P2RY12 positive (B);

despite the expression of the ‘homeostatic’ marker P2RY12 some microglia also express the activation markers CD68 (C) of p22phox (D).

(E–F) When CD163 is present in cells with microglia morphology they are also stained for TMEM119 (E and insert); in contrast,

perivascular macrophages are CD163+ but TMEM119 negative (F). (G–K) iNOS is expressed in microglia (G,J) and astrocytes (I) in

addition in endothelial cells in sepsis as well as in controls (H,K). Magnification Bars: 50 lm.
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microglia was sparse or absent and not different

between septic patients and nonseptic controls (Fig-

ure 3K,L). However, the numbers of CD163+ and

CD206+ perivascular macrophages were significantly

increased compared to the control cohort (P = 0.000

[CD163]; P = 0.003 [CD206]; Figure 2B,C).

Microglia in the grey matter of septic patients:

Overall, changes in microglia activation patterns in the

cortex of septic patients in comparison to controls were

subtle and immunoreactivities more resembled the con-

trol cohort than the white matter of septic patients. All

microglia coexpressed Iba-1+ and TMEM119+. We did

not observe a difference in the expression of the homeo-

static marker P2RY12, which was found on 81% of

the Iba-1+ microglia cells in the grey matter of septic

patients (Figure 3A–C).

The expression profile of molecules associated with

pro-inflammatory activity did not reach statistical sig-

nificance although trends for a higher expression level

of CD68 and p22phox were observed (P = 0.095;

P = 0.092, Figure D,E). iNOS expression on microglia

was similar to controls (Figure 3F), however, signifi-

cantly more vessels showed immunoreactivity for iNOS

(P = 0.02) (Figure 2D). None of the microglia cells in

the cortex expressed CD206 and this was also the case

for CD163 with the exception of two cases, where a

moderate number of CD163+/TMEM119+ double posi-

tive microglia cells were present (Figure 4E). Similarly,

as observed in the white matter, the number of perivas-

cular macrophages was increased in septic patients in

comparison to controls and did not coexpress

TMEM119+ (CD163: P = 0.001; CD206: P = 0.002

Figure 2B,C; Figure 4F).

No significant differences were observed in the

expression of the microglia activation marker ferritin

between white and grey matter or between septic or

control patients (Figure 3J).

Discussion

Our study shows that systemic immune activation in

humans during sepsis results in pro-inflammatory acti-

vation of resident microglia and a moderate increase in

perivascular macrophages in the absence of significant

recruitment of lymphocytes or granulocytes into the

human brain tissue. These findings are consistent with

those reported in experimental animals, which showed

that peripheral bacterial or lipopolysaccharide (LPS)

challenges, mimicking peripheral inflammation, lead to

microglia activation. In models of neurodegenerative

diseases, microglia play an important role in neuronal

loss and disease progression following systemic inflam-

mation [9,23]. This process appears to have a negative

impact on CNS function and can lead to aggravation of

neurological diseases [24,25]. However, our data also

reveal differences in the patterns of microglia activation

between humans and rodents. While in the normal

brain and spinal cord of rodents, all microglia show a

homeostatic phenotype, and do not express any activa-

tion markers, this is not the case in the normal grey

and white matter of humans [17,18,21]. Our study

identifies systemic inflammation as one potential factor

driving microglia activation in human brain. However,

microglia activation was also seen in the brain of

patients without systemic inflammation. Reasons for

this preactivation may be related to brain ageing and

age-related neurodegeneration, terminal hypoxic condi-

tions, toxins and lifestyle [10,26]. Recently, gene

expression analysis showed that rodent and human

microglia have a similar core expression pattern, how-

ever, during ageing, more genes are regulated in an

opposing rather than in an overlapping fashion [27].

We could not detect significant correlations with age,

which might be attributable to the small sample size.

Intravenous LPS administration to healthy humans

leads to microglia activation as demonstrated by the

application of the PET ligand TSPO [28]. However,

TSPO is not specific for a defined functional state of

microglia and is also expressed in astrocytes [29]. By

determining the expression of functionally defined

molecules, we provide evidence that increased micro-

glia activation in the white matter is characterized by

an upregulated protein expression of the phagocytosis-

associated molecule CD68. Similar findings related to

CD68 expression have been reported in a previous

study [11]. In addition, systemic inflammation may

increase the ability of microglia to interact with T cells

due to concomitant upregulation of major histocompat-

ibility complex (MHC) and costimulatory molecules.

The high expression of NADPH oxidase-related mole-

cules and iNOS suggests that these activated microglia

may be cytotoxic through the production of reactive

oxygen and nitric oxide species. The production of reac-

tive oxygen and nitrogen species during sepsis is
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proposed as a molecular mechanism for septic

encephalopathy, cognitive disturbances and neurode-

generation [30]. Furthermore, iNOS expression was not

restricted to microglia cells but was significantly

increased in astrocytes and endothelial cells. Endothe-

lial iNOS expression was previously associated with

neuronal damage in the brain in patients dying from

septic shock. Prolonged activation of endothelial cells

might lead to microcirculatory dysfunction and subse-

quently to a predisposition for ischaemic lesions, which

are known to occur in septic patients [31–33].

In contrast, markers for anti-inflammatory activity

such as CD163 and CD206, were detected on microglia

at low levels and were not differently expressed

between septic and control patients. This is different

from the microglia activation patterns in multiple scle-

rosis [18,34] or stroke lesions [21], where in estab-

lished lesions the majority of microglia show an

intermediate phenotype with the simultaneous expres-

sion of pro- and anti-inflammatory markers. One possi-

ble explanation for this observation is that in our

present study all patients died during the acute phase

of sepsis. It is thus far unresolved whether microglia

convert to a homeostatic phenotype or remain in an

intermediate state of activation, similar to that seen in

chronic inflammatory diseases, when patients have sur-

vived the acute phase of sepsis. However, both mole-

cules are constitutively expressed on perivascular

macrophages and we found an increase of macro-

phages in the perivascular space. The absence of

TMEM119 expression on these cells suggests that they

are derived from recruited myeloid cells and not from

the resident microglia pool. Perivascular macrophages

in peripheral inflammatory conditions are implicated in

driving the acute stress responses via synthesis of pros-

taglandins [35].

Studies suggest that the loss of homeostatic markers

in microglia is the first step in their activation, which

is triggered by inflammation as well as by neurode-

generation [17,36,37]. The purinergic receptor

P2RY12, sensing ADP release from damaged tissue

and being necessary for rapid migration of cells to the

site of tissue damage [38], is one of the key markers

for the homeostatic phenotype of microglia. In line

with this is the nearly complete loss of P2RY12

expression on microglia in active experimental and

human inflammatory and neurodegenerative lesions

[36,37]. However, it has been shown that P2RY12 is

lost in a major subpopulation of microglia in the nor-

mal human brain and it was a surprise that systemic

immune activation in sepsis did not lead to a further

downregulation of its expression in microglia. The

presence of TMEM119 reactivity in P2RY12 negative

microglia suggests that loss of this purinergic receptor

is not due to the recruitment of circulating myeloid

cells, which differentiate into a microglia-like morpho-

logical phenotype. We have shown previously that the

loss of P2RY12 reactivity correlates with the extent of

neurodegeneration in human cortex of controls and

Alzheimer’s disease patients [36]. Thus, neurodegener-

ation instead of inflammation may be the key trigger

for the downregulation of P2RY12 expression on CNS

microglia.

In summary, our study provides a comprehensive

characterization of the microglia activation pattern

associated with systemic immune activation during sep-

sis. Since systemic inflammation is a frequent complica-

tion in patients with terminal disease, these findings

must be considered when investigating potential

immune mediated mechanisms of tissue damage in

human brain disease. Our study further supports the

concept that systemic immune activation may play a

role in amplifying tissue injury in neurodegenerative

diseases [10], but that the extent of these effects may

be different in the grey and white matter of the CNS.
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