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Abstract

anticholinergic side-effects.

Background: Systemic infection is associated with long-term cognitive deficits and functional decline. In this study
we hypothesized that severe systemic inflammation leads to a neuroinflammatory response that is characterized by
microglial activation, and that these effects might be more pronounced in patients using medication with

Methods: Based on the results of a pilot study in 8 patients, we assessed the number of MHC-Il and CD-68 positive
cells by immunohistochemistry and compared the number of microglia in specific brain regions of 16 well-
characterized patients with septic shock and 15 controls.

Results: In the pilot study, patients with sepsis tended to have higher density of MHC-II and CD-68 positive
microglia in the basal ganglia (putamen, caudate nucleus and globus pallidus) and of MHC-II positive microglia in
the hippocampus. In the validation study, patients with sepsis had a significantly higher number of CD-68 positive
cells in hippocampus (1.5 fold; p=0.012), putamen (2.2 fold; p =0.008) and cerebellum (2.5 fold; p=0.011) than
control patients. The density of MHC-II positive microglia was similar between sepsis and control groups. There was
no consistent correlation between microglia counts and anti-cholinergic activity drugs score.

Conclusion: In patients who die during septic shock, severe systemic inflammation is accompanied by localized
and strong upregulation of CD-68 positive microglia, but not of MHC-II positive microglia. We identified regional
differences in the brain with increased microglial activation in putamen, hippocampus and cerebellum.
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Background
Over 70% of patients with severe systemic infection de-
velop sepsis-associated encephalopathy (SAE), varying
from mild delirium to coma [1]. Recent studies have
shown that critically ill patients are prone to develop long-
term cognitive deficits and functional decline [2]. No de-
finitive mechanisms have been identified, although a more
severe and longer duration of encephalopathy seems to
contribute to more adverse cognitive outcomes [3].

The mechanisms affecting brain function during sys-
temic inflammation remain to be elucidated. In the
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absence of encephalitis or meningitis, peripheral inflam-
mation gives rise to the activation of the central immune
system via several immune-to-brain communication
pathways. It has been hypothesized that activation of
microglia, the immune cells of the brain, is crucial for
development of SAE [4]. Under normal circumstances
the microglial response is tightly regulated but in old
age, in neurodegenerative disease or during the use of
anticholinergic drugs, microglia cells may escape this in-
hibitory reflex and become neurotoxic [5]. This might
lead to a self-propelling neuroinflammatory reaction,
which could account for the strong association between
SAE and long-term cognitive impairment and even de-
mentia [6].

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12979-019-0158-7&domain=pdf
http://orcid.org/0000-0003-4973-6345
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:D.Westhoff@amc.uva.nl

Westhoff et al. Immunity & Ageing (2019) 16:18

Although animal experiments and several small
studies in humans tend to support a role for neuroin-
flammatory mechanisms in SAE, the microglial re-
sponse has been poorly characterized in patients with
systemic inflammation [7]. In this study we hypothe-
sized that severe peripheral inflammation leads to a neu-
roinflammatory response that is characterized by
microglial activation. Additionally, we evaluated whether
the use of medication with anticholinergic side-effects is
associated with more pronounced microglial activation as
a consequence of failing inhibitory control of the pro-
inflammatory response in the brain. We compared brain
tissue of well-characterized patients with septic shock with
controls, and assessed the degree of microglia activation
in different brain areas.

Methods

Patients and clinical data

From May 2011 to January 2015 all patients over 18
years old who died and whose relatives consented to
brain autopsy in the Academic Medical Center in
Amsterdam, the Netherlands, were assessed for inclu-
sion. Patients were excluded if their medical history indi-
cated neurodegenerative disease or any other recent
serious intracranial pathology, such as meningitis or
brain hemorrhage. In all cases written informed consent
from the patients themselves or their relatives was avail-
able to use brain tissue for research purposes. Tissue
was obtained and used in a manner compliant with the
Declaration of Helsinki.

Demographic data, medical history and use of medi-
cation prior to hospital admission were collected. De-
tailed clinical information was obtained from patient’s
health records and the electronic hospital information
system. Anticholinergic properties of medication were
determined according to two different anticholinergic
scoring systems: the anticholinergic cognitive burden
list (ACB) [8] and the anticholinergic risk scale (ARS)
[9]. The ACB scale identifies the severity of anti-
cholinergic negative effects on cognition of medica-
tions. Medications with serum anticholinergic activity
or in vitro affinity to muscarinic receptors but with
no known clinically relevant negative effects receive a
score of 1. Drugs with established and clinically rele-
vant anticholinergic effects are considered as definite
anticholinergics and score 2 or 3. The ARS is de-
signed to estimate to what extent an individual pa-
tient may be at risk of anticholinergic adverse effects.
Medications are scaled 0 to 3 according to their anti-
cholinergic potential: 0 limited or none; 1 moderate;
2 strong; and 3 very strong.

Chronic renal failure was defined as at least one symptom
of kidney damage (albuminuria; urinary sediment abnor-
malities; electrolyte abnormalities due to tubular disorders;
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abnormalities detected by histology; structural abnormal-
ities detected by imaging; history of kidney transplantation)
and a glomerular filtration rate below 60 mL/min for >3
months [10]. Acute kidney injury (AKI) was defined ac-
cording to the RIFLE criteria [11]. Acute respiratory distress
syndrome (ARDS) was scored according to the Berlin def-
inition [12]. No division was made between mild, moderate
and severe ARDS. The acute physiology and chronic health
evaluation (APACHE-IV) and sequential organ failure as-
sessment (SOFA) scores were collected of all patients ad-
mitted to the intensive care unit (ICU). The APACHE-IV is
a method to predict hospital mortality among critically ill
adults, using a multivariate logistic regression procedure
[13]. Higher APACHE-IV scores are associated with higher
probability of death. The SOFA, a scoring system to de-
scribe organ dysfunction, is composed of specific scores re-
lated to six different organ systems: the respiratory,
cardiovascular, hepatic, coagulation and renal systems [14].
Higher scores indicate a more extensive organ failure. Med-
ical interventions (e.g. resuscitation, surgery) and use of
medication were documented. Antimicrobial drug use in
the week before death was corrected for days of hospital
stay and converted to units of defined daily doses, accord-
ing to the classification of the World Health Organization
[15]. Prothrombin time and plasma levels of sodium,
potassium, urea, creatinine, lactate, glucose, bilirubin,
bicarbonate, hemoglobin, C-reactive protein (CRP),
thrombocytes and leukocytes in the week before death
were recorded. All cultures of microorganisms in the
week prior to death were collected and all clinical
signs of infection were documented.

Patients were assigned to either the control group or the
systemic inflammation group based on the presence or ab-
sence of clinical signs. Patients were considered as con-
trols if they had no or only one sign of systemic
inflammatory response syndrome (SIRS): temperature >
38 or<36°C, heart rate>90/min, respiratory rate > 20/
min, white blood cell count (WBC) >12000 cells/mm?
or < 4000 cells/mm? [16].

Patients were assigned to the severe sepsis group if
they had at least two signs of SIRS (see above) due to in-
fection, and at least one sign of organ dysfunction: lac-
tate >2 mmol/L, ARDS [12], AKI [11], platelet count <
100 000/mL and/or disseminated intravascular coagula-
tion (DIC) [17].

Patients were assigned to the septic shock group if
they had severe sepsis combined also with signs of
shock, defined as a systemic mean blood pressure
(MAP) <60 mmHg after adequate fluid resuscitation, or
the need for dopamine or (nor)epinephrine to retain a
MAP of > 60 due to infection [18].

A small histochemical pilot study was performed
first to select brain areas for further analysis in the
whole cohort.
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Brain tissue, histochemistry and evaluation

Six brain areas of each patient were available: middle
frontal gyrus, basal ganglia, hippocampus, mesenceph-
alon, medulla oblongata and cerebellum.

Brain tissue was fixed in 4% formalin and embedded
in paraffin. Five um sections were mounted on StarFrost
advanced adhesive slides (MLS, Menen, Belgium) and
deparaffinized. Endogenous peroxidase was quenched by
H202 in methanol for 20 min. Antigen was retrieved by
heating slides in an autoclave at 120 °C for 10 min in cit-
rate buffer (0.01 M, pH 6.0). For immunohistochemistry,
sections were incubated with primary antibody for 1 h at
room temperature. For visualization of microglia, we
used antibodies against Major histocompatibility com-
plex (MHC) class II (human leukocyte antigen (HLA)-
DP, -DQ, -DR [1:100, monoclonal mouse, clone CR3/
43, DAKO, Glostrup, Denmark]) and against cluster of
differentiation 68 (CD-68 [1:200, monoclonal mouse,
clone PG-M1, Dako]). The ready-to-use BrightVision
Poly-HRP / peroxidase system (Immunologic, Duiven,
the Netherlands) was used as secondary antibody and 3,
3’-diaminobenzidine (Sigma-Aldrich, Zwijndrecht, the
Netherlands) was used as chromogen. Sections were
counterstained with hematoxylin (Klinipath BV, Duiven,
the Netherlands).

Luxol fast blue — Periodic acid-Schiff — hematoxylin
staining was used to discriminate between white and
gray matter and was compared to microglial staining to
select regions for analysis.

Sections were dehydrated and coverslipped with Pertex
(Klinipath). All slides were scanned with a Ventana iScan
HT slide scanner (Roche, Basel, Switzerland) at 20x mag-
nification. One or two square millimeter of each digital
image was selected, and microglia cell bodies were
manually counted by two independent observers, both
blinded for all clinical data: a neuropathologist (JYEL)
and a PhD student (DW).

Statistical analysis

Pilot study results were used for power analysis using
nQuery advisor (version 7.0, Statistical Solutions, Cork,
Ireland). Power was set to 80%, significance at 0.05 (two-
sided) and the effect size was estimated based on pilot
results.

All other statistics were performed using SPSS (SPSS
for Windows, version 20, IBM Corporation, Armonk,
NY, USA). Quantitative variables are presented as mean
with standard deviation (SD) or median with interquar-
tile range (IQR) depending on distribution. Continuous
variables were tested with Mann-Whitney U tests or
Student t-tests. Categorical variables were analyzed using
Chi-Square or Fisher Exact tests. In case of multiple
groups, testing was performed with one-way ANOVA or
Kruskal-Wallis. Statistical significance was set to p<
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0.05. For visual presentation of quantitative results,
GraphPad Prism was used (GraphPad Software, version
6.07, La Jolla, CA, USA).

Results

A series of 115 patients met inclusion criteria, of whom
41 patients were subsequently excluded (Table 1), leav-
ing 74 patients for analysis.

Brain tissue of eight patients was used for the pilot
study. MHC-II and CD-68 positive microglia counts
were perfomed in the middle frontal gyrus, internal and
external capsule, cerebellum, basal ganglia (caudate nu-
cleus, putamen, globus pallidus) and hippocampus of
five patients without systemic inflammation and three
patients with severe sepsis (n =2) or septic shock (7 =
1). Patients with systemic inflammation tended to have
higher MHC-II and CD-68 positive microglia numbers
in basal ganglia and higher MHC-II positive microglia in
hippocampus. Based on these results, basal ganglia and
hippocampus were selected for analysis in the whole co-
hort. To evaluate the possibility of localized differences,
we also assessed microglia numbers in cerebellum. A
power calculation based on estimates of the different ef-
fect sizes in this pilot study, indicated that group sizes
between 10 and 16 patients were required in the further
analyses to confidently avoid a type II error.

The eigth patients included in the pilot study were ex-
cluded from all further analyses to avoid a sampling
error. Sixteen patients with septic shock and 15 control
patients were randomly selected from the database. Pa-
tient’s characteristics at admission were similar in both
groups (Table 2), althouh patients in the control group
more frequently suffered from cardiac failure (6 of 15
[40%] vs. 1 of 16 [6%); p = 0.037).

The majority of patients with systemic inflammation was
admitted to the ICU, while patients without inflammation
were mostly admitted to the cardiac care unit (Table 3). In
the systemic inflammation group, the highest SOFA score
in the first week of ICU admission was median 15 (IQR
11-18), and the mean APACHE score was 119.3 (SD 28.6).

Table 1 Excluded patients (N =42)

Reason for exclusion n (%)
Intracranial pathology 22 (52.4)
Hemorrhage / infarction 7 (16.7)
Hepatic encephalopathy 7 (16.7)
Intracranial infection 4 (9.5)
Other 4(95)
Insufficient clinical data 6 (14.3)
No informed consent 4 (9.5)
Not enough / different brain areas sampled 4(9.5)
Other 6 (14.3)
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Table 2 Patient’s characteristics
Control N=15 Septic shock N=16 p-value
Female n (%) 7 (46.7) 5(313) 0473
Age in years. Median (IQR) 70.1 (65.2-87.4) 68.6 (58.9-71.7) 0.119
Living independently. N (%) 13 (86.7) 16 (100.0) 0226
N of chronic illnesses. Median (IQR) 3(1-4) 2 (0-3) 0.060
Medical history
Diabetes. N (%) 4 (26.7) 4 (25.0) 1.00
Hypertension. N (%) 11 (73.3) 10 (62.5) 0.704
Heartfailure (NYHA 2I1). N (%) 6 (40.0) 1(6.3) 0.037
Cardiac other. N (%) 11 (733) 8 (50.0) 0273
Peripheral vasculopathy. N (%) 2 (13.3) 0 0226
Dyslipidemia. N (%) 6 (40.0) 2(125) 0.113
CVA. N (%) 3 (20.0) 1(63) 0333
Chronic kidney disease (2G3). N (%) 5(33.3) 3(18.8) 0433
Livercirrhosis. N (%) 0 1(6.3) 0325
COPD (GOLD=2). N (%) 0 2(125) 0333
Inflammatory disease. N (%) 3 (20.0) 1(6.3) 0.704
Malignancy. N (%) 4 (26.7) 6 (37.5)
Immune compromised. N (%) 0 0
Alcohol or drug abuse. N (%) 1(6.7) 1(6.3) 1.00
N regular medication. Median (IQR) 7.5 (5.3-12.5) 6 (2.0-12.0) 0.223
Anticholinergic scores. Median (IQR)
ACB score. 25 (1.0-30) 1.0 (0.0-2.8) 0.146
ARS score. 0 (0-0) 0 (0-0.75) 0423

ACB anticholinergic cognitive burden list, ARS anticholinergic risk scale, COPD chronic obstructive pulmonary disease, CVA cerebrovascular accident, NYHA New

York heart association

Forty percent of patients in the control group had a posi-
tive bacterial culture without clinical signs of inflammation.
These infections were all in the respiratory or urinary
tracts, and the majority was diagnosed at autopsy only. In
the systemic inflammation group, all patients had at least
one positive bacterial culture in the week before death.
Consequently, the total antimicrobial use during hospital
stay, as measured by defined daily doses (DDD), was higher
in the systemic inflammation group than in the control
group (median 2.2 vs 0 DDD, respectively, p = 0.002).

All patients with systemic inflammation developed
septic shock in the week before death, while in the con-
trol group 10 patients (66%) suffered from shock, mostly
cardiogenic shock (p=0.018). Consequently more pa-
tients with systemic inflammation required vasoactive
medication to retain a MAP of >60 mmHg. They were
more likely to have ARDS and/or AKI, and more fre-
quently needed mechanical ventilation and renal re-
placement therapy than patients without signs of
inflammation.

Patients with severe systemic inflammation had higher
CRP levels [19] and they were more likely to exhibit

leukopenia [20], thrombocytopenia [21] and DIC, than
patients without systemic inflammation. Furthermore,
they had higher mean arterial bicarbonate levels. Other
blood components did not differ between groups.

Almost all control patients without signs of inflamma-
tion died of cardiopulmonary failure, while patients with
systemic inflammation were more likely to die because
of multiple organ dysfunction syndrome (MODS). The
median time spent in the hospital before death was simi-
lar between groups as was the postmortem delay
(Table 3).

To assess the agreement on microglia counts between
observers, the differences between counts were plotted
against the averages in Bland Altman plots. To correct for
systematic differences between observers, all counts were
normalized by dividing each count by the overall average
count of the observer. Limits of agreement were +/— 0.68
for hippocampus; +/- 0.58 for caudatus; +/- 0.48 for glo-
bus pallidus; +/-0.55 for putamen; and +/-0.54 for
cerebellum.

MHC-II positive microglia numbers were comparable
between patients with and without systemic inflammation
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Table 3 Characteristics during hospital stay

Control N=15 Sepsis N=16 p-value
Hospital admission
Reason for admission. N (%)
Cardiac 9 (60.0) 2 (125)
Infection 0 7 (43.8)
Elective surgery 3 (20.0) 2 (12.5)
Emergency surgery 0 1(6.3)
Other medical 3(20.0) 4 (25.0)
Ward. N (%)
Cardiology 5(333) 0
Intensive care unit 2 (13.3) 15 (93.8)
Emergency room 2 (13.3) 0
Internal medicine 2(133) 1(6.3)
Other 4 (26.6) 0
Complications during hospital stay
AKI. N (%) 1(6.7) 10 (62.5) <0.001
ARDS. N (%) 1(6.7) 7 (43.8) 0.013
Thrombocytopenia. N (%) 1(6.7) 8 (50) 0.010
DIC. N (%) 0 12 (75) <0.001
Shock N (%) 10 (66.7) 16 (100) 0.018
Septic 0 16 (100)
Cardiogenic 8 (53.3) 0
Obstructive 1(6.7) 0
Hypovolemic 1(6.7) 0
Interventions during hospital stay
Mechanical ventilation. N (%) 2(13.3) 12 (75.0) 0.001
RRT. N (%) 0 7 (43.8) 0.007
Surgery. N (%) 3 (200 7 (43.8) 0.152
Resuscitation. N (%) 9 (60.0) 6 (37.5) 0.186
Vasoactive medication 3 (20.0) 15 (81.3) <0.001
Infection and treatment
At least 1 positive culture. N (%) 7 (46.7) 16 (100.0) 0.001
Bacteremia 0 8 (50.0)
Abdomen 0 8 (8.0)
Respiratory tract 3(20.0) 7 (43.8)
Urogenital tract 4 (26.7) 2(125)
Peripheral 0 2(12.5)
Cardiac 0 1(6.3)
N different microorganisms. Median (IQR) 0 (0.0-1.0) 1.5 (1.0-2.0) 0.003
Patients with antimicrobial therapy. N (%) 5(33.3) 13 (81.3) 0.011
Defined daily doses. Median (IQR) 0 (0.0-0.7) 22 (1.0-33) 0.002
Death
Cause of death. N (%)
Cardiac/hemodynamic 14 (93.3) 2(12.5) <0.001

Respiratory 1(6.7) 0
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Table 3 Characteristics during hospital stay (Continued)
Control N=15 Sepsis N=16 p-value
MOF 0 13 (81.3)
Other 0 1(6.3)
Hospital stay, days. Median (IQR) 22 (1.2-82) 59 (2.1-14.6) 0.142
Active malignancy at death. N (%) 0 4 (25.0) 0.101
Hours between death and autopsy. Median (IQR) 217 (11.8-27.3) 184 (11.3-33.2) 0.608

AKl acute kidney injury, ARDS acute respiratory distress syndrome, APACHE IV acute physiology and chronic health evaluation, DIS disseminated intravascular
coagulation, MOF multiple organ failure, RRT renal replacement therapy, SOFA sequential organ failure assessment

(Table 4 and Fig. 1). Patients with systemic inflammation
had significantly more CD-68 positive microglia in hippo-
campus, putamen and cerebellum than control patients
without inflammation. Median counts in these areas were
increased by 50, 116 and 145%, respectively. The higher
CD-68 positive microglia counts in sepsis patients in the
caudate nucleus and globus pallidus were not significantly
different from those in controls. Representative sections of
CD-68 stained slides in both sepsis and control patients
are shown in Fig. 2.

Variation in microglia numbers between patients was
large (Fig. 1). To assess this variation we analyzed
whether microglia activation was dependent on sex, age,
medical history, length of hospital stay, or time between
death and autopsy. We did not find a statistically rele-
vant relationship between these factors and microglia
numbers, neither when analyses were repeated in control
patients separately.

To assess whether inhibition of microglia activation was
affected by use of anticholinergic mediaction, we corre-
lated microglia counts to two different anticholinergic
scoring systems. None of the 30 correlations tested were
significant for the ARS and counts of either MHC-II or
CD-68 positive microglia in any brain region, not in the
sepsis or control group separately, nor in both groups
combined. The ACB scale significantly correlated with
both MHC-II and CD-68 positive microglia counts in pu-
tamen of control patients (Spearman’s rho 0.617 and 0.602
respectively) and negative correlations were found with
ACB scores and microglia counts in the hippocampus
(Spearman’s rho - 0.394, all patients combined) and in the

Discussion

In a prospective cohort study we assessed whether sys-
temic inflammation leads to a neuroinflammatory re-
sponse in the form of microglia activation. We found
higher densities of CD-68 positive microglia in selected
brain regions of patients with septic shock. This finding
is suggestive of activation of the immune system in the
brain, possibly explaining long term cognitive deficits in
patients who survive severe systemic inflammation.

Two previous studies have been published that evalu-
ate microglia activation through histopathology of the
human brain. One case control study showed, consistent
with the present findings, a significant increase in CD-
68 expression in patients with sepsis compared to con-
trols while no difference was seen in MHC-II staining
[7]. Another study compared microglia activation in eld-
erly patients with or without delirium at the time of
death [22]. Patients who died during a delirious episode
had more microglia activation as illustrated by upregula-
tion of MHC-II and CD-68 positive cells. Yet this differ-
ence disappeared if patients with peripheral infection
were excluded, consistent with the present results, sug-
gesting that microglia activation is associated with sys-
temic inflammation rather than delirium per se.

We found more CD-68 positive microglia in patients
with systemic inflammation, while we found no difference
in MHC-II positive microglia numbers. Markers that iden-
tify microglia in histochemistry are limited, and do not re-
liably signal specific functions or the activation state of
microglia [23]. The most widely used microglia markers
are MHC-II and CD-68. MHC-II is expressed by micro-

putamen (Spearman’s rho - 0.555 in sepsis patients). glial cells with great morphological heterogeneity,
Table 4 Number of microglia in different brain areas

MHC-II staining CD-68 staining

Sepsis Control p-value Sepsis Control p-value
Hippocampus 136 (110-252) 132 (102-154) 0.379 7.5 (5-44) 5(1-8) 0.012
Caudate nucleus 221 (146-291) 178 (125-235) 0.247 19.5 (9-39) 10 (2-42) 0.188
Globus pallidus 264 (193-346) 275 (184-335) 0.953 57 (33-81) 53 (21-82) 0495
Putamen 253 (178-287) 268 (210-316) 0572 82.0 (49-132) 38 (25-74) 0.008
Cerebellum 89 (74-105) 82 (61-119) 0.770 27.0 (18-59) 11 (7-22) 0.011

All data are presented as median with IQR
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Figure 2: sections of CD68 stained tissue

1 putamen; 2 hippocampus; 3 cerebellum; 4 caudate nucleus; 5 globus pallidus
a: control; b: sepsis.

Bar = 100um

3 )
Fig. 2 1-2.5 Sections of CD68 stained brain tissue. Microglia appear brown. 3.1 Hippocampus; 3.2 Putamen; 3.3 Caudate Nucleus; 3.4 Globus
pallidus; 3.5 cerebellum. a: control, b: sepsis
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irrespective of the level of activation [24]. It has been sug-
gested that MHC-II is upregulated in ageing, and may not
reflect (additional) upregulation in inflammation [25]. We
assessed whether age is correlated with MHC-II positive
cell numbers, but we did not find a statistical relevant as-
sociation. CD-68 is a lysosomal membrane marker indica-
tive of phagocytic activity [26]. In this study CD-68
microglia numbers differed between groups, whereas no
differences were found in MHC-II cell numbers, possibly
attributable to alteration of microglia function in the pres-
ence of severe systemic inflammation.

CD-68 microglia numbers were higher in putamen,
cerebellum and hippocampus of patients with systemic in-
flammation, whereas groups did not significantly differ in
microglia numbers in caudate nucleus and globus pallidus.
Previous research showed that a single systemic challenge
with lipopolysaccharide (LPS) significantly increased
microglial proliferation in the hippocampus but not the
cerebral cortex and corpus callosum of adult mice [27].
Future research might focus on explanations for these re-
gional differences in microglia activation during systemic
inflammation.

It has been suggested that the effects of acetylcho-
line might counteract microglia activation: an anti-
inflammatory pathway by which the brain senses and
modulates the systemic inflammatory response
through the vagus nerve [6]. We assessed whether pa-
tients who used more anticholinergic medications
prior to hospital admission, have a higher amount of
neuroinflammation, illustrated by microglia activation.
The gold standard for quantification of anticholinergic
burden of medications would be measurement of
serum anticholinergic activity. However, interpretation
of the results in clinical practice is difficult. It has
been suggested that serum anticholinergic activity
might only assess peripheral activity, instead of cen-
tral anticholinergic effects. Moreover, endogenous
sources of anticholinergic activity in acute infection
or stress contribute to the global anticholinergic bur-
den [28]. One way to avoid these problems is the use
of anticholinergic scoring systems. Since there is no
widely accepted standard for such scoring, we ex-
plored two different scoring systems. The correlations
between the ACB scale and microglia numbers in the
putamen and hippocampus that we found need to be
interpreted with caution, because of the explorative,
multiple testing we performed. Moreover, not all
medication used in the Netherlands is included in the
anticholinergic scores. Furthermore, the two scales
used do not agree on which medication should be in-
cluded, and different scores are given to the same
drug in each list [28].

Several alternative explanations for our results merit
consideration such as the potential role of mechanical
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ventilation, the effects of shock or the influence of spe-
cific medication that was used. Mechanical ventilation
might activate the immune system, causing damage to
organs including the brain [29]. In our study, more pa-
tients in the sepsis group needed respiratory support
than control patients, however, no association was found
between both MHC-II and CD-68 microglia activation
and mechanical ventilation. Furthermore, we only in-
cluded patients with septic shock; one could argue that
our results are attributable to shock rather than to in-
flammation. Yet more than half of patients in the control
group suffered from shock, mostly cardiogenic. We did
not find an association between microglia activation and
shock per se.

Patients received selective decontamination of the di-
gestive tract (SDD) if they were expected to be in the
ICU for at least 3 days, or to need mechanical ventila-
tion for at least 2 days [30]. The aim of SDD is to pre-
vent nosocomial infections caused by potentially
pathogenic microorganisms. Sixty-seven percent of sep-
sis patients received SDD, while in the control group no
one received SDD. We cannot rule out that microglia
activation was caused by SDD, however, it seems un-
likely that addition of preventive antibiotics to a median
of 2,2 DDD of therapeutic antibiotics could cause this
significant difference. Moreover, we did not find a statis-
tical relevant correlation between number of antibiotics
and microglia activation.

We did not record previous episodes of inflammation
or sepsis, possibly confounding our results; however, this
applies to both groups. Time between death and brain
autopsy was similar between groups, ruling out post
mortem processes as an explanation for our results.

In this study we used brain tissue to evaluate neuroin-
flammation, where predictive serum biomarkers would
offer a valuable tool. However, in our study the reliability
of these markers is jeopardized by the immune response
induced by systemic inflammation that may be indistin-
guishable from central nervous system inflammation.
Future research focused on serum biomarkers would
possibly increase our understanding of neuroinflamma-
tory processes.

Conclusion

In patients who die during septic shock, systemic inflam-
mation is accompanied by localized and strong upregula-
tion of CD-68 positive microglia, but not of MHC-II
positive microglia. This finding is suggestive of activation
of the immune system in the brain, possibly explaining
long-term cognitive deficits in patients who survive se-
vere systemic inflammation.

ABBREVATIONS
ACB: Anticholinergic cognitive burden; AKI: Acute kidney injury; APACHE-
IV: Acute physiology and chronic health evaluation; ARDS: Acute respiratory



Westhoff et al. Immunity & Ageing (2019) 16:18

distress syndrome; ARS: Anticholinergic risk scale; CD: Cluster of
differentiation; COPD: Chronic obstructive pulmonary disease; CRP: C-reactive
protein; CVA: Cerebrovascular accident; DIC: Disseminated intravascular
coagulation; HLA: Human leukocyte antigen; ICU: Intensive care unit;

MAP: Mean arterial pressure; MHC-II : Major histocompatibility complex class
Il; MODS : Multiple organ dysfunction syndrome; NYHA: New York Heart
Association; RRT: Renal replacement therapy; SAE: Sepsis associated
encephalopathy; SIRS: Systemic inflammatory response syndrome;

SOFA: Sequential organ failure assessment; WBC: White blood cell count

Acknowledgments

We gratefully acknowledge all patients and relatives who contributed to this
study. We would like to thank Jasper Anink and Rene Sersansie for their
advice on (immuno)histochemistry, and Onno de Boer for his help with slide
scanning.

Authors’ contributions

DW, DvdB, WAVG, DIVW designed the study. ICH and DW included patients.
EMA performed brain autopsies and cut out areas of interest. DW handled
brain tissue and performed immunostainings. JYL and DW analyzed slides.
DW collected clinical data, performed statistical analysis and drafted the
manuscript. All authors read and approved the final version of the
manuscript.

Funding
This work was supported by ZonMW (WavG, TOP grant #40-00812-98-
10017).

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

In all cases written informed consent from the patients themselves or their
relatives was available to use brain tissue for research purposes. Tissue was
obtained and used in a manner compliant with the Declaration of Helsinki.

Consent for publication
Not applicable

Competing interests
The authors declare that they do not have any competing interests.

Author details

'Department of Neurology, Amsterdam Neuroscience, Amsterdam University
Medical Center, University of Amsterdam, Amsterdam, Netherlands.
2Department of Intensive Care medicine, Leiden University Medical Center,
Leiden, Netherlands. *Department of Neuropathology, Amsterdam University
Medical Center, University of Amsterdam, Amsterdam, Netherlands.
“Swammerdam Institute for Life Sciences, Center for Neuroscience, University
of Amsterdam, Amsterdam, Netherlands.

Received: 4 December 2018 Accepted: 17 July 2019
Published online: 30 July 2019

References

1. Gofton TE, Young GB. Sepsis-associated encephalopathy. Nat Rev Neurol.
2012;8(10):557-66.

2. Annane D, Sharshar T. Cognitive decline after sepsis. Lancet Respir Med.
2015;3(1):61-9.

3. Pandharipande PP, et al. Long-term cognitive impairment after critical
illness. N Engl J Med. 2013;369(14):1306-16.

4. Cunningham C, Maclullich AM. At the extreme end of the

psychoneuroimmunological spectrum: delirium as a maladaptive sickness

behaviour response. Brain Behavimmun. 2013;28:1-13.

Tracey KJ. The inflammatory reflex. Nature. 2002;420(6917):853-9.

6. van Gool WA, van de Beek D, Eikelenboom P. Systemic infection and delirium:
when cytokines and acetylcholine collide. Lancet. 2010;375(9716):773-5.

7. Lemstra AW, et al. Microglia activation in sepsis: a case-control study. J.
Neuroinflammation. 2007;4:4.

wl

Page 10 of 10

8. Boustani, MAC, N.L; Munger, S. et al, Impact of anticholinergics on the aging
brain: a review and practical application. Aging Health, 2008. 4: p. 311-320.

9. Rudolph JL, et al. The anticholinergic risk scale and anticholinergic adverse
effects in older persons. Arch Intern Med. 2008;168(5):508-13.

10.  Stevens PE, Levin A, Disease MK, Improving global outcomes chronic kidney
Disease guideline development work group. Evaluation and management of
chronic kidney disease: synopsis of the kidney disease: improving global outcomes
2012 clinical practice guideline. Ann Intern Med. 2013;158(11):825-30.

11. Bellomo R, et al. Acute renal failure - definition, outcome measures, animal
models, fluid therapy and information technology needs: the second
international consensus conference of the acute Dialysis quality initiative
(ADQI) group. Crit Care. 2004,8(4):R204-12.

12. Ferguson ND, et al. The Berlin definition of ARDS: an expanded
rationale, justification, and supplementary material. Intensive Care Med.
2012;38(10):1573-82.

13. Zimmerman JE, et al. Acute physiology and chronic health evaluation
(APACHE) IV: hospital mortality assessment for today’s critically ill patients.
Crit Care Med. 2006;34(5):1297-310.

14. Vincent JL, et al. The SOFA (Sepsis-related organ failure assessment) score to
describe organ dysfunction/failure. On behalf of the working group on
Sepsis-related problems of the European Society of Intensive Care Medicine.
Intensive Care Med. 1996;22(7):707-10.

15. Methodology, WCCIDS. ATC classification index with DDDs. 2016; Available
from: https://www.whocc.no/atc_ddd_index/. Accessed July 2017.

16. Bone RC, et al. Definitions for sepsis and organ failure and guidelines for
the use of innovative therapies in sepsis. The ACCP/SCCM consensus
conference committee. American College of Chest Physicians/Society of
Critical Care Medicine. 1992. Chest. 2009;136(5 Suppl):e28.

17. Levi M, et al. Guidelines for the diagnosis and management of disseminated
intravascular coagulation. British Committee for Standards in Haematology.
Br J Haematol. 2009;145(1):24-33.

18. Annane D, Bellissant E, Cavaillon JM. Septic shock. Lancet. 2005;365(9453):63-78.

19. Lobo SM, et al. C-reactive protein levels correlate with mortality and organ
failure in critically ill patients. Chest. 2003;123(6):2043-9.

20. Levy MM, et al. 2001 SCCM/ESICM/ACCP/ATS/SIS international Sepsis
definitions conference. Crit Care Med. 2003;31(4):1250-6.

21, Hui P, et al. The frequency and clinical significance of thrombocytopenia
complicating critical illness: a systematic review. Chest. 2011;139(2):271-8.

22. Munster BC, et al. Neuroinflammation in delirium: a postmortem case-
control study. Rejuvenation Res. 2011;14(6):615-22.

23. Ramprasad MP, et al. Cell surface expression of mouse macrosialin and
human CD68 and their role as macrophage receptors for oxidized low
density lipoprotein. Proc Natl Acad Sci U S A. 1996,93(25):14833-8.

24, Kim SU, de Vellis J. Microglia in health and disease. J Neurosci Res. 2005;
81(3):302-13.

25.  Conde JR, Streit WJ. Microglia in the aging brain. J Neuropathol Exp Neurol.
2006;65(3):199-203.

26.  Doorn KJ, et al. Microglial phenotypes and toll-like receptor 2 in the
substantia nigra and hippocampus of incidental Lewy body disease cases
and Parkinson's disease patients. Acta Neuropathol Commun. 2014;2:90.

27. Fukushima S, et al. Robust increase of microglia proliferation in the fornix of
hippocampal axonal pathway after a single LPS stimulation. J
Neuroimmunol. 2015;285:31-40.

28, Lertxundi U, et al. Expert-based drug lists to measure anticholinergic
burden: similar names, different results. Psychogeriatrics. 2013;13(1):17-24.

29. Quilez ME, et al. Injurious mechanical ventilation affects neuronal activation
in ventilated rats. Crit Care. 2011;15(3):R124.

30.  Schultz MJ, de JE, Kesecioglu J. Selective decontamination of the digestive
tract reduces mortality in critically ill patients. Crit Care. 2003;7(2):107-10.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.whocc.no/atc_ddd_index/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Patients and clinical data
	Brain tissue, histochemistry and evaluation
	Statistical analysis

	Results
	Discussion
	Conclusion
	ABBREVATIONS
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

