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The neuroinflammatory response

of postoperative cognitive decline
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†Department of Anesthesia and Perioperative Care, University of California San Francisco, 521
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Education, Lisbon, Portugal, and §Departments of Anesthesiology and Critical Care, Groupe
Hospitalier Pitié-Salpêtrière, Assistance Publique-Hôpitaux de Paris, Université Pierre et Marie
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Background: Aseptic surgical trauma provokes a homeostatic neuroinflammatory

response to promote healing and protect the organism from further injury.

When this response is dysregulated, harmful consequences can follow, including

postoperative cognitive decline.

Sources of data: We performed a comprehensive search on PubMed related to

postoperative cognitive dysfunction (POCD).

Areas of agreement: Although the precise pathogenic mechanisms for POCD

remain unclear, certain risk factors are known.

Areas of controversy: The mechanisms that lead to exaggerated and persistent

neuroinflammation and the best way to counteract it are still unknown.

Areas for developing research: It is imperative that we identify the underlying

processes that increase the risk of cognitive decline in elderly surgical patients.

In this review we explore non-resolution of inflammation as an underlying cause

of developing exaggerated and persistent POCD. If interventions can be

developed to promote resolution of neuroinflammation, the patient’s

postoperative recovery will be enhanced and long-term consequences can be

prevented.
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Introduction

Impairment of cognition after surgery is a disturbing reality.
Postoperative delirium (POD) is characterized by inattention, disorga-
nized thinking and altered level of consciousness with acute onset and
fluctuating course. While some patients develop POD, others develop a
later onset form of postoperative cognitive decline known as post-
operative cognitive dysfunction (POCD).

It is estimated that POCD occurs in .10% of non-cardiac surgical
patients1 over 60 years old,2 and is independently associated with poor
short-term and long-term outcomes, including an increased risk of
mortality.3,4 Although several risk factors have been identified, the
exact pathophysiology that underlies POCD remains undefined.

The thesis that neuroinflammation is a possible cause of POCD has
recently been tested. Data from preclinical studies support the concept
that inflammation is a possible pathogenic mechanism for post-
operative cognitive dysfunction.5–9 Increased expression of interleukins
in mouse hippocampus following minor surgery was associated with
cognitive decline,5,10 corroborating the view that surgery-induced neu-
roinflammation can result in cognitive impairment. Surgical patients
exhibit elevations of pro-inflammatory cytokines in both the central
nervous system and the systemic circulation, the extent of which may
relate to the degree of cognitive decline.11,12 Assuming that neuroin-
flammatory changes noted postoperatively in rodents also occur in
humans, reasons must be sought why POCD is a relatively infrequent
clinical event (+10%) whereas neuroinflammation always occurs.
Among the possibilities include the fact that the neuroinflammatory
changes are usually evanescent and do not normally cause a long-
lasting consequence in animal models. Several clinical conditions can
transform the self-limiting postsurgical neuroinflammatory response
into one that is persistent. The persistence in neuroinflammation may
be due to dysfunction in the inflammation-resolving mechanism.
Alternatively, a normal neuroinflammatory response to surgery may
have long-lasting detrimental effects in settings of neurological path-
ology, whether clinically evident or not. In a recently completed pro-
spective study, patients who had previously suffered a stroke were more
at risk of POCD even though they had no neurological sequelae from
the remote stroke event.13,14 Epidemiologic studies have suggested that
neurodegenerative disorders, such as Alzheimer’s disease (AD), may be
accelerated by surgery15–18 and that exacerbates dementia in AD
patients19 while increasing the occurrence of dementia20. However, this
relationship has recently been challenged21.
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This review considers the possible role of inflammation in the devel-
opment of POCD in the setting of underlying systemic and neurologic
diseases; it will also discuss future research possibilities that might help
identify vulnerable patients with whom interventional strategies could
be invoked.

Clinical condition

Clinical studies distinguish POD from POCD. The Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV-TR)22 defines the
standards necessary for a diagnosis of delirium. These include disturb-
ance of consciousness, change in cognition, inattentiveness and a fluc-
tuating time course. Clinically, this diagnosis is often made using the
confusion assessment method (CAM), a simple four-question screening
tool that has a sensitivity of 94% and a specificity of 89%. A variation
known as the CAM-ICU is often used in the intensive care unit (ICU)
setting and is useful in sedated or intubated patients. Diagnosis of
delirium in the cases of dementia can also be accomplished with the
appropriate tools.23

There are three subtypes of delirium: hyperactive (25%), hypoactive
(50%) and mixed (25%). The hypoactive subtype is the most frequent-
ly missed and may actually be associated with greater mortality than
the hyperactive subtype.24 The incidence of POD is between 10 and
55% in postoperative patients, depending on the type of procedure the
patient underwent, with a higher percentage in orthopedics compared
with general surgery patients.25 Additionally, the incidence of POD is
significantly higher in elderly patients. It is estimated that up to 50%
of elderly patients suffer from delirium after surgery.26 Furthermore,
over 40% of hospitalized patients with delirium suffer from psychotic
features, including visual hallucinations. It typically manifests itself
within 24–48 h postoperatively, with exacerbation of symptoms at
night, perhaps due to circadian disturbances. The implications of POD
are significant. It is associated with increased morbidity and a 1-year
mortality that approaches 40%.27 The estimated healthcare-associated
costs related to delirium are astronomic. They made up nearly
$7 billion of Medicare expenditures in 2004.28

Persistent cognitive decline is predominantly seen in the elderly29 and
is termed POCD. POCD is diagnosed by the International Society of
Postoperative Cognitive Dysfunction as subtle deficits in one or more
discrete domains of cognition, e.g. attention, concentration, executive
function, verbal memory, visuospatial abstraction and psychomotor
speed.30 This condition typically develops over weeks to months,
and is long-lasting. The diagnosis requires sensitive presurgical and
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postsurgical neuropsychiatric testing.31 As a consequence of this com-
plication, patients can lose their employment or independence, which
can seriously reduce their quality of life.4,14,32

An international multicenter study of POCD (ISPOCD) reported
memory impairments in more than a quarter of the patients 1 week after
non-cardiac surgery and in 10% after 3 months in patients older than
60 years. Follow-up studies have shown similar incidences with some
reports describing cognitive decline persisting for up to 1 year after
surgery. Both because the number of major surgical interventions
(requiring anesthesia) exceeds 230 million worldwide33 and because of
the increasing prevalence of surgical interventions in patients .65 years
old, this age group will become the largest segment of surgical patients
by 2020.34 If current rates hold steady, we can expect that millions of
elderly patients will run the risk of developing POCD. This possibility
raises the stakes considerably: not only on an individual level, but also
on a societal scale.

Risk factors

Studies have sought to identify factors that may contribute to POCD,
some of which include surgery, anesthesia and patient-related factors.

Non-modifiable patient factors

Patient-related risk factors include: advanced age,1,2,14,35–42 educa-
tion,1,2,14,38,40,42 genetic polymorphism (apolipoprotein E4)43–45 and
several other comorbidities.

Advanced age is associated with infirmities, many of which can be
successfully treated with surgery. Unfortunately, persistent cognitive
impairments can develop as a side effect of these surgical procedures.29

An increase in the aging population and improvements in anesthesia
and surgery have led to increases in the number of elderly patients
undergoing surgery. Therefore, it is likely that postoperative central
nervous system dysfunction will become increasingly common.

Systemic disease: metabolic syndrome

Roughly 25% of the 45 million surgical patients in the US have meta-
bolic syndrome (MetaS),46 though its precise definition and diagnostic
criteria continue to evolve.47 MetaS, comprising insulin resistance,
visceral obesity, hypertension and dyslipidemia, increases the risk of
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postoperative complications contributing to a significant higher mortal-
ity rate.48–51 While each of the subphenotypes that define MetaS has a
strong genetic component, lifestyle factors that contribute to this
cluster of conditions include sedentary behavior and a diet with a high
caloric content from saturated fats and/or simple carbohydrates.52

Many complications of MetaS (including atherosclerosis) are inflamma-
tory in nature and the pathologic metabolism in adipose stores may be
the source of pro-inflammatory adipokines.53 Conversely, with little
adiponectin to attenuate activation of the transcription factor NF-kB in
macrophages, expression of genes for pro-inflammatory cytokines is
increased;54 up-regulated NF-kB activity in morbid obesity can be recti-
fied with adiponectin.55 Roughly a quarter of the American adult
population have MetaS; 50% of cardiac surgery patients are affected
with MetaS.56 Recent evidence indicates that patients suffering from
MetaS may be particularly susceptible to POCD.50,57

Neurologic disease

The two most common causes of dementia are vascular dementia and
AD, although most cases of dementia have both types of pathology.
Pre-operative cognitive impairment, such as mild cognitive impairment
(possible prodrome for AD), may already exist in many elderly patients
who incidentally present at surgery. Although perioperative cognitive
decline and AD may share certain neuropathologic and biochemical
mechanisms, there is no direct evidence linking the involvement of
AD-type pathogenic mechanisms and POCD in humans and only weak
epidemiological evidence associating surgery with onset of AD.58

Epidemiological studies have suggested that neurodegenerative disor-
ders, including AD, may be accelerated by surgery.15 However, large
retrospective studies have thus far not associated surgery or anesthesia
with further dementia and AD.21 Evidence from animal models sug-
gests that inhaled anesthetic exposure increases pathology normally
associated with AD, including increase in b-amyloid peptide and
b-acting cleavage enzyme;59 anesthesia-induced hypothermia increased
tau hyperphosphorylation by decreasing phosphatase 2A activity.60

Symptomatic pre-operative neurologic diseases, including dementia
and any disease of the central nervous system, are often considered ex-
clusion criteria for POCD studies.14 Interestingly, cerebral vascular
accidents (without residual deficit) were associated with risk factors for
POCD, suggesting for the first time that a pre-operative ischemic brain
insult could influence the possibility of POCD. However, no causal
link between pre-operative cerebral vascular accident and POCD has
been established yet in experimental or human investigations.
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Postoperative neurodegeneration, akin to AD, is observed in aged
rats;61 while inflammation-resolution mechanisms have not been inves-
tigated, it is known that these mechanisms decline with advancing
age.62,63 AD-type neurodegeneration is accelerated by neuroinflamma-
tion,64 raising the possibility that failure to resolve neuroinflammation
may provoke neurodegenerative changes that cause persistent cognitive
decline. It is noteworthy that anesthesia alone, at higher concentrations
and for more prolonged periods, has been reported to produce AD-like
neurodegeneration although this has been challenged.65–68

The anesthetized state

There are several risk factors directly related to anesthesia that may be
involved in the pathogenesis of POCD. Intra-operative hypotension,
hypoxia, embolism, medications and postoperative infections have all
been described as risk factors for POCD. Although general anesthetics
are capable of producing long-lasting cognitive dysfunction under
certain circumstances,69,70 the incidence of POCD is similar after re-
gional and general anesthesia,71 the reason why attention has been
focused on the role of the surgical intervention itself in the genesis of
this condition. Postoperative pain is a possible etiologic factor in
POCD.72 Epidural analgesia with local anesthetics and/or opioids may
be better than parenteral analgesics for the control of postoperative
pain and the prevention of early POCD.73 Furthermore, patients who
are prescribed postoperative oral analgesics experience less POCD com-
pared with those receiving parenteral medication.74 Even though
studies have shown the potential benefit of intra-operative monitoring
of anesthetic depth and cerebral oxygenation as a pragmatic interven-
tion to reduce postoperative cognitive impairment,75 this factor still
remains a controversial issue as some studies have shown no relation
between deeper states of anesthesia and the emergence of POCD.76 In
support of the latter position, a number of recent studies show that
animals exposed to short-duration isoflurane do not develop memory
impairment.5

Sleep

Sleep is crucial for the repair of many types of injury and disease,
especially with regard to the central nervous and immune systems; it
also has anabolic, restorative properties that improve both neurocog-
nitive and immune function. During non-rapid eye movement
(NREM) sleep, slow-wave activity performs a homeostatic function
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to reduce the strength of synapses that has been acquired during
wakeful activity.77 This synaptic homeostasis improves subsequent
cognitive function by allowing new changes in synaptic strength. For
example, both NREM and REM sleep are necessary for the consoli-
dation of learning and memory while sleep deprivation results in
cognitive dysfunction.78

Polysomnographic studies revealed extreme sleep disruption in ICU
patients with decreases in total sleep-time, altered sleep architecture
(predominance of stage 1 and 2 sleep, decreased or absent stage 3
NREM and REM sleep) and sleep fragmentation;79,80 also, up to 50%
of the total sleep-time occurred during daytime. Lack of sleep hygiene
results in cognitive dysfunction,81,82 contributes to delirium,83 adverse-
ly affects immunity84,85 and independently increases both morbidity
and mortality.86 Sleep disruption during hospital care has the potential
to adversely impact on patients’ outcome and also provides a direct fi-
nancial cost with respect to the length of hospital stay and depletion of
healthcare resources.

Preclinical studies have shown the detrimental effect of lack of sleep
on cognition.87 In addition, perioperative sleep deprivation induced sig-
nificant neuroinflammatory changes.88–90 The exact mechanism for
the deleterious consequences of a ‘double hit’ (aseptic surgical trauma
and sleep deprivation) is still poorly understood, though it has been
shown to increase the expression of inflammatory cytokines in the
brain.88,89 Sedative practices have also shown to be a main causative
factor for this disruption.91,92

Anesthetics have different action targets and ultimately different con-
sequences. The pivotal work of the MENDs trial92–94 indicated the
benefits of a specific anesthetic agent, dexmedetomidine, in the
outcome of ICU populations. a2 adrenergic agonists converge on sleep
pathways within the brainstem, while those that act by modulating the
GABAA receptor converge at the level of the hypothalamus. Several
studies have now demonstrated the association between the use of
benzodiazepine (BZD) and increased incidence93 and duration95 of de-
lirium in ICU patients, although the relationship of the development
and duration of delirium to sleep disruption has not yet been thorough-
ly ascertained. Acute withdrawal from long-term sedation with BZDs
and opiate narcotics results in profound sleep disruption.96 Thus,
thoughtful attention must be paid in selecting an anesthetic agent that
best mimics natural sleep in order to decrease the decline of cognitive
function. These efforts have to be maintained for the entire
perioperative period.
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Neuroinflammatory response to surgery

Activation of the immune system after surgery is associated with cognitive
decline.5,7 Tissue trauma releases damage-associated molecular patterns
(DAMPs) that are recognized by pattern recognition receptors (PRRs),
which then trigger an immune response in a manner remarkably similar to
that of microbial-derived pathogen-associated molecular patterns
(PAMPs).97–99 Among PRRs, Toll-like receptors (TLRs) are of critical im-
portance, recognizing various ligands (including PAMPs and DAMPs) and
activating TLR signals along different pathways, thereby increasing the syn-
thesis and release of pro-inflammatory mediators. Although the function of
TLR4 during lipopolysaccharide (LPS) endotoxemia100 has been deeply
explored, the pathways of infection-mediated neuroinflammation and cog-
nitive decline seem to be distinct from that of aseptic surgical trauma.7 One
of the most important DAMPs (released from dead or dying cells through
non-apoptotic processes101) is high-mobility group box 1 (HMGB1).
HMGB1 can bind and signal through a family of PRRs that are evolution-
arily conserved.102 Clinical conditions such as sepsis, arthritis and stroke all
release massive amounts of HMGB1.103 Both DAMPs and PAMPs con-
verge on NF-kB to increase synthesis and release of pro-inflammatory cyto-
kines,104 including TNF-a, which disrupt blood brain barrier (BBB)
integrity.5,7,8,105 Early activation of the innate immunity through DAMPs
(HMGB1 and cytokines) will introduce the initial response to surgery
resulting in neuroinflammation and concomitant cognitive decline.7

Following injury, this ‘transient’ inflammation is a necessary tissue
repair process that promotes healing. Macrophages are highly heteroge-
neous hematopoietic cells found in nearly every tissue in the body and
have been defined as the sentinels of the innate immune system. They
are also key players in the resolution of inflammation and are critical
to tissue repair, wound healing and restoration of homeostasis.106 In
addition, macrophages are responsible for sensing, integrating and ap-
propriately responding to a bewildering array of stimuli from its local
microenvironment. Macrophage responses are mediated through two
distinct and mutually exclusive activation programs, termed classical
(or M1) and alternative (or M2).107 These activation programs were
initially defined by their antimicrobial activities; classical activation
occurs in response to bacterial infections and results in highly inflam-
matory macrophages with high phagocytic and bactericidal poten-
tial.107 In contrast, alternative activation occurs in response to parasitic
infections and promotes antiparasitic functionalities as well as those
involved in tissue repair and remodeling.108 Both programs promote
differentiation of neighboring macrophages to their same activation
state and potently inhibit maturation of the other.
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Neuroinflammation after surgery is likely to include a pro-inflamma-
tory phase and an anti-inflammatory phase (neural and humoral path-
ways mediate the switch between these two phases).109,110 With respect
to the humoral factors, resolvins, lipoxins and maresins (macrophage
mediators in resolving inflammation), derived from polyunsaturated
fatty acids (PUFAs), are novel lipid mediators that promote the reso-
lution of inflammation. Protective actions of D-series resolvins have
been observed in both acute and chronic inflammatory diseases, such as
peritonitis, ischemia/reperfusion injury and sepsis. Resolvins both limit
PMN infiltration and enhance macrophage phagocytosis by transducing
signaling mechanisms that originate at specific receptors on human
PMN, monocytes and macrophages. Lipoxins were the first mediators
recognized to have both anti-inflammatory and pro-resolving actions.111

Maresins are newly identified macrophage mediators with the same
properties.112 They are capable of dampening the pro-inflammatory re-
sponse by inhibiting macrophage NF-kB activity and polarizing macro-
phages into an M2 phenotype.113–115 Dietary supplementation with
PUFAs in patients with MetaS corrects many of the metabolic derange-
ments116 as well as the pro-inflammatory markers.117 Regarding the re-
solving inflammatory state mediated by neural factors, DAMPs activate
the efferent arc of the inflammatory reflex via NF-kB, termed the cholin-
ergic anti-inflammatory pathway. At its splenic nerve terminus, vagal
outflow releases adrenergic agonists (rather than the usual cholinergic
neurotransmitter); these catecholamines activate b2 adrenergic receptors
on CD3 T lymphocytes that are capable of synthesizing and releasing
acetylcholine needed to mediate inhibition of macrophage NF-kB activ-
ity by signaling through the a7 subtype of nicotinic acetylcholine recep-
tors (a7 nAChR). Ultimately, it inhibits synthesis and release of
pro-inflammatory cytokines from circulating immunocompetent
cells.104,118,119

The neural cholinergic reflex is very important in resolving the
inflammatory pathogenesis of several diseases including sepsis,120

rheumatoid arthritis121 and colitis.122

Furthermore, the cholinergic anti-inflammatory pathway also modu-
lates the function of T regulatory cells,123 which influences the produc-
tion of anti-inflammatory cytokines (IL-10 and IL-4)124 and alternative
macrophage activation that promotes the resolution of inflamma-
tion.125 IL-4 is the cytokine responsible for polarizing macrophage
from the pro-inflammatory classically activating (M1) to the reparative
alternatively activating (M2) phenotype. In the mouse models of type II
diabetes, there is a relative lack of T regulatory cells and an imbalance
of M1/M2 macrophages, which might contribute to persistent low-
grade inflammation.126 Abnormalities of the switching mechanism may
cause a non-resolving chronic inflammatory state that could create the
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circumstances for persistent cognitive decline. Recently, it has been
shown that MetaS will contribute to exaggerated and persistent POD
in a rat model of tibial fracture.127 In addition, dysfunctional resolution
of inflammation was found to be associated with behavioral deficits
after surgery in metabolic syndrome rats.128 However, the detailed
mechanisms are still unclear and more research is warranted.

Studies have shown the importance of this reflex for resolving
DAMP-induced neuroinflammation, pro-inflammatory cytokine release,
neuroinflammation and cognitive decline; stimulating the a7 nAChR in
macrophages, inhibited NF-kB activity which in the quiescent state pre-
cludes postoperative memory impairment by preventing monocyte mi-
gration into the hippocampus.129 Drugs used clinically in the
perioperative period, including anesthetics, exert anti-cholinergic activ-
ity that may translate into non-resolution of inflammation and PCD in
the form of delirium.130 Advanced age is associated with decline in cho-
linergic function, which may be relevant in explaining the high preva-
lence of POCD in elderly patients.

When inflammation does not subside, it can contribute to the patho-
genesis of diseases.106 Through a permeable BBB, CCR2-expressing
bone marrow-derived macrophages (BM-DM) are attracted, by the
newly expressed chemokine, MCP-1, into the brain parenchyma. The
macrophages synthesize and release a variety of pro-inflammatory cyto-
kines that interfere with processes required for memory. Macrophage-
specific Ikappa B kinase (IKK)b coordinates activation of NF-kB; when
it is deleted, it prevents BBB disruption and BM-DM infiltration into the
hippocampus following surgery.129 Transgenic mice that overexpress
Hsp72 and inhibit NF-kB activity have attenuation of postoperative
neuroinflammation and cognitive decline.131,132

Learning and memory processes rely on the hippocampus, a region of
the brain that contains a large number of pro-inflammatory cytokine
receptors.133,134 The hippocampus has the highest density of IL-1
receptors, and although IL-1b is required for normal learning and
memory processes, higher levels can also produce diminished cognitive
function.135,136 Recent studies have suggested a role for cytokines such
as interleukins-1 and -6 in the genesis of POCD. The relative preva-
lence of the TNF-a receptor, as well as other PRR, on the endothelium
of this brain region may account for its vulnerability to systemic
pro-inflammatory cytokines.137

Surgical trauma in animal models is associated with the persistent ac-
tivation of macrophages in the CNS that are capable of maintaning ele-
vated levels of IL-1b, and other pro-inflammatory cytokines, such as
TNF-a and IL-65. These changes are correlated with cognitive dysfunc-
tion seen in animal models (contextual fear memory,5,7,9 spatial learn-
ing99,138 or reversal learning98). IL-1 is released in response to a wide

S. Vacas et al.

170 British Medical Bulletin 2013;106



range of infectious, inflammatory or toxic insults, IL-1.99,139

Sub-clinical inflammation following administration of LPS substantially
increases IL1-b levels and cognitive deterioration after surgery.8 In add-
ition, several studies suggest that the marked and sustained expression
of inflammation-related enzymes, such as cyclooxygenase- 2, plays an
important role in secondary events that amplify cerebral injury after is-
chemia.140 Patients also exhibit a robust neuroinflammatory response
to peripheral surgery with an initial rise in pro-inflammatory cytokines
in the CSF12,141 as well as release of reactive oxygen species and
endothelins.102,142,143

Can we identify vulnerable patients pre-operatively?

We believe that non-resolution of inflammation is a factor that contri-
butes to the pathogenesis of POCD, which in turn significantly
increases morbidity and mortality in surgical patients. We might be
witnessing a perfect and unfortunate storm of factors with regard to
POCD: to put it another way, given the rise in surgeries and increasing
number of elderly patients worldwide, the stakes could not be higher.

Vulnerable patients need to be identified and risk/benefit should be
considered before contemplating the efficacy of surgical intervention.
Advanced age, MetaS, patients prone to AD and poor selection of
sedative agents may each result in an exaggerated and persistent neu-
roinflammatory response to surgery. Further studies are needed to
understand which patients will suffer from exacerbated inflammation
with the aim of developing a biomarker that is quick to assay for clini-
cians and easy to comprehend for patients and their families.
Concurrently, clinical interventions need to be further developed to
promote the resolution of neuroinflammation in postoperative patient
populations. Following both tracks, we anticipate that postoperative
recovery for vulnerable patients will be greatly enhanced and possible
long-term consequences, such as postoperative neurodegeneration, can
be significantly reduced.

Conclusions

In the majority of patients, postoperative neuroinflammation is part of
the normal protective mechanism to peripheral trauma and resolves
properly with no residual cognitive consequences. Indeed, it is also
possible that surgery for a chronic inflammatory disease may result in
cognitive improvement by eliminating disease-inducing cognitive impair-
ment that may be associated with chronic inflammatory disease. That
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said, some risk factors, such as MetaS, patients prone to AD and poor
selection of sedative agents, may each promote the intractable persist-
ence of neuroinflammatory response to surgery. For an increasing
number of patients with advanced age, POCD is alarmingly common,
making postoperative central nervous system dysfunction a looming
public health crisis, given the world’s rising elderly population.

Additional study is essential to elucidate the risk factors, preventative
strategies and the underlying pathophysiology of this disorder. If these
studies can succeed in identifying patients prospectively, or early
enough in the advent of persistent inflammation, interventions can be
judiciously and appropriately launched.

References

1 Abildstrom H, Rasmussen LS, Rentowl P et al. Cognitive dysfunction 1-2 years after non-
cardiac surgery in the elderly. ISPOCD group. International Study of Post-Operative
Cognitive Dysfunction. Acta Anaesthesiol Scand 2000;44(10):1246–51.

2 Moller JT, Cluitmans P, Rasmussen LS et al. Long-term postoperative cognitive dysfunction
in the elderly ISPOCD1 study. ISPOCD investigators. International Study of Post-Operative

Cognitive Dysfunction. Lancet 1998;351(9106):857–61.
3 Newman MF, Kirchner JL, Phillips-Bute B et al. Longitudinal assessment of neurocognitive

function after coronary-artery bypass surgery. N Engl J Med. 2001;344(6):395–402.

4 Steinmetz J, Christensen KB, Lund T et al. Long-term consequences of postoperative cogni-
tive dysfunction. Anesthesiology 2009;110(3):548–55.

5 Cibelli M, Fidalgo AR, Terrando N et al. Role of interleukin-1beta in postoperative cogni-

tive dysfunction. Ann Neurol 2010;68(3):360–8.
6 Terrando N, Monaco C, Feldmann M et al. Unraveling the interactions between post-

operative infection, surgery, and inflammation in post-operative cognitive dysfunction.
European Journal of Anaesthesiology Euroanesthesia, Helsinki, Finland, 2010:1–2.

7 Terrando N, Monaco C, Ma D et al. Tumor necrosis factor-alpha triggers a cytokine

cascade yielding postoperative cognitive decline. Proc Natl Acad Sci U S A
2010;107(47):20518–22.

8 Fidalgo AR, Cibelli M, White JP et al. Systemic inflammation enhances surgery-induced cog-
nitive dysfunction in mice. Neuroscience letters 2011;498(1):63–6.

9 Fidalgo AR, Cibelli M, White JP et al. Peripheral orthopaedic surgery down-regulates hippo-

campal brain-derived neurotrophic factor and impairs remote memory in mouse.
Neuroscience 2011;190:194–9.

10 Rosczyk HA, Sparkman NL, Johnson RW. Neuroinflammation and cognitive function in
aged mice following minor surgery. Experimental Gerontology 2008;43(9):840–46.

11 Beloosesky Y, Hendel D, Weiss A et al. Cytokines and C-reactive protein production in

hip-fracture-operated elderly patients. J Gerontol A Biol Sci Med Sci 2007;62(4):420–6.
12 Buvanendran A, Kroin JS, Berger RA et al. Upregulation of prostaglandin E2 and interleu-

kins in the central nervous system and peripheral tissue during and after surgery in humans.
Anesthesiology 2006;104(3):403–10.

13 Sanders RD, Bottle A, Jameson SS et al. Independent Preoperative Predictors of Outcomes

in Orthopedic and Vascular Surgery The Influence of Time Interval Between an Acute
Coronary Syndrome or Stroke and the Operation. Ann. Surg. 2012;255(5):901–07.

14 Monk TG, Weldon BC, Garvan CW et al. Predictors of cognitive dysfunction after major

noncardiac surgery. Anesthesiology 2008;108(1):18–30.
15 Gasparini M, Vanacore N, Schiaffini C et al. A case-control study on Alzheimer’s disease

and exposure to anesthesia. Neurol Sci 2002;23(1):11–4.

S. Vacas et al.

172 British Medical Bulletin 2013;106



16 Bufill E, Bartes A, Moral A et al. Prevalence of cognitive deterioration in people over 80

years old: COGMANLLEU study. Neurologia 2009;24(2):102–07.
17 Lee TA, Wolozin B, Weiss KB et al. Assessment of the emergence of Alzheimer’s disease fol-

lowing coronary artery bypass graft surgery or percutaneous transluminal coronary angio-
plasty. J. Alzheimers Dis. 2005;7(4):319–24.

18 Bohnen N, Warner MA, Kokmen E et al. Early and midlife exposure to anesthesia and

age-of-onset of Alzheimer’s disease. International Journal of Neuroscience
1994;77(3-4):181–85.

19 Fong TG, Jones RN, Shi P et al. Delirium accelerates cognitive decline in Alzheimer disease.
Neurology 2009;72(18):1570–5.

20 Saczynski JS, Marcantonio ER, Quach L et al. Cognitive trajectories after postoperative de-

lirium. N Engl J Med 2012;367(1):30–9.
21 Avidan MS, Searleman AC, Storandt M et al. Long-term cognitive decline in older subjects

was not attributable to noncardiac surgery or major illness. Anesthesiology
2009;111(5):964–70.

22 Association AP. American Psychiatric Association: Diagnostic and Statistical Manual of

Mental Disorders, Fourth Edition: DSM-IV-TRw. Washington D.C., United States of
America: American Psychiatric Association, 2000.

23 Morandi A, Rogers BP, Gunther ML et al. The relationship between delirium duration,

white matter integrity, and cognitive impairment in intensive care unit survivors as deter-
mined by diffusion tensor imaging: The VISIONS prospective cohort magnetic resonance

imaging study. Critical Care Medicine 2012;40(7):2182–89.
24 Whitlock EL, Vannucci A, Avidan MS. Postoperative delirium. Minerva Anestesiologica

2011;77(4):448–56.

25 Michota FA, Frost SD. Perioperative management of the hospitalized patient. Medical
Clinics of North America 2002;86(4):731–48.

26 Ansaloni L, Catena F, Chattat R et al. Risk factors and incidence of postoperative delirium
in elderly patients after elective and emergency surgery. British Journal of Surgery
2010;97(2):273–80.

27 Inouye SK, Zhang Y, Han L et al. Recoverable cognitive dysfunction at hospital admission
in older persons during acute illness. Journal of General Internal Medicine
2006;21(12):1276–81.

28 Inouye SK, Ferrucci L. Elucidating the pathophysiology of delirium and the interrelationship
of delirium and dementia. Journals of Gerontology Series a-Biological Sciences and Medical
Sciences 2006;61(12):1277–80.

29 Krenk L, Rasmussen LS, Kehlet H. New insights into the pathophysiology of postoperative
cognitive dysfunction. Acta Anaesthesiol. Scand. 2010;54(8):951–56.

30 Rasmussen LS, Larsen K, Houx P et al. The assessment of postoperative cognitive function.
Acta Anaesthesiol. Scand. 2001;45(3):275–89.

31 Krenk L, Rasmussen LS. Postoperative delirium and postoperative cognitive dysfunction in
the elderly - what are the differences? Minerva Anestesiologica 2011;77(7):742–49.

32 Price CC, Garvan CW, Monk TG. Type and severity of cognitive decline in older adults

after noncardiac surgery. Anesthesiology 2008;108(1):8–17.
33 Weiser TG, Regenbogen SE, Thompson KD et al. An estimation of the global volume of

surgery: a modelling strategy based on available data. Lancet 2008;372(9633):139–44.
34 Etzioni DA, Liu JH, Maggard MA et al. The aging population and its impact on the surgery

workforce. Ann Surg 2003;238(2):170–7.

35 Canet J, Raeder J, Rasmussen LS et al. Cognitive dysfunction after minor surgery in the
elderly. Acta Anaesthesiol. Scand. 2003;47(10):1204–10.

36 Roach GW, Kanchuger M, Mangano CM et al. Adverse cerebral outcomes after coronary
bypass surgery. N. Engl J Med. 1996;335(25):1857–63.

37 Stockton P, Cohen-Mansfield J, Billig N. Mental status change in older surgical patients -

Cognition, depression, and other comorbidity. Am J Geriatr. Psychiatr. 2000;8(1):40–46.
38 Ancelin ML, De Roquefeuil G, Ledesert B et al. Exposure to anaesthetic agents, cognitive

functioning and depressive symptomatology in the elderly. Br J Psychiatry
2001;178:360–66.

Neuroinflammation and postoperative cognitive decline

British Medical Bulletin 2013;106 173



39 Dijkstra JB, Houx PJ, Jolles J. Cognition after major surgery in the elderly: test performance

and complaints. Br J Anaesth. 1999;82(6):867–74.
40 Newman MF, Grocott HP, Mathew JP et al. Report of the substudy assessing the impact of

neurocognitive function on quality of life 5 years after cardiac surgery. Stroke
2001;32(12):2874–79.

41 Shaw PJ, Bates D, Cartlidge NEF et al. Neurologic and neuropsychological morbidity fol-

lowing major surgery - comparison of coronary-artery bypass and peripheral vascular-
surgery. Stroke 1987;18(4):700–07.

42 Johnson T, Monk T, Rasmussen LS et al. Postoperative cognitive dysfunction in middle-aged
patients. Anesthesiology 2002;96(6):1351–57.

43 Lelis RG, Krieger JE, Pereira AC et al. Apolipoprotein E4 genotype increases the risk of

postoperative cognitive dysfunction in patients undergoing coronary artery bypass graft
surgery. J Cardiovasc Surg (Torino) 2006;47(4):451–6.

44 Abildstrom H, Christiansen M, Siersma VD et al. Apolipoprotein E genotype and cognitive
dysfunction after noncardiac surgery. Anesthesiology 2004;101(4):855–61.

45 Heyer EJ, Wilson DA, Sahlein DH et al. APOE-epsilon4 predisposes to cognitive dysfunction

following uncomplicated carotid endarterectomy. Neurology 2005;65(11):1759–63.
46 Hall MJ, DeFrances CJ, Williams SN et al. National Hospital Discharge Survey: 2007 tsum-

mary. National health statistics reports 2010(29):1–20, 24.

47 Eckel RH, Alberti KG, Grundy SM et al. The metabolic syndrome. Lancet
2010;375(9710):181–3.

48 Kajimoto K, Miyauchi K, Kasai T et al. Metabolic syndrome is an independent risk factor
for stroke and acute renal failure after coronary artery bypass grafting. The Journal of thor-
acic and cardiovascular surgery 2009;137(3):658–63.

49 Hudetz JA, Iqbal Z, Gandhi SD et al. Postoperative delirium and short-term cognitive dys-
function occur more frequently in patients undergoing valve surgery with or without coron-

ary artery bypass graft surgery compared with coronary artery bypass graft surgery alone:
results of a pilot study. J Cardiothorac Vasc Anesth 2011;25(5):811–6.

50 Hudetz JA, Patterson KM, Amole O et al. Postoperative cognitive dysfunction after noncar-

diac surgery: effects of metabolic syndrome. J Anesth 2011;25(3):337–44.
51 Hudetz JA, Patterson KM, Iqbal Z et al. Metabolic syndrome exacerbates short-term post-

operative cognitive dysfunction in patients undergoing cardiac surgery: results of a pilot
study. J Cardiothorac Vasc Anesth 2011;25(2):282–7.

52 Cornier MA, Dabelea D, Hernandez TL et al. The metabolic syndrome. Endocrine reviews
2008;29(7):777–822.

53 Buechler C, Wanninger J, Neumeier M. Adiponectin receptor binding proteins–recent
advances in elucidating adiponectin signalling pathways. FEBS letters
2010;584(20):4280–6.

54 Park PH, McMullen MR, Huang H et al. Short-term treatment of RAW264.7 macrophages

with adiponectin increases tumor necrosis factor-alpha (TNF-alpha) expression via ERK1/2
activation and Egr-1 expression: role of TNF-alpha in adiponectin-stimulated interleukin-10
production. The Journal of biological chemistry 2007;282(30):21695–703.

55 Choudhary S, Sinha S, Zhao Y et al. NF-kappaB-inducing kinase (NIK) mediates skeletal
muscle insulin resistance: blockade by adiponectin. Endocrinology 2011;152(10):3622–7.

56 Tung A. Anaesthetic considerations with the metabolic syndrome. Br J Anaesth. 2010;105

Suppl 1:i24–33.
57 Hudetz JA, Patterson KM, Iqbal Z et al. Metabolic syndrome exacerbates short-term post-

operative cognitive dysfunction in patients undergoing cardiac surgery: results of a pilot
study. J Cardiothorac Vasc Anesth 2011;25(2):282–7.

58 Bohnen NI, Warner MA, Kokmen E et al. Alzheimer’s disease and cumulative exposure to
anesthesia: a case-control study. J Am Geriatr Soc 1994;42(2):198–201.

59 Xie Z, Culley DJ, Dong Y et al. The common inhalation anesthetic isoflurane induces

caspase activation and increases amyloid beta-protein level in vivo. Ann Neurol
2008;64(6):618–27.

60 Planel E, Krishnamurthy P, Miyasaka T et al. Anesthesia-induced hyperphosphorylation
detaches 3-repeat tau from microtubules without affecting their stability in vivo. J Neurosci
2008;28(48):12798–807.

S. Vacas et al.

174 British Medical Bulletin 2013;106



61 Wan Y, Xu J, Meng F et al. Cognitive decline following major surgery is associated with

gliosis, beta-amyloid accumulation, and tau phosphorylation in old mice. Critical care medi-
cine 2010;38(11):2190–8.

62 Xie Z, Tanzi RE. Alzheimer’s disease and post-operative cognitive dysfunction. Exp
Gerontol 2006;41(4):346–59.

63 Hampel H. Amyloid-beta and Cognition in Aging and Alzheimer’s Disease: Molecular and

Neurophysiological Mechanisms. J Alzheimers Dis 2012 .
64 Agostinho P, Cunha RA, Oliveira C. Neuroinflammation, oxidative stress and the pathogen-

esis of Alzheimer’s disease. Current pharmaceutical design 2010;16(25):2766–78.
65 Xie Z, Dong Y, Maeda U et al. The common inhalation anesthetic isoflurane induces apop-

tosis and increases amyloid beta protein levels. Anesthesiology 2006;104(5):988–94.

66 Dong Y, Wu X, Xu Z et al. Anesthetic isoflurane increases phosphorylated tau levels
mediated by caspase activation and Abeta generation. PloS one 2012;7(6):e39386.

67 Xie Z, Dong Y, Maeda U et al. The inhalation anesthetic isoflurane induces a vicious cycle
of apoptosis and amyloid beta-protein accumulation. J Neurosci 2007;27(6):1247–54.

68 Tang JX, Mardini F, Caltagarone BM et al. Anesthesia in presymptomatic Alzheimer’s

disease: a study using the triple-transgenic mouse model. Alzheimers Dement
2011;7(5):521–31 e1.

69 Culley DJ, Baxter M, Yukhananov R et al. The memory effects of general anesthesia persist

for weeks in young and aged rats. Anesth Analg. 2003;96(4):1004–09.
70 Culley DJ, Baxter MG, Yukhananov R et al. Long-term impairment of acquisition of a

spatial memory task following isoflurane-nitrous oxide anesthesia in rats. Anesthesiology
2004;100(2):309–14.

71 Newman S, Stygall J, Hirani S et al. Postoperative cognitive dysfunction after noncardiac

surgery: a systematic review. Anesthesiology 2007;106(3):572–90.
72 Lynch EP, Lazor MA, Gellis JE et al. The impact of postoperative pain on the development

of postoperative delirium. Anesth Analg. 1998;86(4):781–85.
73 Morrison RS, Magaziner J, Gilbert M et al. Relationship between pain and opioid analgesics

on the development of delirium following hip fracture. Journals of Gerontology Series
a-Biological Sciences and Medical Sciences 2003;58(1):76–81.

74 Wang Y, Sands LP, Vaurio L et al. The effects of postoperative pain and its management on

postoperative cognitive dysfunction. Am J Geriatr Psychiatry 2007;15(1):50–9.
75 Ballard C, Jones E, Gauge N et al. Optimised anaesthesia to reduce post operative cognitive

decline (POCD) in older patients undergoing elective surgery, a randomised controlled trial.

PloS one 2012;7(6):e37410.
76 Farag E, Chelune GJ, Schubert A et al. Is depth of anesthesia, as assessed by the Bispectral

Index, related to postoperative cognitive dysfunction and recovery? Anesth Analg

2006;103(3):633–40.
77 Tononi G, Cirelli C. Sleep function and synaptic homeostasis. Sleep Med Rev

2006;10(1):49–62.
78 Sanders RD, Maze M. Contribution of sedative-hypnotic agents to delirium via modulation

of the sleep pathway. Canadian Journal of Anesthesia-Journal Canadien D Anesthesie
2011;58(2):149–56.

79 Aurell J, Elmqvist D. Sleep in the surgical intensive care unit: continuous polygraphic

recording of sleep in nine patients receiving postoperative care. Br Med J (Clin Res Ed)
1985;290(6474):1029–32.

80 Hilton BA. Quantity and quality of patients’ sleep and sleep-disturbing factors in a respira-

tory intensive care unit. J Adv Nurs 1976;1(6):453–68.
81 Misra S, Malow BA. Evaluation of sleep disturbances in older adults. Clin Geriatr Med

2008;24(1):15–26, v.
82 Walker MP. Cognitive consequences of sleep and sleep loss. Sleep Med 2008;9 Suppl

1:S29–34.

83 Yildizeli B, Ozyurtkan O, Batirel HF et al. Factors associated with postoperative delirium
after thoracic surgery. Ann Thorac Surg. 2005;79(3):1004–09.

84 Irwin M, McClintick J, Costlow C et al. Partial night sleep deprivation reduces natural killer
and cellular immune responses in humans. FASEB J 1996;10(5):643–53.

Neuroinflammation and postoperative cognitive decline

British Medical Bulletin 2013;106 175



85 Ozturk L, Pelin Z, Karadeniz D et al. Effects of 48 hours sleep deprivation on human

immune profile. Sleep Res Online 1999;2(4):107–11.
86 Gallicchio L, Kalesan B. Sleep duration and mortality: a systematic review and

meta-analysis. J Sleep Res 2009;18(2):148–58.
87 Vacas S, Terrando N, Degos V et al. Forced Wkefulness Disrupts Memory in Adult Mice.

American Society of Anesthesiologists Annual Meeting. Chicago, USA: American Society of

Anesthesiologists, 2011.
88 Vacas S, Degos V, Maze M. Forced Wakefulness Enhances Neuroinflammation in

Postoperative Mice. American Society of Anesthesiologists Annual Meeting. Washington,
D.C.: American Society of Anesthesiologists, 2012.

89 Vacas S, Degos V, Maze M. Sleep disruption enhances inflammation and disrupts memory

in adult mice. Society of Anesthesia and Sleep Medicine Annual Meeting. Washington, D.C.,
2012.

90 Zhu B, Dong Y, Xu Z et al. Sleep disturbance induces neuroinflammation and impairment
of learning and memory. Neurobiology of disease 2012;48(3):348–55.

91 Pandharipande PP, Pun BT, Herr DL et al. Effect of sedation with dexmedetomidine vs lor-

azepam on acute brain dysfunction in mechanically ventilated patients: the MENDS rando-
mized controlled trial. JAMA 2007;298(22):2644–53.

92 Pandharipande PP, Sanders RD, Girard TD et al. Effect of dexmedetomidine versus loraze-

pam on outcome in patients with sepsis: an a priori-designed analysis of the MENDS rando-
mized controlled trial. Crit Care 2010;14(2):R38.

93 Pandharipande P, Ely EW. Sedative and analgesic medications: risk factors for delirium and
sleep disturbances in the critically ill. Crit Care Clin 2006;22(2):313–27, vii.

94 Pandharipande PP, Pun BT, Herr DL et al. Effect of sedation with dexmedetomidine vs lor-

azepam on acute brain dysfunction in mechanically ventilated patients - The MENDS rando-
mized controlled trial. JAMA-J Am Med Assoc. 2007;298(22):2644–53.

95 Pisani MA, Murphy TE, Araujo KL et al. Benzodiazepine and opioid use and the duration
of intensive care unit delirium in an older population. Crit Care Med 2009;37(1):177–83.

96 Cammarano WB, Pittet JF, Weitz S et al. Acute withdrawal syndrome related to the adminis-

tration of analgesic and sedative medications in adult intensive care unit patients. Crit Care
Med 1998;26(4):676–84.

97 Zhang Q, Raoof M, Chen Y et al. Circulating mitochondrial DAMPs cause inflammatory
responses to injury. Nature 2010;464(7285):104–7.

98 Rosczyk HA, Sparkman NL, Johnson RW. Neuroinflammation and cognitive function in

aged mice following minor surgery. Exp Gerontol 2008;43(9):840–6.
99 Wan Y, Xu J, Ma D et al. Postoperative impairment of cognitive function in rats: a possible

role for cytokine-mediated inflammation in the hippocampus. Anesthesiology
2007;106(3):436–43.

100 Mollen KP, Anand RJ, Tsung A et al. Emerging paradigm: toll-like receptor 4-sentinel for

the detection of tissue damage. Shock 2006;26(5):430–7.
101 Lotze MT, Zeh HJ, Rubartelli A et al. The grateful dead: damage-associated molecular

pattern molecules and reduction/oxidation regulate immunity. Immunol Rev
2007;220:60–81.

102 Levy RM, Mollen KP, Prince JM et al. Systemic inflammation and remote organ injury fol-

lowing trauma require HMGB1. Am J Physiol Regul Integr Comp Physiol
2007;293(4):R1538–44.

103 Lotze MT, Tracey KJ. High-mobility group box 1 protein (HMGB1): nuclear weapon in the

immune arsenal. Nat Rev Immunol 2005;5(4):331–42.
104 Tracey KJ. Reflex control of immunity Nat Rev Immunol 2009;9(6):418–28.

105 Terrando N, Brzezinski M, Degos V et al. Perioperative cognitive decline in the aging popu-
lation. Mayo Clin Proc 2011;86(9):885–93.

106 Nathan C, Ding A. Nonresolving inflammation. Cell 2010;140(6):871–82.

107 Gordon S. Alternative activation of macrophages. Nat Rev Immunol 2003;3(1):23–35.
108 Martinez FO, Helming L, Gordon S. Alternative activation of macrophages: an immuno-

logic functional perspective. Annu Rev Immunol 2009;27:451–83.
109 Tracey KJ. Reflex control of immunity. Nature reviews Immunology 2009;9(6):418–28.

S. Vacas et al.

176 British Medical Bulletin 2013;106



110 Serhan CN. The resolution of inflammation: the devil in the flask and in the details. FASEB
J 2011;25(5):1441–8.

111 Serhan CN, Chiang N, Van Dyke TE. Resolving inflammation: dual anti-inflammatory and

pro-resolution lipid mediators. Nat Rev Immunol 2008;8(5):349–61.
112 Serhan CN, Yang R, Martinod K et al. Maresins: novel macrophage mediators with potent

antiinflammatory and proresolving actions. J Exp Med 2009;206(1):15–23.

113 Spite M, Serhan CN. Novel lipid mediators promote resolution of acute inflammation:
impact of aspirin and statins. Circulation research 2010;107(10):1170–84.

114 Chawla A, Nguyen KD, Goh YP. Macrophage-mediated inflammation in metabolic disease.
Nat Rev Immunol 2011;11(11):738–49.

115 Odegaard JI, Ricardo-Gonzalez RR, Red Eagle A et al. Alternative M2 activation of

Kupffer cells by PPARdelta ameliorates obesity-induced insulin resistance. Cell metabolism
2008;7(6):496–507.

116 Abeywardena MY, Patten GS. Role of omega3 Longchain Polyunsaturated Fatty Acids in
Reducing Cardio-Metabolic Risk Factors. Endocrine, metabolic & immune disorders drug
targets 2011;11(3):232–46.

117 Masson CJ, Mensink RP. Exchanging saturated fatty acids for (n-6) polyunsaturated fatty
acids in a mixed meal may decrease postprandial lipemia and markers of inflammation and
endothelial activity in overweight men. The Journal of nutrition 2011;141(5):816–21.

118 Bernik TR, Friedman SG, Ochani M et al. Pharmacological stimulation of the cholinergic
antiinflammatory pathway. J Exp Med 2002;195(6):781–8.

119 Wang H, Yu M, Ochani M et al. Nicotinic acetylcholine receptor alpha7 subunit is an es-
sential regulator of inflammation. Nature 2003;421(6921):384–8.

120 Borovikova LV, Ivanova S, Zhang M et al. Vagus nerve stimulation attenuates the systemic

inflammatory response to endotoxin. Nature 2000;405(6785):458–62.
121 van Maanen MA, Stoof SP, Larosa GJ et al.. Role of the cholinergic nervous system in

rheumatoid arthritis: aggravation of arthritis in nicotinic acetylcholine receptor alpha7
subunit gene knockout mice. Annals of the rheumatic diseases 2010;69(9):1717–23.

122 Ghia JE, Blennerhassett P, El-Sharkawy RT et al. The protective effect of the vagus nerve in

a murine model of chronic relapsing colitis. American journal of physiology.
Gastrointestinal and liver physiology 2007;293(4):G711–8.

123 O’Mahony C, van der Kleij H, Bienenstock J et al. Loss of vagal anti-inflammatory effect:
in vivo visualization and adoptive transfer. Am J Physiol Regul Integr Comp Physiol
2009;297(4):R1118–26.

124 Rosas-Ballina M, Olofsson PS, Ochani M et al. Acetylcholine-synthesizing T cells relay
neural signals in a vagus nerve circuit. Science 2011;334(6052):98–101.

125 de Jonge WJ, van der Zanden EP, The FO et al.. Stimulation of the vagus nerve attenuates

macrophage activation by activating the Jak2-STAT3 signaling pathway. Nat Immunol
2005;6(8):844–51.

126 Fujisaka S, Usui I, Bukhari A et al. Regulatory mechanisms for adipose tissue M1 and M2
macrophages in diet-induced obese mice. Diabetes 2009;58(11):2574–82.

127 Feng X, Degos V, Koch LG et al. Surgery Results in Exaggerated and Persistent Cognitive

Decline in a Rat Model of the Metabolic Syndrome. Anesthesiology 2013.
128 Su X, Feng X, Terrando N et al. Dysfunction of Inflammation-resolving Pathways is asso-

ciated with Exaggerated Postoperative Cognitive Decline in a Rat Model of Metabolic
Syndrome. Mol Med 2013.

129 Terrando N, Eriksson LI, Ryu JK et al. Resolving postoperative neuroinflammation and cog-

nitive decline. Ann Neurol 2011;70(6):986–95.
130 Plaschke K, Hill H, Engelhardt R et al. EEG changes and serum anticholinergic activity

measured in patients with delirium in the intensive care unit. Anaesthesia
2007;62(12):1217–23.

131 Vizcaychipi MP, Xu L, Barreto GE et al. Heat shock protein 72 overexpression prevents

early postoperative memory decline after orthopedic surgery under general anesthesia in
mice. Anesthesiology 2011;114(4):891–900.

132 Ohno Y, Yamada S, Sugiura T et al. Possible Role of NF-kB Signals in Heat
Stress-Associated Increase in Protein Content of Cultured C2C12 Cells. Cells, tissues, organs
2011.

Neuroinflammation and postoperative cognitive decline

British Medical Bulletin 2013;106 177



133 Parnet P, Amindari S, Wu C et al. Expression of type I and type II interleukin-1 receptors in

mouse brain. Brain research. Molecular brain research 1994;27(1):63–70.
134 Gemma C, Fister M, Hudson C et al. Improvement of memory for context by inhibition of

caspase-1 in aged rats. The European journal of neuroscience 2005;22(7):1751–6.
135 Rachal Pugh C, Fleshner M, Watkins LR et al. The immune system and memory consolida-

tion: a role for the cytokine IL-1beta. Neuroscience and biobehavioral reviews
2001;25(1):29–41.

136 Chen J, Buchanan JB, Sparkman NL et al. Neuroinflammation and disruption in working

memory in aged mice after acute stimulation of the peripheral innate immune system. Brain,
behavior, and immunity 2008;22(3):301–11.

137 Rothwell NJ, Hopkins SJ. Cytokines and the nervous system II: Actions and mechanisms of

action. Trends Neurosci 1995;18(3):130–6.
138 Wuri G, Wang DX, Zhou Y et al. Effects of surgical stress on long-term memory function

in mice of different ages. Acta Anaesthesiol. Scand. 2011;55(4):474–85.
139 Oitzl MS, Vanoers H, Schobitz B et al. INTERLEUKIN-1-BETA, BUT NOT

INTERLEUKIN-6, IMPAIRS SPATIAL NAVIGATION LEARNING. Brain research
1993;613(1):160–63.

140 Cakala M, Malik AR, Strosznajder JB. Inhibitor of cyclooxygenase-2 protects against
amyloid beta peptide-evoked memory impairment in mice. Pharmacological Reports
2007;59(2):164–72.

141 Tang JX, Eckenhoff MF, Eckenhoff RG. Anesthetic modulation of neuroinflammation in

Alzheimer’s disease. Curr Opin Anaesthesiol 2011;24(4):389–94.
142 Giannoudis PV, Dinopoulos H, Chalidis B et al. Surgical stress response. Injury 2006;37

Suppl 5:S3–9.

143 Karlidag R, Unal S, Sezer OH et al. The role of oxidative stress in postoperative delirium.
Gen Hosp Psychiatry 2006;28(5):418–23.

S. Vacas et al.

178 British Medical Bulletin 2013;106



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /JPXEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /JPXEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




