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/Abstract \

Sepsis-associated encephalopathy (SAE) is a brain dysfunction that occurs secondary to infection in the body,
characterized by alteration of consciousness, ranging from delirium to coma, seizure or focal neurological signs. SAE
involves a number of mechanisms, including neuroinflammation, in which the interaction between cytokines and
acetylcholine results in neuronal loss and alterations in cholinergic signaling. Moreover, the interaction also occurs in
the periphery, accelerating a type of immunosuppressive state. Although its diagnosis is not specific in biochemistry
and imaging tests, it could potentiate severe outcomes, including increased mortality, cognitive decline, progressive
immunosuppression, cholinergic anti-inflammatory deficiency, and even metabolic and hydroelectrolyte imbalance.
Therefore, the bilateral communication between SAE and the multiple peripheral organs and especially the immune

system should be emphasized in sepsis management.
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Introduction
A previously healthy young woman was transferred to
our emergency department 21 days after a third degree
thermal injury involving 35% total body surface area. She
had been well until one week earlier after the injury, when
a high fever, rapid shallow breathing, excessive anxiety, and
hallucinations occurred. She was found to be drowsy and
confused when roused, with cold and clammy chin and
cyanosis. Her temperature was 38.9°C, with blood pressure
of 67/45 mm Hg, and her white blood cell count was 14000
per cubic millimeter. After admission, wound sepsis arising
from P. Aeruginosa infection was confirmed. Since infection
and drugs with anticholinergic effects can cause similar
neuropsychiatric complications [1], the mental condition of
this patient prompted us to undertake an extensive review of
the literature concerning the relationship between infection
and acetylcholine in sepsis induced mental conditions.

With advances in modern intensive care that provide vital-
organ support and better surveillance, especially the prompt
initiation of therapy for the prominent infection, mortality

from severe sepsis and septic shock have been reduced to 20%-
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30% in many reports [2]. With a lowering of mortality rate,
attention has now been focused on the quality of life among
survivors. Numerous studies have demonstrated that patients
who survive sepsis have an increased risk for poor outcomes in
the following months and years, with significantly pronounced
physical and neurocognitive decline, mental disorders, and
long-term morbidity low quality of life [3]. Abnormalities
in cognitive domains of executive function, attention, and
memory appear to be the most common disorders, and have
been demonstrated to occur as long as 6 years after discharge
from hospital [4].

Increasing evidence indicates that the brain is not merely a
privileged organ in a reversible septic illness, but is one of the
organs profoundly affected in an early and progressive manner.
Sepsis-associated encephalopathy (SAE) is a brain dysfunction
that occurs secondary to infection in the body without overt
central nervous system (CNS) infection. The severity of
SAE may range from mild delirium to deep coma, and is
characterized by changes in behavior, cognition, awareness,
and consciousness. Therefore, the term sepsis-associated
delirium has recently been proposed to replace the term septic
encephalopathy [1]. Sepsis-associated delirium is one of
the most common causes of delirium in intensive care units
(ICU) [5], and SAE is associated with increased mortality,

morbidity and plausibly with diminished long-term cognitive
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performance [6].

To date, the complex cascade of molecular and cellular
events, including those leading to septic encephalopathy
after burn injury remain obscure. Furthermore, no effective
therapy has been developed. This review is aiming to discuss
sepsis-induced brain damage and its recent perception of its
pathogenesis, diagnosis, prognosis, sequelae and possibly

effective prevention in critical ill patients.

Epidemiology

Sepsis is one of the leading causes of ICU admissions and
SAE is commonly seen in the ICU [7]. As sedation and other
treatments often obscure its neurological picture, it might
be difficult to recognize delirium in patients with sepsis.
Therefore, its reported incidence varies considerably, ranging
from 8% to 70%, and the variation is at least in part due to
differences in diagnostic criteria.

A recent international survey showed that the prevalence
of delirium was 32.3% in the ICU [8]. The incidence of
encephalopathy is higher in patients who have bacteraemia
and evidence of renal, hepatic or multiorgan failure. 70%
of patients with bacteraemia have neurological symptoms
ranging from lethargy to coma, and >80% of them showed
electroencephalography abnormalities. Patients in the medical
and surgical ICUs are at high risk for long-term cognitive
impairment. In a retrospective study from China [9], the
incidence of SAE was 17.7% in patients admitted to the ICU
over a 3-year period. Acute physiology and chronic health
evaluation II score, heart rate, blood lactate, serum sodium
were significantly higher in the SAE group than those in
non-SAE group. While GCS scores, platelet counts, serum
albumin level, and pH value were significantly lower in the
SAE group [9]. Recently, it was reported that patients with
acute lung injury presented impairment of memory, verbal
fluency, executive function, and cognition in 13%, 16%, 49%,
and 55% respectively, of long-term survivors as assessed for
neuropsychological functions at 2 and 12 months after being
discharged from hospital. Depression, post-traumatic stress
disorder, and anxiety were found to be present in 36%, 39%,
and 62% of long-term survivors [10]. 6% of patients in the ICU
with respiratory failure or shock showed cognitive impairment,
and delirium developed in 74% of them during the hospital
stay. Three months after being discharged, 40% of the patients
had cognition scores similar to that of patients with moderate
traumatic brain injury, and 26% had similar scores as that of
patients with mild Alzheimer's disease [S]. Among a cohort of
non-demented elder adults, hospitalization due to acute care

for critical illnesses also showed greater cognitive decline when
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compared to that before hospitalization [11].

Burn patients are at high risk of infection, and it is not
surprising that burn injuries are associated with a high rate of
anxiety, depression, and posttraumatic stress disorder [12].
Disorientation regarding time and place has often been
observed at the early period of burn-associated sepsis and
about two-thirds of burn survivors exhibit a history of lifetime
psychiatric disorders. In a multinomial regression analysis, the
percentage of total body surface area injured was shown to be
an independently and strongly predicted risk factor for the
occurrence of mental disorders, especially anxiety disorders
and delirium [13]. Burn injury can also induce neural lesions
with microabscess, the release of pro-inflammatory cytokines
from glia cells, the cleavage of structural proteins such as
gelsolin [14], and even apoptosis in the brain [15]. These
events provide the pathological basis for the neuropsychiatric

alterations induced by acute burn insults.

Pathophysiology

Neuroinflammatory processes

Development of SAE probably involves a number of
mechanisms, including hypoxemia, hypotension, glucose
dysregulation, systemic inflammation, reduced cerebral blood
flow, disruption of the blood-brain-barrier, cerebral edema,
abnormal neurotransmitter composition, impaired astrocyte
function, and neuronal degeneration. Neuroinflammation,
expressed as frank microglial activation with excessive expression
of immune cytokines based on brain-immune interactions,
is involved in the development of encephalopathy [16,17].
Systemic inflammation can produce mild cognitive changes
in healthy individuals [18] and in severe cases (i.e., sepsis/
critical illness) it can trigger delirium [19]. Preliminary studies
with brain tissue obtained from 9 patients with delirium was
compared to 6 age-matched controls without delirium, and it
was found that there was an association of human brain activity
of microglia, astrocytes, and IL-6 with delirium in elderly
patients. These results provided evidence that inflammatory
mechanisms to be involved in delirium [20]. SAE may be
a consequence of the activity of inflammatory mediators
on neural cells. For instance, peripheral administration of
lipopolysaccharide (LPS) to mice was found to cause a rapid
and steep rise in TNF-a in the brain that remained elevated
for 10 months [21]. As sepsis in patients was associated with
elevated levels of TNF-a and interleukins (IL)-1, as well as
IL-6 in cerebrospinal fluid, the pathophysiological mechanisms
of SAE may be the result of a cascade of neuroinflammatory
processes.

The first event is an inflammatory process that starts in
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the cerebral endothelial lining, which directly releases or,
through alteration of the blood-brain-barrier, facilitates the
passage of inflammatory mediators into the parenchyma.
The exclusively peripheral cytokine signal can be transmitted
to the brain through direct neural pathways (via primary
autonomic afferents), or across the blood-brain barrier, or via
the circumventricular region, where the blood-brain-barrier
is non-existent or discontinuous [22]. Secondly, immediately
upon entering the cerebral parenchyma, the mediators alter
cellular metabolism by inducing oxidative stress, mitochondrial
dysfunction and microglia activation. This then triggers
neuropathologic abnormalities that range from alterations in
neurotransmission to apoptosis, and finally the consequent
delirium. Moreover, these mediators modulate p-adrenergic,
GABAergic, or cholinergic neurotransmission and secretion of
corticotropin-releasing factor, adrenocorticotropic hormone,
and vasopressin [23], affecting the neuroendocrine pathways
and leading to profound systemic response, which in turn
aggravate SAE.

There are now multiple studies in clinical settings which
showed associations between pro-inflammatory cytokines and
delirium, and that a severe systemic inflammation may more
likely produce delirium [24-27]. Prior cognitive impairment
is found to be the major risk factor for delirium, and such
impairment may also be associated with higher levels of pro-
inflammatory cytokines [24]. Another study found that delirium
after surgery was the result of a dysfunctional neuroinflammatory
response [26]. It may partly be a consequence of decreased
levels of anti-inflammatory mediators rather than exclusively an
excess of pro-inflammatory cytokines [27]. The mechanism by
which the inflammatory mediators produce SAE may be through
interacting with the important neurotransmitter, acetylcholine
(ACh).

Cholinergic-dependent septic encephalopathy: Interaction
between cytokines and acetylcholine in the brain

Neurotransmission mediated by ACh, in particular, contributes
to numerous physiologic functions including memory,
learning, and panic responses. Increasing evidence indicates
that an interaction between cytokines and acetylcholine
is involved in the development of delirium. Experimental
findings show that chronic low dose LPS infusion in rats results
in extensive neuroinflammation and a substantial reduction in
cortical choline acetyltransferase activity, which is a marker of
cholinergic integrity. In particular, IL-1 inhibits ACh release
in vivo in the hippocampus [28], as well as ACh synthesis in
vitro in cultured pituitary cells [29]. Moreover, IL-1 increases
acetylcholinesterase activity and mRNA expression in both

neuron-glia co-cultures and in the rat cortex in vivo [30]. One

study demonstrated altered behavior and long-term memory
deficits in rats after an injection of bacterial LPS, which may
be indicative of reduced cholinergic innervation of the cortex,
the hippocampus and the prefrontal cortex [31]. Together,
these studies suggest that both neuronal loss and alterations
in cholinergic signaling induced by LPS or inflammatory
cytokines play potential roles in the long-term effects of SAE.
Recent animal studies also indicated that some delirium
might be underpinned by cholinergic hypofunction, perhaps
in combination with dopaminergic overactivity [32]. This
hypothesis is based on the effectiveness of an anti-cholinergic
drug treatment to induce delirium in the clinic. Animal studies
further showed that neither animals with neuronal loss in
the cholinergic nucleus, nor normal animals challenged with
LPS showed any deficits on cognition. However, cholinergic
deficient animals, when challenged with LPS, showed
acute and transient working memory deficits [33]. These
deficits could be partially reversed by the administration
of the acetylcholinesterase inhibitor, indicating that
systemic inflammation induced impairments via disruption
of cholinergic signaling. Thus, prior vulnerability in the
cholinergic system made these animals susceptible to cognitive
impairments induced by LPS.

Similar to what has been noted in the peripheral tissues,
acetylcholine seems to also play a role in control of brain
inflammation as microglia express nicotinic receptors and
activation of these cholinergic receptors attenuates the pro-
inflammatory response [34]. It was not surprising to find
that anticholinergic drugs are recognized as risk factors for
delirium due to a lack of cholinergic anti-inflammatory effects
in the brain [35,36]. Medications with anticholinergic activity
negatively affect the cognitive performance in elderly adults [37],
patients with acute stroke, and psychological patients. Many
commonly prescribed drugs have anticholinergic effects.
Systemic side effects, which are mainly cerebral include
visual and tactile hallucinations, incoherent speech, agitation,
disorientation, memory loss, and acute psychotic reaction have
been described. Based on these observations, it was postulated
that systemic inflammatory mediators during sepsis damage
cholinergic neurons in the hippocampus and frontal lobe,
leading to reduced cholinergic activity on one hand [38], and
impaired cholinergic inhibitory control of microglia on the
other hand. Together, these events contribute to uncontrolled
neuroinflammation leading to delirium and cognitive decline
in the long term.

Microglia plays a crucial role in the innate immune response
of the brain. The pro-inflammatory cytokines released by

microglia exert a vicious cycle of neuroinflammation. On the
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other hand, activation of the cholinergic receptors on microglia
attenuates the pro-inflammatory response in vitro [38].
Therefore, we suppose that the degeneration of cholinergic
neurons following SAE impairs cholinergic inhibitory control
of microglia, further exacerbating neuroinflammation in SAE.
Septic encephalopathy with immunosuppressive status:
Interaction between cytokines and acetylcholine in the
periphery

The brain senses and modulates the systemic inflammatory
response through the neural circuits of vagus nerve via the so-
called “inflammatory reflex arc” [22,39,40]. The cholinergic
neural output has been shown to modulate innate immune
response to infection, injury and ischemia through both the
release of acetylcholine at the distal vagus nerve acting on
macrophages and the connection of the vagus nerve with the

spleen via the splenic sympathetic nerve (Figure 1). On one

hand, vagus nerve stimulation promotes the release of the
acetylcholine, which in turn inhibits the systemic inflammatory
response by reducing the production of the pro-inflammatory
cytokines in human endotoxin-stimulated macrophages [39].
On the other hand, recent evidence indicates that the vagus
nerve could also activate adrenergic neurons in the spleen. The
neurotransmitters (norepinephrine, epinephrine) released by
the vagus nerve promote splenic T cells to secrete ACh, which
in turn interacts with a7 nicotinic ACh receptors (nAChR)
on monocytes and thereby inhibit pro-inflammatory cytokine
production [41]. Expression of a7 nAChR on other immune
cells, including polymorphonuclear neutrophils, dendritic
cells (DC), NK cells, B cells, T cells as well as endothelial
cells, fibroblasts, and synoviocytes provides a wide range of
opportunities for the brain to modulate tissue response to

injury [40] .
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Figure 1 Interactions of cytokines with acetylcholine in the central nervous system that induces septic encephalopathy and
its peripheral consequences

Systemic inflammatory mediators are recruited into the brain via the disrupted blood-brain barrier and circumventricular organs,
and activate the microglia to produce more cytokines as termed “neuroinflammation”. The consequent cytokines can induce neural
apoptosis of cholinergic neuron, which in turn reduces cholinergic activity by decreasing the level of cholinergic neurotransmitter
acetylcholine. Cholinergic hypofunction can lead to delirium, cognitive decline, vagus anti-inflammatory deficiency and reduced cho-
linergic inhibition of activated microglia. The vagus anti-inflammatory deficiency prompts augmented pro-inflammatory response;
while the accelerated activated microglia initiates higher levels of cytokines and which in turn activate the hypothalamus-pituitary-
adrenal (HPA) axis to release glucocorticoid hormone, and sympathetic nervous system (SNS) to release the catecholamine, both of
which lead to immunosuppressive response. The simultaneously occurrence of the enhanced pro-inflammatory and immunosup-
uaressive responses subsequently exacerbate the infection and worsen the outcome. J
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Accumulating evidence suggested that the “inflammatory
reflex arc” might be activated in the situation of encephalopathy.
It was recently reported that pathogens can rapidly activate
vagal afferent and efferent signaling and cause pronounced
bradyarrhythmias [42]. More data suggests that an increase in
vagal tone is expected to decrease inflammatory cytokines [43,44]
and catecholamines, reduce ability to clear parasitism [43], as
well as lower heart rate variation suppression in a rat sepsis
model [44]. Secondly, the intimate interaction between
cytokines and acetylcholine in sepsis might reduce the innate
immune response during early stages, but if it persists, the
consequent enhanced inflammatory reflex would result
in immunosuppression. Therefore, immunosuppression
observed in septic patients may, at least in part, result from
enhanced vagal activity and subsequent sustained effects of
the cholinergic anti-inflammatory pathway [45]. Additional
evidence of activated cholinergic anti-inflammatory pathway
in the context of encephalopathy comes from a clinical trial
of an acetylcholinesterase inhibitor to treat ICU delirium.
The trial was based on the dual role of acetylcholine as a
neuromodulator as well as an endogenous inhibitor of systemic
inflammatory response to endotoxemia [46]. Unexpectedly,
the trial was stopped early because of increased mortality in the
treatment group [47]. The possible mechanism for the harmful
outcome might due to the accelerated immunoparalysis caused
by the enhanced cholinergic anti-inflammatory activity with
acetylcholinesterase inhibitor in previous immunosuppressed
patients with critical illness. More evidence is critically needed
to support this hypothesis.

Clinical features and diagnosis

The importance of SAE is frequently dismissed, as it is seen
as a transient entity. Nevertheless, SAE is often suspected
in patients presenting with acutely altered mental status
accompanied by severe sepsis or septic shock. The severity
of SAE can range from mild delirium to deep coma. They
might show disturbances in sleep-wake cycles or evidence
of hallucinations, restlessness or agitation, among other
symptoms commonly seen in delirium. Moreover, 70% of
advanced cases of SAE have an associated critical illness
neuromyopathy. In case of burn injury, patients mainly
presented with early psycho-motor excitement, characterized
by delirium and disorientation, logorrhea, sleeplessness, and
loss of self-recognization.

Recently, diffuse and severe white matter abnormalities
were present in severe encephalopathy with extensive white
matter lesions, though in a reversible condition. Imaging of
the brain may show atrophy and periventricular white matter

lesions, abnormal hypodensity of the whole white matter with

swelling of the entire brain [48]. Thus, SAE remains largely a
clinical diagnosis. However, a myriad of abnormalities are seen
in patients with SAE, including abnormalities in laboratory
tests. A comprehensive metabolic panel of analyses including
a complete blood count, measurement of electrolytes and
serum enzyme levels, renal function tests, and investigations
for infection are required to determine whether the patient
has an infection or an anatomical abnormalities [49]. Sepsis-
associated delirium was diagnosed using the confusion
assessment method in the ICU. For practical purposes, the
confusion assessment method for patients outside the ICU was
advocated by Young GB [49] . Considering that SAE is an early
teature of systemic infection that presents before a satisfactory
criteria for sepsis is established, the clinical manifestations of
SAE can be detected before presentation of strong evidence of
sepsis or systemic inflammatory response syndrome (SIRS).
Although no specific biomarker exists for SAE, several
potential biomarkers could be considered. Markers such as
neuron-specific enolase (NSE), S100(3 and glial fibrillary acidic
protein (GFAP) are specific to the central nervous system
(CNS), and their presence in serum reflects CNS injury.
Children with sepsis had higher levels of serum NSE, S1003
and GFAP than that of controls, and serum levels of both
NSE and S1003 were highest in children who did not survive
sepsis [SO]. Similar findings have been demonstrated in adults,
with 42% of 170 patients with sepsis showing an increase in
serum S1003 levels, and 53% of patients showing an increase
in serum NSE levels during the first 72 hours after hospital
admission [51]. A study showed that increased serum levels
of IL-8 were associated with delirium in patients with inflam-
mation, whereas IL-10 and amyloid 3 levels were elevated
in patients with noninflammatory delirium [25]. Patients
with inflammatory delirium, who later showed cognitive
impairment, had acutely elevated amyloid 3 levels. Systemic
elevations in serum procalcitonin and IL-6 levels were also
seen in patients with severe sepsis [52]. However, neither
procalcitnonin nor IL-6, is a specific biomarker for CNS injury.
Taken together, the above-mentioned studies support the
hypothesis that SAE is, in fact, a result of direct CNS injury,

and more sensitive biomarker of brain damage is needed.

Sequelae and outcomes

Increased mortality

Meta-analysis has provided evidence that delirium in
elderly patients is associated with an increased risk of death,
institutionalization, and dementia, independent of age, sex,
comorbidity, illness severity, and presence of dementia.

Mortality is almost always due to multi-organ failure rather
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than neurological complications. The persistence of the
association between delirium and poor outcome years after
the occurrence of delirium and presumably resolution of the
precipitating factors suggests that delirium is not merely a
marker of underlying disease [6]. In fact, delirium was found
to precede the overt diagnosis of sepsis in 30.8% of patients,
thus suggesting that delirium might serve as a precursor of the
development of sepsis [53], therefore, an increased mortality is
expected.

Cognitive decline

Mounting evidence in both animal models and in human
studies, suggests that substantial long-term cognitive sequelae
are associated with SAE. Animal models have shown long-term
changes in behavior, learning and memory following SAE [31].
A longer duration of delirium in the hospital was independently
associated with long-term cognitive outcomes [54] and worse
global cognition as well as executive function scores at 3 and 12
months [S]. Of great importance, longer duration of delirium
was recently found to be associated with smaller brain volumes
up to 3 months after discharge, and that smaller brain volumes
are associated with long-term cognitive impairment up to 12
months [SS].

Progressive immunosuppression

SAE could lead to progressive immunosuppression possibly
by activating sympathetic nerve system, and partially
hypothalamic pituitary adrenal (HPA) axis, resulting in
uncontrolled infection and vicious cycle with SAE. Additional
evidence indicates that sepsis in the later stages can be
associated with a state of immunosuppression, broadly defined
as lymphopenia and loss of immune function, reflected
by the down-regulation of monocytic human leukocyte
antigen (HLA)-DR expression, ex vivo TNF-a production
and elevated plasma IL-10 in parallel [45,56]. It was clearly
revealed that the sympathetic nervous system (SNS) especially
p-adrenergic receptors and HPA axis were involved in cerebral
trauma-induced immunodepression via a mechanism of
apoptotic cell death [$7]. For instance, experimental stroke
induces alterations in the immune system and their outcome
via and the SNS [58]. Postoperative release of pro-inflammatory
cytokines into the cerebrospinal fluid without any signs of
systemic inflammation was associated with immunodepression
and an increased risk of infections in neurosurgical patients [$9].
Direct evidence proved that the pro-inflammatory cytokines
such as IL-1P in the brain and cerebral inflammation may
trigger a systemic anti-inflammatory condition without
preceding systemic inflammation [60]. Persistence of this
phenomenon increases the risk for infectious complications.

Further clinical and experimental results indicate that pro-
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inflammatory cytokines produced by damaged brain tissue
can directly lead to HPA and SNS activation [61]. Elevated
levels of cytokines, such as IL-1, TNF-a, and IL-6, have been
measured after stroke in brain parenchyma and cerebrospinal
fluid. Because the autonomic system of the CNS is “hard-
wired” with secondary lymphoid organs, interruption of
these circuits can result in immune dysfunction. Therefore,
multiple causes including the “non-specific” stress response,
CNS injury-specific neurogenic signaling, and local CNS
inflammation have to be considered as triggers of systemic
immunodepression [62].

The neuropathology in SAE is quite similar to that of
patients with stroke and traumatic brain injury in terms of
elevated levels of pro-inflammatory cytokines in the brain. It
prompts us to hypothesize that these cytokines in SAE could
also mediate immunosuppression in a similar manner as in
brain injury. The irreversible compromised immunity occurred
later in severe sepsis could also be the consequence of SNS and
HPA activation.

Cholinergic anti-inflammatory deficiency

Last but not the least, SAE in the long term might reduce
cholinergic anti-inflammatory activity due to the lack of
cholinergic neurotransmission by ACh, resulting in an
augmented pro-inflammatory response. Inflammatory reflexes
have been proposed as a pathway to facilitate resolution of
inflammation triggered by infection, ischemia, or sterile
injury and a mechanism of rapid and localized control of
immunity [63]. During the early stages of the immune
response, the vagus nerve transmits tonic inhibitory activity
that attenuates innate responses to injury and the activation of
effector cells [64], but when it persists over time, it can lead
to immunosuppression which exacerbates SAE. Although
clinical studies have not established a causal relationship
between depressed vagal nerve signaling and sepsis, lower
tonic vagal activity has been associated with decreased capacity
to resolve inflammation and with increased morbidity as well
as mortality in inflammatory states such as severe sepsis and
myocardial infarction [65]. In contrast, inhibition of brain
acetylcholinesterase, which causes the increase of ACh could
theoretically suppress systemic inflammation through a central
muscarinic receptor-mediated and vagal- and a7 nAChR-
dependent mechanism [66]. We suppose that at later stages
of SAE, the vagus nerve transmitter, acetylcholine, would be
decreased due to the neural apoptosis, thus attenuated vagal
activity might potentiate a pro-inflammatory response due to the
lack of the intrinsic cholinergic anti-inflammatory mechanism.
Metabolic and hydroelectrolyte imbalance

In addition, considering that the CNS could regulate the
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metabolic and hydroelectric balance, the impairment of
neurological function in SAE could also lead to the refractory
hyperglycemia [67] and hypernatremia [68] in sepsis.

It is increasingly appreciated that CNS controls the
metabolic and electrolyte balance. Reduced CNS insulin
signaling from either defective secretion or action, contributes
to the pathogenesis of common metabolic disorders, including
diabetes and obesity. The hypothalamic IKKp/nuclear factor
kappaB (NF-kB) pathway is a general neural mechanism for
the energy imbalance underlying obesity. Forced activation of
hypothalamic IKKB/NF-kB interrupts central insulin/leptin
signaling and action, while its suppression significantly protects
against obesity and glucose intolerance [69] Hyperglycemia in
the ICU has been linked with worse outcomes [70], moreover,
NF-kB activity is significantly elevated in adults and children
with severe sepsis [71].The impaired insulin signaling and
activation of NF-kB prompts us to hypothesize that SAE could
also result in metabolic and hydroelectrolyte imbalance.

Disturbances in fluid and electrolytes are among the
most common clinical problems encountered in the ICU.
Hypernatraemia develops in the ICU because various factors
promote renal water loss. For example, relative vasopressin
deficiency is seen in approximately one-third of late septic
shock patients [68]. Furthermore, hypernatraemia is an
independent predictor of mortality [72]. In burn patients,
hypernatremia, but not hyponatremia, is an independent
predictor of mortality [73]. The possibility for SAE might
lead to the disturbance of fluid and electrolytes is that SAE
could damage the crucial brain regions regulating the the
balance of fluid and electrolytes. It was appreciated that
dysfunction of the hypothalamus, pituitary, or adrenal glands
is a common secondary cause for sodium or water imbalance
as a result of trauma, tumors, or inflammation. Moreover,
a recent study found that hypernatremia is relevant to the
sodium-level-sensing mechanism in the brain, as a patient with
autoantibody directed against Nax channel in the brain had
essential hypernatremia [74]. Therefore, SAE may disrupt the
central sodium-level sensor of body fluids in the brain, making

the patients prone to developing hypernatremia.

Perspectives

Currently, patients with septic encephalopathy receive
supportive therapy and therapy for the underlying
disease without intervention targeted to the cause of the
encephalopathy. Several aspects deserve to be emphasized,
in particular the interaction of the development of
encephalopathy with the peripheral multiple organ including

immune system dysfunction. An improved understanding

on the cause of septic encephalopathy would lead to the

development of new specific therapy options in the future.

Abbreviations

SAE: sepsis-associated encephalopathy; CNS: central nervous system;
ICU: intensive care units; LPS: lipopolysaccharide; IL: interleukins; ACh:
acetylcholine; nAChR: nicotinic ACh receptors; DC: dendritic cells; HPA:
hypothalamus-pituitary-adrenal; SNS: sympathetic nervous system;
SIRS: systemic inflammatory response syndrome; NSE: neuron-specific
enolase; GFAP: glial fibrillary acidic protein; HLA: human leukocyte
antigen; NF-kB: nuclear factor kappaB

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

QHZ, ZYS and YYM conceptualized and designed the article,
performed the literature research, and drafted and critically revised
the manuscript. All authors read and approved the final manuscript.

Acknowledgements

This study was supported by National Natural Science Foundation of
China (81272089, 81130035, 81372054, and 81121004), the National
Basic Research Program of China (2012CB518102), and the "Twelve-
Five Plan" for Military Scientific Foundation (BWS12J050).

Reference

1. Ebersoldt M, Sharshar T, Annane D: Sepsis-associated delirium.
Intensive Care Med 2007, 33: 941-950.

2. Kumar G, Kumar N, Taneja A, Kaleekal T, Tarima S, McGinley E,
Jimenez E, Mohan A, Khan RA, Whittle J, Jacobs E, Nanchal R:
Nationwide trends of severe sepsis in the 21st century (2000-
2007). Chest 2011, 140: 1223-1231.

3. Iwashyna TJ, Ely EW, Smith DM, Langa KM: Long-term cognitive
impairment and functional disability among survivors of
severe sepsis. JAMA 2010, 304: 1787-1794.

4. Hopkins RO, Jackson JC: Long-term neurocognitive function
after critical illness. Chest 2006, 130: 869-878.

5. Pandharipande PP, Girard TD, Jackson JC, Morandi A, Thompson JL,
Pun BT, Brummel NE, Hughes CG, Vasilevskis EE, Shintani AK,
Moons KG, Geevarghese SK, Canonico A, Hopkins RO, Bernard GR,
Dittus RS, Ely EW: Long-term cognitive impairment after critical
illness. N Engl J Med 2013, 369: 1306-1316.

6. Witlox J, Eurelings LS, de Jonghe JF, Kalisvaart KJ, Eikelenboom P,
van Gool WA: Delirium in elderly patients and the risk of
postdischarge mortality, institutionalization, and dementia: a
meta-analysis. JAMA 2010, 304: 443-451.

7. Ely EW, Shintani A, Truman B, Speroff T, Gordon SM, Harrell FE, Jr,
Inouye SK, Bernard GR, Dittus RS: Delirium as a predictor of
mortality in mechanically ventilated patients in the intensive
care unit. JAMA 2004, 291: 1753-1762.

8. Salluh JI, Soares M, Teles JM, Ceraso D, Raimondi N, Nava VS,
Blasquez P, Ugarte S, Ibanez-Guzman C, Centeno JV, Laca M,
Grecco G, Jimenez E, Arias-Rivera S, Duenas C, Rocha MG: Delirium
epidemiology in critical care (DECCA): an international study.
Crit Care 2010, 14: R210.

9. Zhang LN, Wang XT, Ai YH, Guo QL, Huang L, Liu ZY, Yao B:

121



Zhang et al. Mil Med Res 2014, 1:20
http://www.mmrjournal.org/content/1/1/20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Epidemiological features and risk factors of sepsis-associated
encephalopathy in intensive care unit patients: 2008-2011.
Chin Med J (Engl) 2012, 125: 828-831.

Mikkelsen ME, Christie JD, Lanken PN, Biester RC, Thompson BT,
Bellamy SL, Localio AR, Demissie E, Hopkins RO, Angus DC: The
adult respiratory distress syndrome cognitive outcomes
study: long-term neuropsychological function in survivors of
acute lung injury. Am J Respir Crit Care Med 2012, 185: 1307-1315.
Ehlenbach WJ, Hough CL, Crane PK, Haneuse SJ, Carson SS, Curtis JR,
Larson EB: Association between acute care and critical illness
hospitalization and cognitive function in older adults. JAMA
2010, 303:763-770.

Schneider JC, Trinh NH, Selleck E, Fregni F, Salles SS, Ryan CM, Stein J:
The long-term impact of physical and emotional trauma: the
station nightclub fire. PLoS One 2012, 7: e47339.

Palmu R, Suominen K, Vuola J, Isometsa E: Mental disorders after
burn injury: a prospective study. Burns 2011, 37: 601-609.
Zhang QH, Chen Q, Kang JR, Liu C, Dong N, Zhu XM, Sheng ZY,
Yao YM: Treatment with gelsolin reduces brain inflammation
and apoptotic signaling in mice following thermal injury. J
Neuroinflammation 2011, 8: 118.

Zhang QH, Li JC, Dong N, Tang LM, Zhu XM, Sheng ZY, Yao YM:
Burn injury induces gelsolin expression and cleavage in the
brain of mice. Neuroscience 2013, 228: 60-72.

Griffin WS: Neuroinflammatory cytokine signaling and
Alzheimer's disease. N Engl J Med 2013, 368: 770-771.

Kamel H, ladecola C: Brain-immune interactions and ischemic
stroke: clinical implications. Arch Neurol 2012, 69: 576-581.
Krabbe KS, Reichenberg A, Yirmiya R, Smed A, Pedersen BK,
Bruunsgaard H: Low-dose endotoxemia and human
neuropsychological functions. Brain Behav Immun 2005, 19:
453-460.

Gunther ML, Morandi A, Ely EW: Pathophysiology of delirium in
the intensive care unit. Crit Care Clin 2008, 24: 45-65, viii.
Munster BC, Aronica E, Zwinderman AH, Eikelenboom P,
Cunningham C, Rooij SE: Neuroinflammation in delirium: a
postmortem case-control study. Rejuvenation Res 2011, 14: 615-
622.

Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, Knapp DJ, Crews
FT: Systemic LPS causes chronic neuroinflammation and
progressive neurodegeneration. Glia 2007, 55: 453-462.

Quan N, Banks WA: Brain-immune communication pathways.
Brain Behav Immun 2007, 21: 727-735.

Pavlov VA, Ochani M, Gallowitsch-Puerta M, Ochani K, Huston JM,
Czura CJ, Al-Abed Y, Tracey KJ: Central muscarinic cholinergic
regulation of the systemic inflammatory response during
endotoxemia. Proc Natl Acad Sci USA 2006, 103: 5219-5223.
Murray C, Sanderson DJ, Barkus C, Deacon RM, Rawlins JN,
Bannerman DM, Cunningham C: Systemic inflammation induces
acute working memory deficits in the primed brain: relevance
for delirium. Neurobiol Aging 2012, 33: 603-616.

van den Boogaard M, Kox M, Quinn KL, van Achterberg T, van der
Hoeven JG, Schoonhoven L, Pickkers P: Biomarkers associated
with delirium in critically ill patients and their relation with
long-term subjective cognitive dysfunction; indications
for different pathways governing delirium in inflamed and
noninflamed patients. Crit Care 2011, 15: R297.

van Munster BC, Korevaar JC, Zwinderman AH, Levi M, Wiersinga
WJ, De Rooij SE: Time-course of cytokines during delirium in
elderly patients with hip fractures. J Am Geriatr Soc 2008, 56:

122

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

1704-1709.

Westhoff D, Witlox J, Koenderman L, Kalisvaart KJ, de Jonghe JF,
van Stijn MF, Houdijk AP, Hoogland IC, Maclullich AM, van
Westerloo DJ, van de Beek D, Eikelenboom P, van Gool WA:
Preoperative cerebrospinal fluid cytokine levels and the risk
of postoperative delirium in elderly hip fracture patients. J
Neuroinflammation 2013, 10: 122.

Rada P, Mark GP, Vitek MP, Mangano RM, Blume AJ, Beer B, Hoebel BG:
Interleukin-1 beta decreases acetylcholine measured by
microdialysis in the hippocampus of freely moving rats. Brain
Res 1991, 550: 287-290.

Carmeliet P, Van Damme J, Denef C: Interleukin-1 beta inhibits
acetylcholine synthesis in the pituitary corticotropic cell line
AtT20. Brain Res 1989, 491: 199-203.

Li Y, Liu L, Kang J, Sheng JG, Barger SW, Mrak RE, Griffin WS:
Neuronal-glial interactions mediated by interleukin-1
enhance neuronal acetylcholinesterase activity and mRNA
expression. J Neurosci 2000, 20: 149-155.

Semmler A, Frisch C, Debeir T, Ramanathan M, Okulla T,
Klockgether T, Heneka MT: Long-term cognitive impairment,
neuronal loss and reduced cortical cholinergic innervation
after recovery from sepsis in a rodent model. Exp Neurol 2007,
204: 733-740.

Trzepacz PT: Is there a final common neural pathway in
delirium? Focus on acetylcholine and dopamine. Semin Clin
Neuropsychiatry 2000, 5: 132-148.

Field RH, Gossen A, Cunningham C: Prior pathology in the basal
forebrain cholinergic system predisposes to inflammation-
induced working memory deficits: reconciling inflammatory
and cholinergic hypotheses of delirium. J Neurosci 2012, 32:
6288-6294.

De Simone R, Ajmone-Cat MA, Carnevale D, Minghetti L:
Activation of alpha7 nicotinic acetylcholine receptor by
nicotine selectively up-regulates cyclooxygenase-2 and
prostaglandin E2 in rat microglial cultures. J Neuroinflammation
2005, 2: 4.

Pandharipande P, Shintani A, Peterson J, Pun BT, Wilkinson GR,
Dittus RS, Bernard GR, Ely EW: Lorazepam is an independent
risk factor for transitioning to delirium in intensive care unit
patients. Anesthesiology 2006, 104: 21-26.

Schneider LS, Dagerman KS, Insel P: Risk of death with atypical
antipsychotic drug treatment for dementia: meta-analysis of
randomized placebo-controlled trials. JAMA 2005, 294: 1934-
1943.

Inouye SK: Delirium in older persons. N Engl J Med 2006, 354:
1157-1165.

van Gool WA, van de Beek D, Eikelenboom P: Systemic infection
and delirium: when cytokines and acetylcholine collide. Lancet
2010, 375:773-775.

Tracey KJ: The inflammatory reflex. Nature 2002, 420: 853-859.
Tracey KJ: Reflex control of immunity. Nat Rev Immunol 2009, 9:
418-428.

Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA,
Reardon C, Tusche MW, Pavlov VA, Andersson U, Chavan S, Mak TW,
Tracey KJ: Acetylcholine-synthesizing T cells relay neural
signals in a vagus nerve circuit. Science 2011, 334: 98-101.
Fairchild KD, Srinivasan V, Moorman JR, Gaykema RP, Goehler LE:
Pathogen-induced heart rate changes associated with
cholinergic nervous system activation. Am J Physiol Regul Integr
Comp Physiol 2011, 300: R330-339.



Zhang et al. Mil Med Res 2014, 1:20
http://www.mmrjournal.org/content/1/1/20

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Machado MP, Rocha AM, de Oliveira LF, de Cuba MB, de Oliveira
Loss |, Castellano LR, Silva MV, Machado JR, Nascentes GA, Paiva
LH, Savino W, Junior VR, Brum PC, Prado VF, Prado MA, Silva EL,
Montano N, Ramirez LE, Dias da Silva VJ: Autonomic nervous
system modulation affects the inflammatory immune
response in mice with acute Chagas disease. Exp Physiol 2012,
97:1186-1202.

Setoguchi D, Yatsuki H, Sadahiro T, Nakamura M, Hirayama Y,
Watanabe E, Tateishi Y, Oda S: Effects of a peripheral
cholinesterase inhibitor on cytokine production and
autonomic nervous activity in a rat model of sepsis. Cytokine
2012,57:238-244.

Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH,
Bricker TL, Jarman SD 2nd, Kreisel D, Krupnick AS, Srivastava A,
Swanson PE, Green JM, Hotchkiss RS: Immunosuppression in
patients who die of sepsis and multiple organ failure. JAMA
2011, 306: 2594-2605.

Tracey KJ: Physiology and immunology of the cholinergic
antiinflammatory pathway. J Clin Invest 2007, 117: 289-296.

van Eijk MM, Roes KC, Honing ML, Kuiper MA, Karakus A, van der
Jagt M, Spronk PE, van Gool WA, van der Mast RC, Kesecioglu J,
Slooter AJ: Effect of rivastigmine as an adjunct to usual care
with haloperidol on duration of delirium and mortality in
critically ill patients: a multicentre, double-blind, placebo-
controlled randomised trial. Lancet 2010, 376: 1829-1837.
Luitse MJ, van Asch CJ, Klijn CJ: Deep coma and diffuse
white matter abnormalities caused by sepsis-associated
encephalopathy. Lancet 2013, 381: 2222.

Gofton TE, Young GB: Sepsis-associated encephalopathy. Nat
Rev Neurol 2012, 8: 557-566.

Hsu AA, Fenton K, Weinstein S, Carpenter J, Dalton H, Bell MJ:
Neurological injury markers in children with septic shock.
Pediatr Crit Care Med 2008, 9: 245-251.

Nguyen DN, Spapen H, Su F, Schiettecatte J, Shi L, Hachimi-Idrissi S,
Huyghens L: Elevated serum levels of S-100beta protein and
neuron-specific enolase are associated with brain injury in
patients with severe sepsis and septic shock. Crit Care Med
2006, 34: 1967-1974.

Fioretto JR, Martin JG, Kurokawa CS, Carpi MF, Bonatto RC,
Ricchetti SM, de Moraes MA, Padovani CR: Interleukin-6 and
procalcitonin in children with sepsis and septic shock. Cytokine
2008, 43: 160-164.

Martin BJ, Buth KJ, Arora RC, Baskett RJ: Delirium as a predictor
of sepsis in post-coronary artery bypass grafting patients: a
retrospective cohort study. Crit Care 2010, 14: R171.

Girard TD, Jackson JC, Pandharipande PP, Pun BT, Thompson JL,
Shintani AK, Gordon SM, Canonico AE, Dittus RS, Bernard GR, Ely
EW: Delirium as a predictor of long-term cognitive impairment
in survivors of critical illness. Crit Care Med 2010, 38: 1513-1520.
Gunther ML, Morandi A, Krauskopf E, Pandharipande P, Girard TD,
Jackson JC, Thompson J, Shintani AK, Geevarghese S, Miller RR
3rd, Canonico A, Merkle K, Cannistraci CJ, Rogers BP, Gatenby JC,
Heckers S, Gore JC, Hopkins RO, Ely EW: The association between
brain volumes, delirium duration, and cognitive outcomes in
intensive care unit survivors: the VISIONS cohort magnetic
resonance imaging study. Crit Care Med 2012, 40: 2022-2032.
Hotchkiss RS, Coopersmith CM, McDunn JE, Ferguson TA: The
sepsis seesaw: tilting toward immunosuppression. Nat Med
2009, 15:496-497.

Wang J, Sun J, Yu J, Cao XD, Wang YQ, Wu GC: Sympathetic

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

nervous system mediates surgical trauma stress-induced
splenocyte apoptosis in rats. Eur J Pharmacol 2007, 565: 76-82.
Prass K, Meisel C, Hoflich C, Braun J, Halle E, Wolf T, Ruscher K,
Victorov IV, Priller J, Dirnagl U, Volk HD, Meisel A: Stroke-induced
immunodeficiency promotes spontaneous bacterial infections
and is mediated by sympathetic activation reversal by
poststroke T helper cell type 1-like immunostimulation. J Exp
Med 2003, 198: 725-736.

Woiciechowsky C, Asadullah K, Nestler D, Eberhardt B, Platzer C,
Schoning B, Glockner F, Lanksch WR, Volk HD, Docke WD:
Sympathetic activation triggers systemic interleukin-10
release in immunodepression induced by brain injury. Nat Med
1998, 4:808-813.

Woiciechowsky C, Schoning B, Daberkow N, Asche K, Stoltenburg G,
Lanksch WR, Volk HD: Brain-IL-1beta induces local inflammation
but systemic anti-inflammatory response through stimulation
of both hypothalamic-pituitary-adrenal axis and sympathetic
nervous system. Brain Res 1999, 816: 563-571.

Sundar SK, Cierpial MA, Kilts C, Ritchie JC, Weiss JM: Brain IL-1-
induced immunosuppression occurs through activation of
both pituitary-adrenal axis and sympathetic nervous system
by corticotropin-releasing factor. J Neurosci 1990, 10: 3701-
3706.

Dirnagl U, Klehmet J, Braun JS, Harms H, Meisel C, Ziemssen T,
Prass K, Meisel A: Stroke-induced immunodepression:
experimental evidence and clinical relevance. Stroke 2007, 38:
770-773.

Andersson U, Tracey KJ: Neural reflexes in inflammation and
immunity. J Exp Med 2012, 209: 1057-1068.

Vukelic M, Qing X, Redecha P, Koo G, Salmon JE: Cholinergic
receptors modulate immune complex-induced inflammation
in vitro and in vivo. JImmunol 2013, 191: 1800-1807.

Pontet J, Contreras P, Curbelo A, Medina J, Noveri S, Bentancourt S,
Migliaro ER: Heart rate variability as early marker of multiple
organ dysfunction syndrome in septic patients. J Crit Care 2003,
18: 156-163.

Pavlov VA, Parrish WR, Rosas-Ballina M, Ochani M, Puerta M, Ochani K,
Chavan S, Al-Abed Y, Tracey KJ: Brain acetylcholinesterase
activity controls systemic cytokine levels through the
cholinergic anti-inflammatory pathway. Brain Behav Immun
2009, 23:41-45.

Dungan KM, Braithwaite SS, Preiser JC: Stress hyperglycaemia.
Lancet 2009, 373: 1798-1807.

Sharshar T, Blanchard A, Paillard M, Raphael JC, Gajdos P, Annane D:
Circulating vasopressin levels in septic shock. Crit Care Med
2003, 31: 1752-1758.

Zhang X, Zhang G, Zhang H, Karin M, Bai H, Cai D: Hypothalamic
IKKbeta/NF-kappaB and ER stress link overnutrition to energy
imbalance and obesity. Cell 2008, 135: 61-73.

Kavanagh BP, McCowen KC: Clinical practice. Glycemic control
in the ICU. N Engl J Med 2010, 363: 2540-2546.

Hotta N, Ichiyama T, Shiraishi M, Takekawa T, Matsubara T,
Furukawa S: Nuclear factor-kappaB activation in peripheral
blood mononuclear cells in children with sepsis. Crit Care Med
2007, 35: 2395-2401.

Hoorn EJ, Betjes MG, Weigel J, Zietse R: Hypernatraemia in
critically ill patients: too little water and too much salt. Nephrol
Dial Transplant 2008, 23: 1562-1568.

Stewart |J, Morrow BD, Tilley MA, Snow BD, Gisler C, Kramer KW,
Aden JK, Renz EM, Chung KK: Dysnatremias and survival in

123



Zhang et al. Mil Med Res 2014, 1:20
http://www.mmrjournal.org/content/1/1/20

74.

124

adult burn patients: a retrospective analysis. Am J Nephrol
2013, 37: 59-64.

Hiyama TY, Matsuda S, Fujikawa A, Matsumoto M, Watanabe E,
Kajiwara H, Niimura F, Noda M: Autoimmunity to the sodium-
level sensor in the brain causes essential hypernatremia.
Neuron 2010, 66: 508-522.

doi: 10.1186/2054-9369-1-20

Cite this article as: Zhang et al.: Septic encephalopathy: when
cytokines interact with acetylcholine in the brain. Mil Med
Res 2014, 1: 20




	MMR2014-01
	MMR2014-02
	MMR2014-03
	MMR2014-04



