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Abstract

Postoperative cognitive dysfunction (POCD) is a multifactorial process with a huge number of predispos-
ing, causal, and precipitating factors. In this scenario, the neuroinflammation and the microglial activation
play a pivotal role by triggering and amplifying a complex cascade involving the immuno-hormonal acti-
vation, the micro circle alterations, the hippocampal oxidative stress activation and, finally, an increased
blood-brain barrier’s permeability. While the role of anesthetics in the POCD’s genesis in humans is
debated, a huge number of preclinical studies have been conducted on the topic and many mechanisms
have been proposed to explain the potential neurodegenerative effects of general anesthetics. Probably, the
problem concerns on what we are searching for and how we are searching and, surprisingly, preclinical
studies showed that anesthetics may also manifest neuroprotective properties. The aim of this paper is to
offer an overview on the potential impact of general anesthetics on POCD. Mechanisms of hippocampal
and extra-hippocampal dysfunction due to neuroinflammation are discussed, whereas further research
perspectives are also given.
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Introduction

The term postoperative cognitive dysfunction (POCD) en-
compasses a wide spectrum of clinical conditions featuring
a decline in a variety of neuropsychological tasks after anes-
thesia and surgery in elderly patients. Memory and informa-
tion processing are the most involved cognitive domains in
such decline and their impairment may vary from mild and
short-lived clinical manifestations to severe and permanent
damages (Cascella et al., 2017; Evered et al., 2017).

Because POCD is a multifactorial process, a large num-
ber of predisposing, causal, and precipitating factors are
involved in its pathophysiology. However, the neuroinflam-
mation and the microglial activation seem to play a key role
in the POCD’s genesis as they trigger and amplify a complex
cascade involving immuno-hormonal activation, micro-
circle alterations, hippocampal oxidative stress activation
and, finally, an increased permeability of the blood brain
barrier (BBB) (e.g., alterations of tight junctions) (Wang et
al., 2017b) which promotes the migration of macrophages
into the brain parenchyma (Vacas et al,, 2013). In turn, the
neuronal damages and apoptosis, and the impaired neuro-
transmission in hippocampus and other cerebral regions
(e.g., medial prefrontal cortex, mPFC, amigdala and gyrus
cinguli) (Ling et al., 2015) are the acme of such increased
and deregulated inflammatory response (Fodale et al., 2017)
(Figure 1).

Although it is still unclear whether or not POCD rep-
resents an unmasking of early dementia or a predictor of
later dementia, several preclinical (Hovens et al., 2013) and
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clinical studies (Patel et al., 2016) demonstrated that periop-
erative neuroinflammation may accelerate the trajectory of
cognitive decline. Nevertheless, in this scenario the specific
role of anesthesia remains to be understood. Thus, we must
establish if anesthesia represents a major actor or just a
co-participant in a complex framework of such periopera-
tive homeostasis perturbation. The clinical implication has a
high impact.

The Impact of General Anesthetics

The role of anesthetics in the genesis of POCD in humans is
debated (Yang and Fuh, 2015) and most of evidences prov-
ing a linkage between anesthesia and POCD are preclinical
(Seitz et al., 2001). Moreover, previous reverse analysis of
case-control Alzheimer’s disease (AD) studies failed to re-
port an association between general anaesthesia and AD
(Breteler et al., 1991). On the contrary, a recent meta-analy-
sis of epidemiological studies found, in three studies, a sig-
nificant nonlinear relationship between times of exposure to
anesthetics and augmented risk of AD (P < 0.0001) (Jiang et
al., 2017).

A huge number of preclinical studies have been conducted
on the topic and many mechanisms have been proposed to
explain the potential neurodegenerative effects of anesthet-
ics in adults whereas another interesting field of research
concerns the neurodegeneration and the interference with
the synaptogenesis, in the developing rat brain (Satomoto
and Makita, 2016). Because the linkage between anesthesia
and cognitive dysfunction in new-borns is not the aim of
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this article, the discussion is focused only on anesthetics and
POCD.

In 2004, the Eckenhoff’s investigation proved that at the
concentration used clinically several inhaled anesthetics
including halothane and isoflurane may induce the oligo-
merization of amyloid p (AP) and increase AB-induced
cytotoxicity in pheochromocytoma cells (Eckenhoff et al.,
2004). Although the inhaled agent desflurane did not im-
pair learning and memory in mice (Zhang et al., 2012), this
inhaled anesthetic induced caspase activation and increased
amyloid precursor protein (APP) proteolysis in H4 cells
expressing APP (H4-APP cells) (Zhang et al., 2008). Again,
an in vitro experiment on H4-APP cells proved that nitrous
oxide and isoflurane induced the activation of caspase-3 and
apoptosis, and increased the levels of aspartyl protease B-site
APP-cleaving enzyme (BACE) which is an a-secretase im-
plicated in the proteolysis of APP in AP (Zhen et al., 2009).

In addition, inhaled anesthetics may also increase tau
hyper-phosphorylation and neurofibrillary tangles (NFTs)
(Planel et al., 2007). However, the mechanisms underly-
ing the anesthetic-induced cognitive impairment are very
complex. For instance, it has been demonstrated that sevo-
flurane induced a wide range of hippocampal alterations in
adult rats, including an increased endoplasmic reticulum
stress-apoptosis and intracellular alterations such as the
down-regulation of the cyclic adenosine monophosphate
(cAMP)/cAMP response element-binding protein (CREB)
signalling pathway (Xiong et al., 2013). Specific changes
have been also demonstrated following the use of intrave-
nous agents. A prolonged infusion (over 4 hours) of propo-
fol elicited cognitive deficit through the inhibition of hip-
pocampal autophagy, especially in the CA1 region (Yang et
al., 2017a). The autophagy is a catabolic process in which ag-
gregated proteins, lipids, and organelles are engulfed within
double-membrane vesicles (phagophore) in order to balance
their synthesis in cells. This trafficking and degradative path-
way is implicated in the regulation of metabolic processes
in health, disease and aging (Papackova and Cahova, 2014).
The inhaled agents are also able to inhibit the autophagy as
isoflurane or sevoflurane exposure could impair spatial cog-
nitive function and hippocampal phagophore formation in
aged rats (Zhang et al., 2016). This evidence is significant be-
cause hippocampal autophagic dysregulation is also impli-
cated in the pathogenesis of neurodegenerative diseases in-
cluding AD in which it occurs prior to the appearance of Af
and tau pathology whereas this proapoptotic pathway seems
to be independent by the AP accumulation during AD pro-
gression (Mufson et al., 2012). Thus, preclinical studies may
suggest that anesthetics could induce cognitive impairment
firstly through alterations in the intracellular signaling path-
ways and hippocampal autophagic dysregulation, and finally
through AP and NFTs formation. Consequently, the caspase
activation with increased BACE activity and subsequent
aberrant APP processing lead, in turn, to further apoptosis
(Jiang and Jiang, 2015).

Interestingly, clinical and preclinical studies indicated
that anesthesia may be protective against inflammation-in-

duced POCD. For instance, small doses of ketamine reduced
the incidence of POCD in patients who underwent cardiac
surgery, possibly through the anti-inflammatory effect of
the agent (Hudetz et al., 2009). In addition, propofol atten-
uated the experimentally induced impairment of learning
and memory by suppressing interleukin (IL)-1p and tumor
necrosis factor (TNF)-a production, and by decreasing the
concentration of glutamate in the hippocampus (Zhu et al.,
2015). Again, dexmedetomidine (combined with flurbipro-
fen axetil) reduced POCD in a recent clinical setting (Ma et
al., 2017). Investigations on the potential neuroprotective
role of endovenous anesthetics against POCD should be
encouraged. For example, it has been demonstrated that
propofol and thiopental did not interfere with cortical APP
protein (Palotds et al., 2005) and a prolonged treatment
with propofol had limited impact on survival of rat neural
progenitor cells, in vitro (Palanisamy et al., 2016). Moreover,
recent data showed that in an AD transgenic mouse mod-
el (3xTgAD) the use of propofol is associated with better
cognitive outcomes compared with inhalation anaesthesia
(Mardini et al., 2017).

Mechanisms of Hippocampal and
Extra-hippocampal Dysfunction

During the last decade most evidences demonstrated that
the aging process is associated with an increased neuroin-
flammatory response involving microglial activation and
proinflammatory cytokines production, such as IL-1f, IL-6
and TNF-a (Wang et al., 2015). On the contrary, the anti-in-
flammatory cytokine IL-4, which prevents the microglial
priming and the subsequent activation of the deleterious
microglial phenotype M1, decrease during aging (Czeh et
al., 2011). Furthermore, other factors (e.g., alterations in
immune response) are responsible for the microglial senes-
cence expressed as an upregulation of pro-inflammatory
brain factors (Koellhoffer et al., 2017). Interestingly, the
surgery-induced cytokine pattern follows the same scheme
consisting of an increased release of proinflammatory cy-
tokine signaling combined with a decrease of the anti-in-
flammatory response (Bastian et al., 2008). According to
this point of view, hippocampal neuroinflammation due to
surgery could represent a triggering factor that exacerbates
a pre-existing condition. For instance, studies assessing
functional Magnetic Resonance Imaging (fMRI), demon-
strated that preoperative hippocampal leukoaraiosis/lacunae
were significantly associated with the occurrence of POCD
(Price et al., 2014). Functionally, failures to adjust the proin-
flammatory processes and subsequent M1 phenotype over
activation lead to several hippocampal alterations. Specific
neuronal impairments in the CA1 area include, for example,
the inhibition of the long-term potentiation (LTP) and den-
dritic branching, which are involved in memory formation
and maintenance (Lemaire et al., 2012). In addition to the
hippocampal spatial memory, other cognitive domains such
as the visual memory and the reversal learning (depending
on the striatal function) can be affected in POCD. Howev-
er, these impairments are often temporary and short-lived
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(Hovens et al., 2015). This piece of evidence suggests that
neuroinflammation (and restore mechanisms) may follow
different pathways (e.g., different ways of microglial activa-
tion) in different brain regions.

Regarding to the neurotransmission mechanisms affect-
ed in the POCD’s pathogenesis, preclinical investigations
demonstrated that postoperative memory deficits may be
due to up-regulation of hippocampal alpha-5 subunit of
y-aminobutyric acid type A receptors (a5GABA ,Rs) which
inhibit the LTP phenomenon (Zurek et al., 2014). This is a
very interesting finding as most general anesthetics operate
as positive allosteric modulators of inhibitory GABA,Rs
and subtypes of these receptors are responsible for several
behavioral endpoints, including amnesia (Bonin and Ors-
er, 2008). Furthermore, the glutamatergic transmission is
also involved; indeed, an increased hippocampal glutamate
concentration and an up-regulation of glutamate aspartate
transporter (GLAST) were associated with isoflurane-in-
duced spatial learning/memory impairment in adult rats
(Qu et al., 2013). The pathogenesis of the impairments in
the neurotransmission systems is very complex due to the
several functional and metabolic pathways involved. For
instance, sevoflurane decreased the expression in mPFC of
the postsynaptic density protein (PSD)-95 which interacts
with neuroligin, glutamatergic receptors, and potassium
channels and plays a paramount role in synaptic plasticity
(Ling et al., 2015). Moreover, altered levels of N, N-diethy-
lacetamide, n-ethylacetamide, aspartic acid, malic acid and
arabinonic acid have been found in the hippocampus of
isoflurane-treated rats (Hu et al., 2014). The study of these
alterations could be an interesting future perspective, espe-
cially for the discovery of biomarkers useful to predict the
occurrence and the progress of cognitive dysfunction.

Perspectives and Future Directions

To date, no conclusive proof has been found to validate the
hypothesis that general anesthetics may induce cognitive
dysfunction. At the same time, due to the results of a huge
number of the preclinical studies on this topic, it is difficult
to assert with certainty the absence of any neurodegener-
ative effect of anesthetics. Probably, the problem concerns
on what we are searching for and how we are searching. It
is necessary to improve a cross-talk between preclinical and
clinical research. Thus, further in vitro and in vivo investi-
gations are extremely needed to demonstrate the potential
mechanism(s) responsible for the anesthetic neuronal dam-
age and the different neurodegenerative effect depending
on different clinical uses (e.g., time of exposure and concen-
tration). The neurotoxic effects of inhaled anesthetics, for
instance, may occur in specific experimental conditions. In-
deed, the exposure to 1.5% sevoflurane in rats did not cause
significantly different cognitive performance compared with
a higher concentration (up to 3%) which induced cognitive
impairment (Pend et al., 2011). Furthermore, in human
neuroglioma cells and mouse primary neurons, although a
treatment with 2% isoflurane (for 6 hours or 30 minutes)
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increased the AP-induced caspase-3 activation and apopto-
sis, an exposure for the same time but at a lower concentra-
tion (0.5%) showed protection against neurotoxicity (Xu et
al., 2011). Probably, further studies on the mechanisms by
which inhaled anesthetics accelerate the protein oligomeri-
zation (e.g., protein-protein interaction) could be useful to
elucidate many doubts (Carnini et al., 2006).

One question regarding these studies is to determine
whether the observed POCD is caused by general anes-
thetic or surgery, or by both. While the role of anesthetics
on POCD is still not conclusive, research on the molecular
mechanisms of anesthetics could represent an interesting
chance to investigate on the neurodegenerative/neuropro-
tective effect of these drugs. Because ion channels are im-
portant targets for anesthetic drugs, this can be considered
one of the potential mechanisms of the impact of general
anesthetics on POCD, assuming that the association is
real. Expanding elaboration may lead more research in this
direction in the future. The operating mechanisms of an-
esthetics represent a fascinating field of study which could
potentiate the research on POCD. In this way, the effects of
anesthetics on specific GABAergic transmission pathways
could give us surprising findings. Accumulating evidence
suggests that the GABAergic transmission gives a significant
contribution to the pathogenesis of AD (Govindpani et al.,
2017). For instance, it has been proved that the dysfunction
(i.e., reduced gamma oscillatory activity) of the parvalbumin
(PV) inhibitory GABAergic interneurons (implicated in the
information processing of attention, perception and work-
ing memory) induced cognitive dysfunction in a mouse AD
model (Verret et al., 2012). Moreover, the exposure of mice
to ketamine induced dysfunction of fast-spiking inhibitory
interneurons through the activation of the oxidative stress
(Behrens et al., 2007). It represents a good example of cross-
talk between scientists of different areas of study.

The clinical research, possibly supported by epidemiology,
should be focused on the evaluation of factors which may
lead bias in the analysis of the correlation between anesthe-
sia and POCD. To this regard, preclinical findings showed
that male rats suffered for a more severe POCD than female
rats (Xie et al., 2015). Again, the specific weight of risk fac-
tors such as age, presymptomatic neurodegenerative disease
or dementia should be better investigated. A meta-analy-
sis of clinical studies concluded that the apolipoprotein E
(APOE) ¢4 carrier status which is a genetic risk factor for
sporadic or late onset AD, was associated with a significantly
increased POCD risk about 1-week postsurgery (Cao et al.,
2014). Other investigations should be focused on the iden-
tification of prognostic and predictive biomarkers. Specific
miRNA could represent valid markers for early diagnosis
of POCD. For example, miR-572 has been found to be in-
volved in the development and restoration of POCD (Yu et
al., 2015). In addition, desflurane induced downregulation
of the microRNA precursor, miR-214, which normally in-
hibits the expression of the pro-apoptotic gene, Bax (Yu and
Zhang, 2013). In addition to a potential diagnostic role, the
investigation on miRNA could lead to interesting findings
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because it is reasonable to assume that several non-coding
RNAs might be involved in the pathogenesis of POCD.

Moreover, further studies are needed to better explain the
mechanisms responsible for the alterations in the hippocam-
pal and extra-hippocampal neuronal functions in both aging
and POCD (Hovens et al., 2014). For instance, the correla-
tion between immune senescence and neuroinflammation
could represent an interesting field of study (Ron-Harel and
Schwartz, 2009).

The assumed veracity of the hypothesis: anesthesia (and/
or surgery) = neurocognitive dysfunction calls for search
of prophylactic strategies. In this direction, one possible
strategy could be the prevention or the limitation of the
neuroinflammation cascade. Taking into the account the
pivotal role of microglia in hippocampal neuroinflamma-
tion, targeting microglia, directed towards microglial prim-
ing and the aberrant microglial response, could represent
an effective strategy to mitigate the development of POCD.
For this purpose, recent data demonstrated that the nuclear
factor (NF)-xB signalling pathway is a potential therapeutic
target in POCD (Zheng et al., 2017). Because different ox-
ygen species in the hippocampus contribute to microglial
activation in POCD, specific NADPH oxidase inhibitors
already investigated in vivo (e.g., apocynin) (Qiu et al., 2017)
could be studied in clinical trials. Again, the peroxisome
proliferator-activated receptor-y (PPARY), a nuclear hor-
mone receptor which modulates the oxidative metabolism
and inflammation, is downregulated in POCD whereas
PPARYy activators may prevent or attenuate neurodegener-
ation (Iglesias et al., 2017). Thus, the activation of PPARy
could represent an effective strategy to prevent or treat
POCD (Zhang et al., 2017). The microglial function is also
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expressed as microglial activation (towards the
deleterious phenotype M1), increased oxida-
tive stress activation, microcircle alterations
and BBB damage. This leads to an induction
of aberrant neuronal signaling and structur-
al alterations in several brain regions (e.g.,
hippocampus, striatum, medial prefrontal
cortex, and gyrus cinguli), thus representing
the proposed mechanism of POCD. There is
a link between inflammation and the stress
response because cytokines release can acti-
vate the hypothalamic-pituitary-axis whereas
stress-induced neuronal responses are associ-
ated with microglia activation and increased
neuroinflammatory signaling. The role of gen-
eral anesthetics remains questioned. Future
investigations on anesthetics, mechanisms of
neuroinflammation, functional and structural
alterations in different brain regions, as well
as predisposing and precipitating factors are
needed. POCD: Postoperative cognitive dys-
function; BBB: bloods brain barrier; Ach: Ace-
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nuclear factor-x; CB2R: cannabinoid receptor
type 2; PPARy peroxisome proliferator-acti-
vated receptor-y; HDAC: histone deacetylase.
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mediated by the activity of the cannabinoid receptor type
2 (CB2R) which mitigates the production of inflammatory
mediators and induces the production of anti-inflammatory
and immunomodulatory cytokines in different neurode-
generative conditions, including AD (Wang et al., 2017a).
Different endocannabinoids such as N-arachidonoyletha-
nolamide (AEA) and 2-arachidonoylglycerol (2-AG) have
been reported to play a significant role in the modulation of
memory consolidation (Basavarajappa et al., 2014). On this
basis, the endocannabinoid system is another potential tar-
get for POCD’s treatment. Further, it has been showed that
histone deacetylases (HDACs) expression can interfere with
neuroinflammation by modulation cytokine synthesis and
release (Suh et al., 2010). Consequently, because in vitro and
in vivo studies found that HDAC inhibitors (e.g., trichosta-
tin A) prevented the microglial activation and ameliorated
the cytokine-associated changes in cognitive function (Hsing
et al.,, 2015), the epigenetic modulation could represent an-
other possible approach for inducing the polarization of the
microglial neuroprotective phenotype M2, and a subsequent
POCD prevention. Thus, the imbalance in the regulation
of the neuroinflammatory processes could be addressed by
enhancing the protective pathways. Accumulating evidence
showed that the increased transport of peripheral mediators
across the BBB is also under control of afferent pathways
such as the vagal nerve (Banks, 2015). Indeed, the activa-
tion of the so-called cholinergic reflex by stimulating the
a7 subtype of nicotinic acetylcholine receptors (a7 nAChR)
in macrophages inhibited the NF-«xB signaling pathway,
preventing the further hippocampal M2 polarization and
POCD in rats (Terrando et al., 2011). On the contrary, the
release of the anti-inflammatory cytokine IL-10 is not sup-
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pressed by the cholinergic stimulation (Tracey, 2009). Re-
cently, ad hoc animal models for studying the BBB permea-
bility have been developed (Yang et al., 2017b). It is possible
to assume that the correlation between systemic inflamma-
tion, neuroinflammation and their neural modulation, as
well as the possibility of modulating the hippocampal cho-
linergic transmission should be better investigated by using
these new approaches (Figure 1).

Conclusion

Although implicated mechanistically in preclinical inves-
tigations, it seems that anesthetics play a smaller role than
surgery in the POCD’s genesis. However, the lack of cor-
respondence between the results of preclinical and clinical
studies could suggest that the effect of an acute insult (i.e.,
anesthetic) is subsequently compensated by not still under-
stood compensatory mechanisms. In other words, assum-
ing that the multifactorial pathogenesis of POCD involves
an imbalance between pathogenetic factors and protective
mechanisms, we should investigate deeper on the mech-
anisms underlying the inflammatory homeostasis. More-
over, several ways have been proposed for interfering with
the pathogenetic cascade of POCD, especially in order to
counteract neuroinflammation processes. Other interesting
perspectives concern the study of predisposing and precipi-
tating factors as well as the identification of prognostic and
predictive biochemical/neuroanatomical biomarkers.
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