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Abstract
Delirium is a common complication seen after surgery and anesthesia, in particular in older patients. Although the etiology 
of postoperative delirium is only incompletely understood, various lines of evidence suggest that proinflammatory signal-
ing from the peripheral site of inflammation to central nervous system results in a decrease of cerebral acetylcholine (ACh) 
levels thereby inducing neuroinflammation. To corroborate this theory, we applied an animal model for characterization of 
the neuroinflammatory response after partial hepatectomy (HPx). In this model, the surgery-induced decrease in cerebral 
ACh levels can be prevented by intraoperative application of physostigmine. Thus, ACh-associated changes in the expres-
sion and secretion of inflammation-related compounds can be assessed by comparing the results obtained after surgery, in 
physostigmine-treated and untreated controls. This way we were able to show that the decrease of cerebral ACh triggers 
increased secretion of IL-1β, IL-6, TNFα, MIP-2 (CCL3), RANTES, MCP1, IFNgamma, and IP-10. A gene array covering 
the expression of 370 inflammation-related genes indicated 13 candidates that are induced upon cerebral ACh decrease after 
HPx. Quantification of the changes in the expression of these candidates by the comparative CT method revealed a significant 
increase (> 1.5-fold) in the expression of IL-1β, IL-6, TNFα, MIP2, RANTES, MCP1, TLR2, TLR4, HMGB1, TNFSF6, 
TNFSF12, IL1R1 and ILR6. Thus, our results suggest that peripheral surgery induces a reduction of cerebral ACh levels 
which trigger a complex neuroinflammatory response. From a clinical point of view, manipulating cerebral ACh levels by 
procholinergic drugs such as physostigmine could become an option to therapeutically target this kind of neuroinflammation.
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Introduction

Postoperative delirium (POD) is a form of delirium that 
manifests in patients who have undergone surgical proce-
dures and anesthesia, usually peaking between 1 and 3 days 
after their operation (Whitlock et al. 2011). Postoperative 
delirium (POD) rates vary widely, ranging from 9 to 87% 
depending on the age of patients and the type of surgery 
(Maldonado 2008). The etiology of POD is not yet fully 
understood and is probably multifactorial. However, the 
brain’s reaction to a peripheral inflammatory process, as 
induced by surgery, is considered to be a pathophysiological 
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key element (Steiner 2011). Also animal experiments indi-
cate that surgery-induced inflammation rather than anes-
thesia may be the major cause of POD-associated reac-
tions in the brain (Plaschke et al. 2014, 2016). Since an 
inflammatory response to intra- or postoperative stress as 
well as the induction of structural changes in brain vascu-
lar cells by anesthetics can affect the permeability of the 
blood brain barrier, proinflammatory cytokines generated 
in the periphery may reach the brain, thereby also causing 
proinflammatory signaling to the central nervous system 
(CNS) (Acharya et al. 2015; Rudolph et al. 2008). As a 
result, neuroinflammation with expression of proinflamma-
tory cytokines and inflammatory mediators in the CNS is 
induced. These neuroinflammatory changes induce neuronal 
and synaptic dysfunction and subsequent neurobehavioural 
and cognitive symptoms, which may finally result in the 
development of delirium (Cerejeira et al. 2010; Cortese and 
Burger 2017). Peripheral inflammation as well as neuroin-
flammation is under the control of the vagus nerve-based 
inflammatory reflex (Pavlov and Tracey 2015). According 
to this, peripheral inflammation is signaled to the brain 
via afferent cholinergic vagus signaling to the brain where 
the afferent signal is integrated with efferent vagus nerve-
mediated immunoregulatory output back to the periphery 
(Chavan et al. 2017). Likewise cholinergic modulation of 
microglial activation (Shytle et al. 2004) has been shown to 
attenuate neuroinflammation that was primarily induced by 
peripheral inflammation (Terrando et al. 2014). Accordingly, 
reduced cholinergic inhibition of microglia was suggested 
as a major cause of severe neuroinflammation and resulting 
delirium (van Gool et al. 2010). In a recent study applying 
partial hepatectomy (HPx) in rats to investigate the effects 
of surgery-induced systemic inflammation on cholinergic 
activity in the CNS, a significant decrease of acetylcholine 
(ACh) levels in brain was detected in response to surgical 
stress. Physostigmine, an inhibitor of the acetylcholinester-
ase (AChE) that easily penetrates the blood–brain barrier, 
effectively prevented the surgery-induced decrease of ACh 
levels in the brain (Plaschke et al. 2016). Thus, this appears 
to be a suitable model to investigate the role of cholinergic 
signaling in surgery-induced neuroinflammation. In line with 
this, the model was already successfully applied to show that 
cholinergic signaling controls the secretion of the inflamma-
tion marker IL-1β in the brain after surgery induced stress 
(Plaschke et al. 2014). However, a detailed analysis of the 
influence of cholinergic signaling on the cytokine production 
and secretion pattern in the CNS has not been conducted 
yet. We, therefore, now applied the HPx animal model for 
in-depth analysis of the action of altered ACh levels on 
the expression and secretion of inflammation-related com-
pounds. To this end, we analyzed the effects of HPx with 
and without concomitant physostigmine treatment on the 
expression of 370 inflammation-related genes in rat brains 

and measured the levels of inflammatory cytokines in the 
rats’ cerebrospinal fluid by multiplex immunoassay.

Methods

Animal experiments

The studies were performed on adult male Wistar-HAN 
rats (n = 30, JANVIER, Elevage Janvier, Le Genest St. 
Isle, France) weighing between 190 and 270 g. Rats were 
housed in a temperature-controlled room at 22 ± 0.5 °C with 
a reversed day–night cycle (12 h:12 h, light on at 7 p.m.). 
Free access to food (Altromin, standard no. 1320, Lage, Ger-
many) and water was allowed throughout the experimen-
tal period. The experimental protocol was approved by the 
appropriate review committee of the Medical Faculty of the 
University of Heidelberg (Germany) and complied with the 
guidelines of the responsible government agency and with 
international standards.

All three groups received sevoflurane (3.5 vol% and 
30% oxygen/70%  N2O) for the experimental period using a 
rat-adapted mask. Partial liver resection (HPx, n = 10) was 
performed as described previously (Plaschke et al. 2016). 
Control rats (n = 10) did not undergo any surgical interven-
tion. Injections of physostigmine (n = 10) or placebo were 
applied once, at 5 min before the end of the 30-min surgery 
period to the vena femoralis. Physostigmine (anticholium™, 
Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) was 
prepared freshly before application in HPx rats and dissolved 
in nonpyrogenic sterile saline (0.9% NaCl). The drug was 
administered slowly intravenously at a dose of 0.04 mg kg−1 
body weight (0.01 mg in 240 µl 0.9% sterile NaCl solution 
saline) under the same conditions of anesthesia as described 
above. As placebo, a volume-adapted 0.9% sterile NaCl solu-
tion was given. At 120 min after physostigmine, rats were 
anesthetized again using 4 vol% sevoflurane in combination 
with 30% oxygen and 70%  N2O. Cerebrospinal fluid (CSF) 
(40–90 µl per rat, n = 10) was taken after preparation of the 
membrane atlantooccipitalis via the suboccipitale puncture 
of the second cervical vertebra, and was immediately frozen 
at − 80 °C. For tissue preparation, rats were decapitated. 
Rats’ brains were rapidly removed and the right and left 
hemispheres were prepared. Fronto-parietal cortical tissue 
of n = 3 was separated, frozen on dry ice for 5–10 min, and 
stored at − 80 °C.

Acetylcholine determination

The concentration of ACh in the CSF supernatant (n = 10) 
was determined after dilution with a specific reaction buffer 
to prevent ACh hydrolysis using the Amplex Red Assay kit 
(Molecular Probes; Invitrogen, Karlsruhe, Germany). The 
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 Amplex® Red Acetylcholine/Acetylcholinesterase Assay Kit 
provides an ultrasensitive method for detecting ACh and also 
AChE activity in a fluorescence microplate reader or fluo-
rometer. This, the kit detects ACh levels as low as 0.3 µM 
using excess AChE with a range of detection from 0.3 to 
100 µM ACh. In detail, AChE activity is monitored indi-
rectly using 10-acetyl-3,7-dihydroxyphenoxazine  (Amplex® 
Red reagent), a sensitive fluorogenic probe for hydrogen per-
oxide. AChE converts the ACh substrate to choline, which 
is then oxidized by choline oxidase to betaine and hydrogen 
peroxide. In the presence of horseradish peroxidase, hydro-
gen peroxide reacts with the  Amplex® Red reagent in a 1:1 
stoichiometric ratio to generate the highly fluorescent prod-
uct resorufin.

Gene expression array

Total RNA was extracted from the brain cortical tissue sam-
ples using the RNeasy Mini Kit (Quiagen, Hilden, Germany) 
according to the manufacturer’s instructions. RNA yield 
and purity were assessed using a spectrophotometer. One 
microgram of total RNA was converted into cDNA using 
SuperScript™ II reverse transcriptase (Invitrogen, Dreieich, 
Germany) and oligo dT Primer (Invitrogen) according to 
the manufacturer’s protocol. Production was controlled by 
amplifying the transcript of a housekeeping gene (glyceral-
dehyde-3-phosphate dehydrogenase; GAPDH). cDNA was 
analyzed by a  RT2 Profiler PCR Array (Quiagen, Hilden, 
Germany) on a ABI StepOnePlus according to the manu-
facturer’s protocol.

Multiplex immunoassay

The concentrations of cytokines and chemokines in CSF 
were analyzed by a commercial Luminex immunoassay kit 
(Cytokine & Chemokine 22-Plex Rat ProcartaPlex™ Panel, 

Thermo Fisher Scientific, Dreieich, Germany) according to 
the manufacturer’s instructions.

Statistical analysis

All measurements were performed by an independent inves-
tigator blinded to the experimental conditions. Differences 
within normally distributed data (acetylcholine) were sub-
jected to one-way analysis of variance (ANOVA) using 
SPSS v22.0 (SPSS IBM, Chicago, USA) followed by post 
hoc Fisher’s LSD test. Results were considered significant 
at p ≤ 0.05. Data were presented as mean values + standard 
deviation (SD).

Results

To emulate conditions of a major surgery in an animal 
model, HPx was performed in Wistar rats and cholinergic 
signaling in the CNS was manipulated by the blood–brain 
barrier penetrating AChE inhibitor physostigmine. The 
whole experimental design of the study is schematically 
summarized in Fig. 1.

No significant differences between the groups in intraop-
erative blood gas parameters were determined for the follow-
ing parameters: pH value,  pCO2,  pO2, bicarbonate  (HCO3

−), 
base excess (BE), hematocrit (Hk), hemoglobin (Hb), potas-
sium  (K+), glucose (Glu), and lactate (Lac) concentrations 
(data not shown). Thus, all these measured parameters were 
in the physiological range.

Measurement of ACh levels in the CSF obtained from 
the rats 120 min after surgery indicated a decrease of the 
neurotransmitter in the CNS in response to HPx. Infusion 
of a single physostigmine injection at the end of the surgi-
cal intervention counteracted this effect (Fig. 2). Since this 
observation points to an influence of the surgery-induced 

Sevoflurane anesthesia
(3.5 Vol%, O2/N2O 30:70)
Partial Liver Resection

-30min -5min 120min

Physostigmin, i.v.
0.04 mg/kg body weight

CSF sampling

Preparation of brain tissue

Expression analysis of
inflammation-related genes

Levels of acetylcholine and
inflammation-associated cytokines

Fig. 1  Schematic presentation of the experimental design
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inflammatory reaction in the periphery on cholinergic sign-
aling in the CNS, we applied this animal model to study the 
role of cholinergic activities in the induction of a neuroin-
flammatory response. CSF is a particularly suited matrix to 
measure neuroinflammation-related secretion of cytokines 
in the CNS. It freely communicates with the brain inter-
stitial fluid thereby reflecting biochemical changes in the 
brain. Therefore, we choose this matrix for screening of 
neuroinflammation-related release in the CNS. Since the 
amount of CSF that can be taken from a rat is very limited, 
we applied a multiplex assay procedure to concomitantly 
measure 22 inflammation-relevant cytokines/chemokines in 
sample. The list of these analytes is given in supplementary 
table S1. Nine cytokines were found altered after HPx and 
eight of these alterations were influenced by manipulating 
the ACh levels in the brain (Fig. 3). In detail, for IL-1β, 
IL-6, TNFα, MIP-2 (CCL3), RANTES, MCP1 and IP10, 
a marked increase was observed which was attenuated by 
physostigmine. IFNγ was only moderately increased while 
an exaggerated increase was induced by physostigmine. 
Also secretion of IL-10 was triggered by HPx, but was not 
influenced by physostigmine. The other cytokines were not 
detectable in the CSF (detection limits given in supplemen-
tary table S1).

Besides the secretion of inf lammation-control-
ling cytokines also changes in the expression of other 

inflammation-related proteins including cytokine recep-
tors, enzymes of cytokine metabolism, and regulators of 
cytokine production and inflammation, are an integral fea-
ture of the inflammatory response in the brain. To screen for 
such changes, we applied a gene expression array targeting 
380 genes involved in the inflammation process. A list of 
all screened mRNAs is given in supplementary table S2. 
Among these, 13 genes were found altered by HPx and their 
alterations influenced by physostigmine. The comparative 
CT method (Schmittgen and Livak 2008) was applied to 
quantify the effects of HPx and physostigmine on the expres-
sion of these genes (Fig. 4).

Discussion

Following major surgery, many patients experience prob-
lems that originate from the brain, such as postoperative 
cognitive dysfunction and POD. Initiation of neuroinflam-
mation is considered one of the central mechanisms in the 
development of such cerebral dysfunction (Cerejeira et al. 
2010). Since the mechanisms that are involved in the devel-
opment of neuroinflammation and cerebral dysfunction 
following major surgery are still poorly understood, also 
robust clinical strategies to prevent POD are lacking. This 
can be mainly attributed to the complex multifactorial nature 
of POD. Animal models can be shaped to help unraveling 
such complexity by focusing on single but potentially basic 
mechanisms of POD development, like the role of cerebral 
ACh signaling in neuroinflammation.

Our model demonstrates that surgery is associated with 
a postoperative reduction of cerebral ACh levels. Thus, our 
results are in line with the cholinergic deficiency hypothesis 
in delirium (Hshieh et al. 2008). We selected a time point 
of 120 min in accordance with our previous data (Plaschke 
et al. 2014, 2016) showing an induction of cytokines at 
120 min after surgery. In addition, 120 min after surgery is 
a typical time point of postoperative deteriorations, e.g. for 
POD. Our previous investigations suggest that a surgery-
triggered increase of cerebral AChE activity might contrib-
ute to the postoperative reduction of cerebral ACh levels. A 
potential mechanism could be the AChE gene activation by 
cholinergic neurotransmission via a feedback mechanism, 
leading to increased formation of AChE protein and accel-
erated degradation of ACh at cholinergic synapses (Nitsch 
et al. 1998). Also a reduction of ACh release has been sug-
gested to conduce to neuroinflammation-associated hypo-
cholinergic activity in the brain (Rada et al. 1991; Taepa-
varapruk and Song 2010). Such decrease of the ACh level 
in brain is associated with an increase of proinflammatory 
cytokines. IL-1β, known to be one of the most potent induc-
ers of neuroinflammation (Basu et al. 2004), is not detectable 
in CSF of the control animals, but high concentrations of 
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this “master regulator of neuroinflammation” (Basu et al. 
2004) are found in the HPx animals. The point of view that 
IL-1β plays a dominating role in neuroinflammation is cor-
roborated by the observation that reduction of ILR1 in the 

brain alleviates neuroinflammatory reactions thereby con-
ferring neuroprotection (Lazovic et al. 2005). However, our 
multiplex assay indicates that besides IL-1β the concerted 
action of several cytokines may contribute to the full-blown 
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picture of surgery-induced neuroinflammation. In particular, 
IL-6 and TNFα are also considered to be at the top of the 
hierarchy of inflammation-regulatory processes. Autocrine 
activation of microglia by TNFα can orchestrate a complex 
proinflammatory microglial reaction (Kuno et al. 2005). 
The important role of IL-6 as important inducer of neuro-
inflammation is exemplified in a recent study showing that 
intracisternal administration of an IL-6 antagonist attenu-
ates surgery-induced cognitive impairment by inhibition of 
neuroinflammatory responses in laparatomized rats (Jiang 
et al. 2015). Interestingly, IL-1β was also shown to serve as 
a long-lasting stimulus for MIP-2 expression. Thus IL-1β-
dependent induction of MIP-2 (CXCL2), as also indicated by 
our present study, may play a role in sustaining neuroinflam-
mation (Shaftel et al. 2007). RANTES (CCL5) was initially 
described as a potent chemoattractant guiding leukocytes to 
sites of inflammation and injury (Schall 1991). However, 
in the CNS it was also suggested to exert neurotrophic and 
neuroprotective activities (Bolin et al. 1998; Tripathy et al. 
2010). Yet, the functions of CCL5 in the brain are multifac-
eted, since it can bind to different receptors that are restricted 
to certain regions in the brain. Even a function of CCL5 
in neuronal/glial communication was suggested (Lanfranco 
et al. 2017). Increase of MCP-1 (CCL2) has been associated 
with several neuroinflammatory conditions (Conductier et al. 
2010). Based on a clinical study in hip fracture patients in 
which a significant association between increased MCP-1 
levels and the development of delirium in the postopera-
tive face was found, a role of MCP-1 in the pathogenesis 
was hypothesized (Skrede et al. 2015). Our results, indi-
cating an ACh-induced reduction of MCP-1 in the CNS of 
HPx-treated animals, support this hypothesis. HPx had only 

a moderate effect on IFNγ levels in CSF which was aug-
mented by physostigmine-induced increase of ACh. The role 
of IFNγ is difficult to pin down since both neuroprotective/
neuroregulatory as well as proinflammatory functions are 
effective. Such opposing role of IFNγ appears to depend on 
dose, disease phase, and cell development stage (Ottum et al. 
2015). Elevated levels of IP-10 (CXCL10) during neuroin-
flammation, as also found in our study, can alter neuronal 
excitability and calcium signaling in hippocampal neurons. 
In particular, changes in neuronal excitability induced by 
IP-10 may contribute to the cognitive dysfunction (Cho et al. 
2009; Nelson and Gruol 2004). Since IL-10 is known as an 
effective anti-inflammatory cytokine, its striking increase 
after HPx can be considered a counterregulation to the 
strong inflammatory stimulus by the other cytokines. Phys-
ostigmine had no effect on its secretion after HPx indicating 
that the cholinergic system is not directly involved in its 
release under these conditions.

For IL1β, IL6, TNFα, MIP2, RANTES and MCP1, in 
addition to the increased ACh-dependent secretion, also an 
induction of their gene expression was found, indicating that 
their synthesis was also induced. Likewise the synthesis 
of HMGB1 was induced. HMGB1 is considered to prime 
microglia for an inflammatory response thereby potentiating 
to action of proinflammatory cytokines in the brain (Fonken 
et al. 2016; Frank et al. 2015). Members of the tumor necro-
sis factor (TNFSF) superfamily are considered central medi-
ators of the extrinsic apoptotic pathway. Thus, the induction 
of TNFSF6 and TNFSF12 expression after HPx and the alle-
viating effect of physostigmine hint to an ACh-dependent 
proapoptotic signaling (Sonar and Lal 2015). Besides the 
increase of IL-1β and IL-6 expression and secretion in the 
CNS also an induction of their receptors IL1R1 and ILR6 
was observed. IL-1R1 has been localized widely in the CNS. 
Notably, there is strong evidence that IL1R1 and IL6R are 
expressed in neurons and these receptors play an important 
role in neuroinflammation-induced neurodegeneration (Guo 
et al. 2007; Holmes et al. 2004; Kempuraj et al. 2016). To 
investigate functional changes after HPx and physostigmine 
application, psychometric investigations relating spatial cog-
nition, also in more aged rats, actually are under the way. In 
conclusion, our study substantiates the point of view that a 
decrease of cholinergic signaling in the CNS after periph-
eral surgery triggers a complex proinflammatory reaction 
in the brain that is considered to play a pivotal role in the 
development of delirium. This reaction can be extenuated by 
medication with physostigmine which restores the cerebral 
ACh levels. Although the kinetic half-life of physostigmine 
is only about 16–20 min, its anti-inflammatory action was 
sustained until 120 min. This is in line with the observation 
that during single-dose conditions the dynamic half-life of 
the drug is substantially longer (Asthana et al. 1995). Cor-
respondingly, a recent case report refers a single dose of 
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physostigmine as a successful therapeutic intervention in 
a patient who developed severe POD (Zujalovic and Barth 
2015).
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