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Abstract

Cellular pathophysiology of sepsis associated encephalopathy (SAE) remains poorly characterised. Brain pathology in
SAE, which is manifested by impaired perception, consciousness and cognition, results from multifactorial events, includ-
ing high levels of systemic cytokines, microbial components and endotoxins, which all damage the brain barriers, instigate
neuroinflammation and cause homeostatic failure. Astrocytes, being the principal homeostatic cells of the central nerv-
ous system contribute to the brain defence against infection. Forming multifunctional anatomical barriers, astroglial cells
maintain brain-systemic interfaces and restrict the damage to the nervous tissue. Astrocytes detect, produce and integrate
inflammatory signals between immune cells and cells of brain parenchyma, thus regulating brain immune response. In SAE
astrocytes are present in both reactive and astrogliopathic states; balance between these states define evolution of pathology
and neurological outcomes. In humans pathophysiology of SAE is complicated by frequent presence of comorbidities, as
well as age-related remodelling of the brain tissue with senescence of astroglia; these confounding factors further impact

upon SAE progression and neurological deficits.
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Introduction: The Concept
of Sepsis-Associated Encephalopathy

Systemic inflammation often develops as a component of
diverse somatic diseases of infectious and non-infectious
nature, as well as degenerative and metabolic pathologies
[1-3]. In sepsis the combination of systemic inflammatory
factors is of paramount importance for the development
of multiple organ dysfunction syndrome (MODS). The
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pathogenesis of MODS reflects the uncontrolled systemic
inflammatory response associated with pathological changes
in systemic circulation manifested by vasodilatation and
hypotension. These in turn result in the microcirculatory
abnormalities, activation of the coagulation cascade with
predominance of procoagulant factors and development of
systemic ischemia, hypoxia, cell death of both necrotic and
apoptotic nature ultimately leading to tissue and organ insuf-
ficiency, the classic functio laesa [4]. The brain damage in
a form of sepsis-associated encephalopathy (SAE) is one of
the most frequent and early components of MODS in sep-
sis [5]. The SAE is generally recognised as a fundamental
factor that determines the clinical evolution, prognosis and
outcome of sepsis [6].

Although possessing the immune privilege, the brain is
actively involved in the regulation of immune system home-
ostasis; the immune system reciprocally affects the brain,
which develops defined responses to systemic inflammation
[7]. Being the omnipresent controller of the immune-neu-
roendocrine system, the brain contains the highly complex
and interconnected signalling system based on specific inter-
faces that support a wide range of homeostatic and defen-
sive functions. On a cellular level the homeostatic control of
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the central nervous system (CNS) belongs to neuroglia, the
heterogeneous cell population responsible for CNS homeo-
stasis [8]. Systemic inflammation violates the functions of
the brain impacting upon both neurones and neuroglia with
glial activation in particular, this latter providing a critical
contribution to immune reactivity of the nervous tissue upon
inflammatory damage and in SAE [9]. In systemic inflam-
mation pathogens have haematogenous and cerebrospinal
origin and hence damage to the blood—brain barrier (BBB)
and to the blood—cerebrospinal-fluid-barrier (BCSFB) are
critical for pathology. Astrocytes, in a form of glia limi-
tans, maintain the integrity of these barriers and are the first
parenchymal neural cells facing invading pathogens.

Sepsis, SAE and Models of Sepsis

Acute CNS dysfunction frequently accompanies sepsis and,
in particular, the abdominal sepsis (AbS) [10]. Sepsis is a
life-threatening organ dysfunction caused by a dysregulated
host response to infection [6]. Therefore, sepsis has only two
degrees of severity: sepsis itself and septic shock, which
complicates the diagnosis of sepsis at the earlier stages
(preceding organ failure) and ultimately may increase the
severity of the disease [11]. Sometimes sepsis proceeds in
a hidden state and remain undiagnosed, despite the pres-
ence of systemic inflammatory response syndrome (SIRS)
[12]. The SIRS represents a non-specific complex reaction
of the organism to severe damage whether it is an infec-
tion, mechanical or thermal injury, pancreatitis etc. [13].
For SIRS diagnosis more than 2 criteria should be met: body
temperature > 38 °C or < 36 °C; heart rate > 90/min; respira-
tory rate >20/min or PaCO, <32 mm Hg (4.3 kPa); white
blood cell count> 12 000/mm’ or <4000/mm”* or > 10%
immature bands [6].

Brain dysfunction, assessed according to the Glasgow
coma scale in septic patients, increases the risk of death
by 10%, that determines the management strategy in such
patients [6, 14]. The emergence of SAE in septic patients is
a marker of the severity of septic state, although an increase
in mortality is not always interpreted as a direct outcome of
cerebral dysfunction [15]. Nevertheless appearance of brain
symptoms impacts upon clinical strategies and may neces-
sitate distinct therapeutic approaches. Cerebral dysfunction
developing in sepsis has a wide range of potentially reversi-
ble cognitive manifestations ranging from reduced attention,
disrupted sleep—wakefulness balance, impaired memory,
speech, orientation, as well as focal neurological deficits and
seizure activity, perception disorders (delusion-hallucinatory
complex) terminating with a decreased consciousness and
coma [16]. This complex of symptoms, which complicates
sepsis in up to 70% of cases [17, 18] is defined as SAE [19],
or sepsis-associated delirium or sepsis-associated brain
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dysfunction [20]. Of note, the term “septic encephalopathy”
is not considered appropriate for this condition, since such
term reflects direct infection of the cerebral parenchyma that
is not consistent with modern views on this pathology [21].

Conceptually the SAE can be defined as a clinical syn-
drome indicating general brain dysfunction developing in
sepsis without direct infectious lesion to the nervous tissue.
At the same time diagnostic and clinical usage of this term
remains somewhat blurred due to a polymorphism of patho-
logical processes, which cause brain damage. Histological
appearance of the SAE similarly remains poorly defined
with rather non-specific pathomorphological hallmarks.
With increased duration and severity of septic conditions
the integrity of brain barriers is compromised and the brain
parenchyma becomes infected with frequent development
of abscesses.

The main histopathologic changes in the brain during
sepsis include infarctions, petechial and small focal hem-
orrhages, septic-embolic abscesses and septicopyemic
microabscesses, signs of disseminated intravascular coagu-
lation (DIC) syndrome with fibrinous microthrombi, mul-
tifocal necrotizing leukoencephalopathy, selective necrosis
and apoptosis of neurones in the regions most sensitive to
ischemia and neurotoxicity with more prominent hippocam-
pal and brainstem damage, proliferation of astrocytes and
microglia in the cerebral cortex, diffuse perivascular and
cytotoxic oedema, BBB damage and reactive neuroinflam-
mation [22-26]. In this regard, the signal example can be
septic endocarditis characterized by microbial emboli enter-
ing the brain parenchyma and causing ischemic infarction
foci in conjunction with formation of abscesses. However,
at present, this form of brain lesion is classified as septic-
embolic encephalitis [27]. Also there are other indications
for direct brain microbe invasion with formation of microab-
scesses in human SAE [28, 29]. Emergence of abscesses and
microabscesses seems to be directly associated with sepsis
(Fig. 1); although abscess formation can represent a distinct
nosological entity.

At the early stages of SAE the complex of behavioural
symptoms referred to as “sickness behaviour” (which
accompanies virtually every infectious disease or febrile
inflammatory process) is often observed. Clinically, this syn-
drome is manifested by anorexia, anxiety, irritability, depres-
sion, anhedonia, decreased social communication and envi-
ronmental interest, cognitive changes, including decreased
concentration, learning ability and memory [30]. Research
into mechanisms of this syndrome began in 1950s [31], and
remains active since [32-34]. The biological background
for sickness behaviour was formalised in 1988 as an adap-
tive mechanism of a macroorganism mounting an immune
response to the invading infection aimed at preservation of
energy potential for an adequate defence against the patho-
gen [35]. Alternatively, sickness behaviour is considered as
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Fig. 1 Astrocytes in the formation of brain microabscess during SAE.
Infiltration of brain parenchyma by infectious agents in SAE leads to
the formation of microabscesses. The abscess core contains germs
and purulent exudate, surrounded by hematogenous polymorphonu-
clear leukocytes (PMNc). a Infiltration of germs and endotoxins trig-
gers astroglial activation; reactive astrocytes form a dense protective
border composed of their tightly coupled and overlapping processes
and the extracellular matrix, which prevents the spread of microbes
and inflammatory cells toward the surrounding tissue. A lesser degree
of tissue damage is manifested in the form of less pronounced tissue

oedema and less changes in neurones. b Astroglial asthenia and com-
promised astroglial reactivity facilitate abscess enlargement. Poly-
morphonuclear leukocytes spread freely to the adjacent parenchyma
and convey damage, aggravating leakage of the BBB. Astrocytes
become oedematous, undergo clazmatodendrosis, loss of functions
thus leading to acute perifocal parenchymal oedema of cytotoxic or
combined type. Secondary acute swelling of neurones develops, fol-
lowed by their karyocytolysis. ¢ Astroglial scar formation establishes
protective wall localising the infectious lesion and thus protecting the
brain parenchyma
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a motivational behavioural mechanism [36, 37] or as a com-
ponent of the body’s anti-pain system [38]. Development
of sickness behaviour is associated with pro-inflammatory
factors, such as interleukin (IL)-1a, IL-1p, tumour necrosis
factor-a (TNF)-a and IL-6 with particular role attributed to
IL-1 [39]. In rodents, the systemic or central IL-1p admin-
istration induces typical behavioural and neuro-endocrine
symptoms of sickness behaviour [40] due to an activation of
hypothalamic—pituitary—adrenal axis and adrenergic system
[22]. Sickness behaviour acquires maladaptive features with
increased severity and duration [30].

In sepsis, impairment of brain function develops upon the
background of multiorgan failure (cardio-vascular, respira-
tory, hepato-renal) in conjunction with systemic overload
with microbes and their related toxins (septicaemia and
endotoxinaemia). High blood concentrations of endogenous
metabolites (which are not properly eliminated or neutral-
ised) produce detrimental effects on all physiological bar-
riers and interfaces. Therefore, brain dysfunction during
sepsis results from multicomponent, complex pathophysi-
ology and could be defined as “mixed encephalopathy”. This
reflects pathological remodelling of the vascular system and
blood components in the uncontrolled immune response,
DIC syndrome with violation of systemic microcirculation
as well as global circulatory, respiratory and tissue hypoxia,
and in addition—accumulation of endogenous toxins (such
as ammonia and urea), electrolyte imbalance, altered osmo-
larity, altered blood proteins etc. [4]. Thus encephalopathy
resulting from this complex pathogenesis may include acute
circulatory encephalopathy (mostly ischemic variants in the
form of mosaic foci of ischemic cellular damage and small
infarcts due to the insufficient blood supply to the brain),
acute hepatic or uremic encephalopathies manifested by
cytotoxic oedema and swelling of the brain, and others,
with great dependence on the concomitant pathology and a
primary source of the infection [19]. There is also a direct
relationship between the age of the septic patients and the
severity of the disease and its complications, as well as the
frequency of the SAE appearance [41]. Increased severity of
sepsis in old patients can be explained by deficient immune
responses and frequent concomitant pathologies such as
atherosclerosis, arterial hypertension, diabetes mellitus etc.
Consequently, in sepsis systemic inflammatory agents often
face the already compromised brain and its barriers.

The most common animal models used to reproduce pol-
ymicrobial sepsis and endotoxemia are cecal ligation and
puncture (CLP) and systemic injection of lipopolysaccharide
(LPS). These models however are far from ideal. Signifi-
cant differences exist between human AbS and CLP model.
The latter mostly results in pathomorphological changes
observed in “septic focus” into abdominal cavity, specific-
ity of spreading the infection upon peritoneum, the time
span of septicaemia appearance and staging of the disease
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course [42, 43]. The faecal peritonitis in humans, arising
from perforated intestinal tract damage and characterised by
a significant purulent—fibrinous reaction of the peritoneum,
diffuse spread of faecal masses over the abdominal cavity,
is absent in CPL subjected rats [43]; the intestinal contents
rapidly becomes restricted, leading to formation of intestinal
abscess or even infiltration depending on the size of the per-
foration hole (own observations). Microscopic examination
of peritoneal samples from these infiltrates does not reveal
purulent-fibrinous inflammation characteristic for human
disease. Alternative models of AbS, such as colon ascendens
stent peritonitis show more similarity to human pathology
[43]. Despite almost complete replication of the conditions
of human peritonitis, or at least of intra-abdominal abscess,
and similar blood cytokine profile as well as presence of
other common pathological features, full reproduction of
the human pathology seems unattainable due to different
immune and peritoneal reactivity. Another factor affect-
ing model validity is associated with concomitant human
pathologies, especially in older patients; modelling these in
animals is of course impossible. The same applies to the LPS
model of systemic Gram-negative infections; this model only
partially mimics the composition of harmful toxins observed
in human pathology and does not reproduce concomitant
morbidities [42].

Principles of Astrogliopathology

Astrocytes are homeostatic cells of the CNS with wide array
of functions including ionostasis and neurotransmitters
metabolism, fluid balance, regulation of functional hyperae-
mia, neuronogenesis, maintenance of synaptic connectivity
and plasticity etc. [44]. In the healthy brain astrocytes are
characterised by significant region-dependent morphologi-
cal and functional heterogeneity [45—47], although astroglial
cells share common features such as absence of electrical
excitability, highly hyperpolarised resting membrane poten-
tial and abundant expression of Na*-dependent solute car-
rier (SLC) transporters fundamental for CNS homoeostasis
[44, 48]. In the CNS astroglial perisynaptic processes which
closely enwrap ~50% to 60% of synapses [49] form the syn-
aptic cradle that oversees synaptogenesis, synaptic matura-
tion, maintenance, synaptic isolation and extinction [50-52].
Astrocytes contribute to the experience-dependent synap-
tic plasticity as well as to learning and memory, assisting
morphological and functional synaptic plasticity [53-56].
Through dedicated transporters and enzymes astrocytes
control homeostasis and catabolism of major neurotrans-
mitters such as glutamate, GABA, noradrenaline and adeno-
sine and supply neurones with neurotransmitter precursors
[44, 57, 58]. Increase in computing power of the brain with
its increased homeostatic demands is reflected in increase
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in astroglial complexity in the primate and human brains,
which also possess several types of specialised astroglial
cells (such as interlaminar and polarised astrocytes) that are
absent in other species [59]. In the grey matter protoplasmic
astrocytes occupy independent territorial domains [60, 61]
and form glio-neurovascular units which integrate neural
cells with blood vessels. Astrocytes are integrated into ana-
tomically segregated syncytia through gap junctional con-
nexons [62]. Astrocytes also form (with other neuroglia) the
endocranial secretory system, which releases in excess of
200 molecules from neuromodulators and trophic factors to
hormones [63]; these gliogenic molecules spread through
the extracellular space by volume transmission and convec-
tive flow.

Astrocytes are key players in neuropathology; contem-
porary views regard astroglial changes as an obligatory
component of neurological diseases [64—69]. Pathological
changes in astrocytes are multifaceted and are disease and
disease-stage specific. Conceptually, astrogliopathology is
sub-classified into (i) reactive astrogliosis and (ii) astrocy-
topathies represented by astodegeneration with astroglial
atrophy and loss of function and astroglial pathological
remodelling [65, 66, 70].

Reactive astrogliosis is the evolutionary conserved pro-
gramme triggered by nervous tissue damage which leads to
genetic, morphological and functional remodelling of astro-
cytes; astroglial cells become hypertrophic, increase expres-
sion of intermediate filament proteins (glial fibrillary acidic
protein GFAP and vimentin), modify receptors expression
and the secretome [65, 71-74]. Astrogliotic programme pro-
duces multiple reactive phenotypes which are context and
pathology specific; intrinsically astrogliosis is a defensive
response aimed at neuroprotection and limiting the damage
to the nervous tissue; in certain conditions, however, astro-
gliosis may acquire neurotoxic and deleterious potential [73,
75]. Astrogliotic changes vary depending on the nature and
severity of the damage and are regulated in a context-specific
manner by specific and complex inter- and intracellular sig-
nalling. Reactive phenotype is characterised by remodelling
of multiple astrocytic properties through amplification or
loss of functions [72, 76]. Reactive astrogliosis is classified
according to morphological features (into isomorphic with
preserved territorial domain organisation and anisomorphic,
with violation of territorial domains, formation of astroglial
palisades and ultimate scar formation) and according to the
severity. The latter classification divides astrogliosis into (i)
mild to moderate astrogliosis; (ii) severe diffuse astrogliosis;
(iii) severe astrogliosis with compact scar formation [63,
72-74,76].

Astrocytopathies represent widespread class of pathol-
ogy-associated changes in astrocytes which affect their
function and may lead to neuropathology. Pathological
remodelling of astroglia results from genetic (Alexander

disease), environmental (some variants of schizophrenia)
or systemic (hepatic encephalopathy) factors which render
astrocytes to acquire pathological phenotype that promote
pathological evolution (disappearance of white matter in
Alexander disease, neurotransmission imbalance leading
to reactive psychosis in hepatic encephalopathy or aberrant
synthesis of kynurenic acid in 7. gondii infected brains lead-
ing to schizophrenic developments; see [77-79]). Astroglial
degeneration with astroglial atrophy and loss of function has
been detected in various diseases including toxic encepha-
lopathies, neurodegenerative disorders, major psychiatric
disorders (schizophrenia and major depression), addictive
disorders and some forms of familial migraine [80-87].

Neurobiology of Septic Encephalopathy

Aberrant neurotransmission represents one of the leading
pathological alterations in SAE, directly associated with
cognitive, psychotic and consciousness-related symptom-
atology. In particular, changes in expression of receptors
for y-aminobutyric acid (GABA), serotonin, dopamine
and noradrenaline have been detected [88, 89]. The neuro-
transmitter imbalance in the brain is thought to be related
to changes in amino acids levels in the blood, in particu-
lar a decrease in branched-chain amino acids together with
relative increase in aromatic amino acids with consequent
increase the presence of the latter in the brain tissue [90].
Excess of the aromatic amino acids in plasma probably
results from increased muscle proteolysis [91] and reduced
hepatic clearance caused by liver insufficiency in sepsis [92].
Loss of BBB integrity may also contribute to an increased
ratio of aromatic/branched chain amino acids in the brain of
patients with SAE. Subsequently, large amounts of aromatic
amino acids (tyrosine, phenylalanine, and tryptophan) can
act as false neurotransmitters and affect the synthesis of bona
fide neurotransmitters such as dopamine, noradrenaline, and
serotonin [93].

Similar pathological developments are observed in acute
hepatic encephalopathy (AHE) resulting from liver failure,
which frequently complicates sepsis [94, 95]. In AHE exces-
sive plasma-borne ammonium crosses often compromised
BBB; ammonium is subsequently converted to glutamine
by astrocytic glutamine synthetase, which is the key com-
ponent of glutamate/GABA—glutamine cycle. Overload with
ammonia leads to accumulation of glutamine in astrocytes
resulting in an osmotic astrocyte swelling and subsequent
cytotoxic brain oedema as well as aberrant neurotrans-
mission with relative predominance of GABAergic tone
[96-98]. The shift in aromatic/branched chain amino acids
balance is present in the brain tissue in hepatic encephalopa-
thy [96] similarly to that observed in SAE, indicating com-
mon mechanisms underlying aberrant neurotransmission and
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acute brain dysfunction. Hyperammonemia affects expres-
sion of several key astrocytic proteins including aquaporin-4
(AQP-4), inward rectifier K; 4.1 channels, GFAP, glutamine
transporter SNATS5, glutamate transporters (EAAT-1/2), gly-
cine transporters (GlyT-1), glucose transporters (GLUT-1)
and peripheral type benzodiazepine receptors [96, 99-101].
Increased expression of AQP-4 in the astrocytic vascular
end-feet and marked decrease in GFAP expression emerges
at the background of the brain cytotoxic oedema [99],
although aquaporin changes in the AHE remain contro-
versial with indications for both increased and decreased
expression of AQP-4 [99, 102]. In conclusion, astroglial
response plays a critical role in pathogenesis of both AHE
and SAE, with indications for both astroglial atrophy with
loss of function and astroglial pathological remodelling.

Astroglia Protect the CNS Against Invasive
and Systemic Infection

The instant and stereotyped immune reaction against injury
is an activation of innate immunity, the humoural arm of
which includes complement system and factors of coagula-
tion system, whereas cellular arm is represented by mast
cells, polymorphonuclear leukocytes (PMNc) and other
myeloid cells with phagocytic properties [103]. Innate
immune response, in turn, promotes adaptive immunity sce-
nario, which usually has a delayed onset and develops dur-
ing first few weeks after injury [104]. The adaptive immune
mechanisms are initiated by pro-inflammatory cells antigen
presentation to effector T- and B-lymphocytes, which enter
the CNS (even in the presence of the intact BBB) from the
periphery and destroy invasive pathogens [105, 106]. Leu-
kocyte migration into the cerebrospinal fluid (CSF) is con-
sidered to occur through the choroid plexus (CP), whereas
their trafficking in the blood-to-brain route occurs mainly
through perivascular space (PVS) [107]. The immune sur-
veillance of the brain has been claimed to be associated with
CD4+ T-lymphocytes [108]. Activated T-lymphocytes pen-
etrate the barriers using their surface enzymes and adhesion
molecules either without altering vascular integrity or induc-
ing mild and transient breakdown of the BBB. Activated
T-cells exit the CNS back to the circulation or are eliminated
by apoptosis [109]. The T-cells, which are capable to react
with presented CNS antigens and recognise them in the
appropriate major histocompatibility complex (MHC) con-
text, remain in the parenchyma to initiate neuroinflamma-
tion [105]. Autoimmune and infectious neuroinflammation
as well as blood-derived cytokine signalling during septic
state lead to an increased expression of adhesion molecules
by BBB endothelium and epithelial cells of choroid plexus,
including P- and E-selectins, intercellular adhesion molecule
1 (ICAM1), vascular cell adhesion molecule 1 (VCAMI),
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platelet/endothelial cell adhesion molecule 1 (PECAM1),
and members of the integrin family that mediate the adher-
ence of activated leukocytes and facilitate their entry into
the brain [107, 110, 111]. The T-cells activated by patho-
logical CNS signals adhere and bind to brain endothelial
cells (BECs) and subsequently cross the barrier [112]. In the
CLP model of sepsis the BBB permeability is compromised
within first 24 h after sepsis induction, which correlates with
increase in brain cytokines and chemokines and is associated
with increased adhesion of leucocytes to the brain microvas-
culature [113].

Strategic position of astroglia, which form the parenchy-
mal part of brain barriers, as well as their territorial organi-
sation and intimate contacts with neurones and other types
of glia, makes astrocytes the principal guardians of the CNS;
they control permeability of BBB and BCSFB and regu-
late microglial activation. Astrocytes therefore control the
relationship between intracerebral and systemic physiology
and pathology, including neuroimmune communication.
Regional heterogeneity of neuroglia defines specificity of
the innate immune response, thus underlying differences in
pathogen dissemination and immunopathology in different
CNS regions [114].

Reactive astrocytes contribute to neuroprotection and
limit the propagation of pathological agents through the
nervous tissue. In particular, astrocytes establish “physi-
cal” and “molecular” barriers for the spread of pathologi-
cal agents [115]. The physical barrier is provided by astro-
cytes adjacent to the lesion site; these reactive astroglial
cells undergo hypertrophy, polarisation and elongation,
they aggregate into bundles (or palisades) perpendicular
to the lesion border and organised in parallel distantly to
the injured foci [116, 117]. These reactive astrocytes pro-
duce and secrete components of extracellular matrix (ECM)
(for example chondroitin sulfate proteoglycans [118-120]),
brevican, aggrecan [121], tenascin C [122], fibronectin and
laminin [123] and increase the density of gap junctions [124,
125], thus reinforcing barriers. In case of diverse brain infec-
tions these barriers isolate tissue areas of pathogen replica-
tion and limit immune cells invasion [126, 127].

Experimental suppression of astrogliosis affects the bar-
rier function and exacerbates the brain infection. Transgenic
GFAP™'~ mice with Staphylococcus aureus-induced brain
abscess and Toxoplasma encephalitis (TE) demonstrated
large and poorly demarcated inflammatory lesions with
highly increased bacterial penetration into the brain, vascu-
litis, purulent ventriculitis and severe brain oedema as well
as increased intracerebral Toxoplasma load and parasite-
induced tissue necrosis [128]. In the GFAP-Cre gp130(fl/fl)
mice lacking astroglial receptor for IL-6 family cytokines
the inflammatory response was exacerbated, the restriction
of inflammatory lesions was ineffective, parasite control was
impaired, and necrotising variant of the TE developed [129].
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Similarly, inhibition of astrogliotic response (manifested by
reduced GFAP expression, aberrant astrocyte morphology
and decreased expression of the ECM components) by acti-
vation of NF-kB signalling cascade in retinal ischemia or in
spinal cord injury, is associated with an increased neuronal
damage [130, 131]. Likewise ablation of scar-forming reac-
tive astrocytes in experimental autoimmune encephalomy-
elitis (EAE) compromised both acute innate inflammatory
response and chronic adaptive immune reaction leading to
increased immune cell (monocytes, macrophages, neutro-
phils and lymphocytes) infiltration, BBB failure and neu-
rodegeneration [132, 133]. Astrocytic perivascular barrier
therefore restricts the influx of leukocytes into parenchyma
and protects nervous tissue during peripherally triggered
immune response of the CNS [132]. Astroglial reactivity
defines the formation and progression of infectious abscesses
in the brain parenchyma; inability of astrocytes to acquire
reactive phenotype results in swelling, cytotoxic oedema and
spread of damage (Fig. 1).

In addition to physical barrier, astrocytes also mould
the molecular or functional barrier that restricts dissemina-
tion of infectious and inflammatory agents. Astroglial cells
express a wide range of receptors to damage-associated
and pathogen-associated molecular patters (DAMPs and
PAMPs); these receptors include Toll-like receptors (TLRs),
nucleotide-binding oligomerisation domains (NOD)-like
receptors (NLRs), double-stranded RNA-dependent protein
kinase, scavenger receptors, mannose receptor, complement
components and mediators, such as CXCL10, CCL2, inter-
leukin-6, B-cell-activating factor of the TNF family (BAFF)
[134].

Infectious neuroinflammation is supported by the rapid
recruitment of peripheral and activation of resident immuno-
competent cells. Astrocytes play significant role in engaging,
instructing and retaining leukocytes at distinct sites of CNS
damage, thus controlling inflammatory response magnitude
and outcome. Reactive astrocytes release molecules that
attract immune cells specifically to the injured region and
facilitate their extravasation and tissue infiltration. In models
of ischemia, bacterial infection and EAE, astrocytes express
leukocyte adhesion molecules, such as intercellular adhe-
sion molecules and vascular cell adhesion molecules, which
are linked to astrocytic NF-xB signalling [71, 130, 135].
Following CNS injury activation of BECs and astrocytes
can lead to impairment of tight junction (TJ) integrity and
formation of transendothelial cell channels [136] thus facili-
tating passage of leukocytes, pathogens and other inflam-
matory agents through the BBB. In case of infections or
chronic neuroinflammatory diseases such as multiply scle-
rosis (MS) neutrophils, eosinophils, T-lymphocytes, mono-
cytes, and other immune cells are routinely found in the
CNS parenchyma [107]. Glia limitans, formed by astroglial
endfeet is associated with its own basement membrane (also

known as parenchymal basement membrane) consisting of
laminin, type IV collagen and fibronectin, which serves as
an additional barrier restricting access of immune cells to
the CNS [107]. Crossing of this glial basement membrane
by immune cells is facilitated by matrix metalloproteinases
(MMPs) [137, 138].

Astrocytes secrete both anti-inflammatory and pro-
inflammatory factors that can induce and/or regulate neuro-
inflammation. Among anti-inflammatory agents astroglial
cells release (i) cytokines and growth factors: TGF-, IL-6,
IL-10, IL-11, IL-19, IL-27, SHH; (ii) intracellular signalling
factors: STAT3, A20, Gal9, CRYAB; (iii) receptors: oes-
trogen receptor-a (ERa), dopamine D2 receptors (DRD2),
glycoprotein 130 (GP130); (iv) small intercellular effec-
tor molecules: retinoic acid (RA); microRNAs: miR-181,
Dicerl, miR-17-5p. Astrocyte-derived factors with pro-
inflammatory activity are represented by: (i) chemokines:
monocyte chemoattractant protein-1 (MCP-1/CCL2), CCL5
(RANTES), CCL7, CCL8, CCL12, CXCL1, CXCL8 (IL-
8), CXCL9, IFN-y-inducible protein-10 (IP-10/CXCL10),
CXCL12, CXCL16; (ii) cytokines and growth factors: IL1-p,
IL-6, IL-11, IL-15, IL-17, TNF-a, BAFF, VEGF,; (iii) intra-
cellular signalling factors: NF-xB, SOCS3, Actl; (iv) small
intercellular effector molecules: PGE and NO [116, 139].
In systemic inflammation astrocytes tend to up-regulate
production of pro-inflammatory cytokines and chemokines
and develop more delayed pro-inflammatory phenotype
comparing with microglia [140, 141]. The IL-1p, one of the
main cytokines involved in sepsis pathophysiology, induces
astrocyte production of vascular endothelial growth factor A
(VEGF-A) and thymidine phosphorylase (TYMP/endothe-
lial cell growth factor 1, ECGF1), which contribute to down-
regulation of TJ proteins expression in BECs, thus promot-
ing BBB breakdown [142]. At the same time astrocytes can
attenuate microglial activation via TGF-f secretion, thus
containing the inflammatory process [143]. The IL-1f is
also recognised as potent instigator of astrocyte reactivity
and scar formation. Stimulation of astrocytes with IL-1p up-
regulates mRNA and protein expression of both TNF-o and
IL-6 [144]. Constitutive astroglial over-expression of IL-6
(in a transgenic model) is associated with neurodegenera-
tion, astrogliosis, breakdown of the BBB, angiogenesis, and
increased expression of complement proteins [145, 146].

Chemokines secreted by reactive astrocytes activate spe-
cific receptors on both invading macrophages and micro-
glia to attract them to the lesion focus. Astrocytes are the
major source of monocyte chemoattractant protein 1 (MCP1
or CCL2) within the diseased CNS [139], for example in
Toxoplasma encephalitis [147]. In rodent prion model of
chronic neurodegeneration and inflammation astrocytes
upregulate immunoreactivity of microglial chemoattractant
chemokine CX3CL1 as well as its receptor CX3CR1 [148].
Reactive astrocytes regulate the course of immune response
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by releasing IFN-y, IL-12, TNF-a, IL-10 and TGF-p that
control pro- or anti-inflammatory macrophage phenotype.
In rodent models of meningoencephalitis caused by Borna
disease virus or HIV-1 reactive astrocytes serve as a major
source of T-cell chemoattractants CCL5, and CXCL10, ini-
tiating adaptive immune response [149, 150]. In infectious
and non-infectious neuroinflammation reactive astrocytes via
pro-inflammatory (IFN-y, TNF-a, IL-17) and anti-inflamma-
tory (IL-10, TGF-p) cytokines can induce incoming naive
precursor T-cells to develop their pro-inflammatory (Th1)
or anti-inflammatory (Th2) phenotypes [131]. In particular,
Th1 cells contribute to activation of macrophages and aggra-
vate inflammation by producing IL-2, IFN-y, TNF, while
Th2 cells inhibit a range of macrophagial inflammatory
functions, producing IL-4, IL-5, IL-6, IL-10, IL-13 medi-
ated humoural immunity [151]. Astrocytes control endothe-
lial cells (by secreting VEGF, TGFa, bFGF, TNF-a, IL-1p,
IL-3, IL-6, Ang-1, BAFF), and glial-derived neurotrophic
factor (GDNF) thus supporting the integrity of BBB [103].
Astroglial function is known to be regulated by glutamate;
at the same time astrocytes are the major glutamate sink in
the CNS [44]. Treatment of cultured astrocytes with gluta-
mate decreased synthesis of CCLS, which potentially may
reduce neuroinflammation [152]. At the same time exposure
to the inflammatory media diminished astroglial uptake of
glutamate, thus enhancing excitotoxicity [153]; whereas and
microglia-derived TNF-o may stimulate astroglial release of
glutamate with the same effect [154].

Astrocytes express several pattern recognition receptors
(PRRs), including TLR 2, 3, 4, 9 [155], NLRs, retinoic acid-
inducible gene (RIG)-like receptors (RLRs) and cytokine
receptors [156]. Stimulation of astrocytes with ATP (classi-
cal DAMP) induces formation of inflammasomes comprised
of the NLR protein-1 or -2 (NLRP1, NALP2), the adaptor
protein apoptosis-associated speck-like protein containing
a C-terminal caspase recruitment domain (ASC) and cas-
pase-1; activation of this inflammasome leads to the pro-
cessing of inflammatory caspase-1 and IL-1p [157]. The
NOD?2, expressed by astrocytes, acts as a receptor for a
minimal motif present in all bacterial peptidoglycans and it
is required for initiation of astrogliosis in response to Neisse-
ria meningitidis (meningococcus) and Borrelia burgdorferi
infections [158]. Astrocytes arguably express class Il MHC
molecules thus acting as antigen presenting cells (APCs)
linked to CD4+ T-cells [159, 160], however, this expression
is lower than in microglia [161]. All in all, the ability of
astrocytes to present antigen through class I MHC remains
controversial [139, 162, 163]. It seems that astroglial cells
behave as non-professional APCs because of their supposed
inability to express co-stimulatory molecules CD40 and
B7-1, B7-2 that are critical for complete antigen presen-
tation and further T-cell clonal expansion [139]. Of note,
astrocytes form immunological synapses with CD8+ T-cells,
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which corroborates their ability to antigen presentation
through class I MHC receptors [164]. Astroglial expression
of class II MHC remains to be clarified [139].

Astrocytes and Cerebral Infection

Only a limited number of neutrotropic viruses, fungi and
parasites can invade the brain parenchyma with relative ease;
the majority of pathogens are effectively fenced by the brain
barriers [114]. Pathogens are able to cross the BBB using
the paracellular route, via transcytotic mechanism, inside
entering monocytes (the Trojan horse hypothesis) as well
as by other mechanisms such as hijacking of $-adrenergic
receptors as shown for N. meningitides [165].

Activation of astroglial PRRs (for example by LPS) trig-
gers astrogliotic response, which is a common feature of
brain infections, with well appreciated defensive role [128,
134, 166]. Alternatively, astrocytes may undergo pathologi-
cal remodelling and form a reservoir for infection; in addi-
tion astrocytes can trigger apoptotic death of their uninfected
neighbours through gap junction route [167, 168]. Several
bacteria including Streptococcus pneumonia, B. burgdorferi
and N. meningitides interact with astrocytes, inducing reac-
tive response and increasing production of pro-inflamma-
tory cytokines and chemokines such as IL-6, TNF-a, IL-8,
CXCL-1 and CXCL-10 [168].

Several protozoa with a tropism for the brain infect astro-
glia, including Toxoplasma gondii and Plasmodium falci-
parum. The T. gondii, a wide-spread neurotropic obligate
intracellular protozoan parasite, naturally infects astro-
cytes causing their prominent activation. During T. gondii
infection astrocytic cytokines can directly target invading
pathogens. For instance, IL-6 and IFN-y reduce parasite
burden, whereas animals with deleted gp130 (IL-6 recep-
tor) in astrocytes show rapidly progressive lethal necrotis-
ing encephalitis [129, 166, 169, 170]. The IFN-y similarly
inhibits parasite replication in astrocytes. This inhibition is
mediated by signal transducer and activator of transcription
1 (STAT1); deletion of STAT1 facilitates parasite replication
and dissemination [171]. Astrocytes infected by 7. gondii
alter neurotransmission (arguably linked to an increased
risk of schizophrenia) because of aberrant production of
kinyrenic acid [79]. In cerebral malaria, caused by P. falci-
parum, astrocytes show early reactive changes and increase
production of TNF-a with loss of astrocytes associated with
BBB failure and spread of infection [168].

Cats with feline infectious peritonitis, caused by Corona-
virus, characterised by leptomeningitis, focal encephalitis
and necrosis of subventricular regions, showed pronounced
astrocytic reactivity throughout the brain, including periven-
tricular areas, molecular layer of the cerebellum and cerebral
cortex. Astrocytic reactivity is mainly associated with areas
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of granulomatous vasculitis; astrocytes demonstrated strong
vimentin expression in parenchyma with severe inflamma-
tory and necrotic changes, while GFAP expression was mild
or absent [172], probably indicating combination of reactiv-
ity and astrodegeneration.

Violation of Astroglial Gap Junction
Communication During Infection

Exposure to pro-inflammatory stimuli reduces astroglial gap
junction communication [173-176]. The peptidoglycan of
the bacterial wall of Staphylococcus aureus (one of the main
pathogens causing abscesses in the human brain) induces
time-dependent reduction in expression of connexin-43 and
30 (Cx43/Cx30) and decrease of gap junctional communica-
tions between astrocytes surrounding the infection foci; this
may reflect a defensive mechanism limiting the propagation
of infectious agents and toxins [177, 178]. In the animal
model of staphylococcal brain abscess decrease in gap junc-
tional connectivity between reactive astrocytes developed
in parallel with an increase in activity of Cx43, Cx30 and
pannexin-1 (Panx1) hemichannels, which may contribute
to aberrant astroglial secretion [179]. In the LPS model of
systemic inflammation expression of Cx43 was inhibited by
IL-1B and TNF-«a released from activated microglia [180].
Similarly, treatment of cultured rat astrocytes with LPS
reduced expression of Cx43 through TLR4-mediated signal-
ling pathway involving activation of stress-activated protein
kinase/c-Jun N-terminal kinase (SAPK/JNK) and the ubiqui-
tin—proteasome proteolytic pathway [173]. At the same time
partial deletion of astrocytic Cx43 in mice model of neonatal
sepsis suppressed LPS-induced inflammatory response and
attenuated microglial activation [181].

Astroglial Signalling Associated with Sepsis
Induced Lesion

Receptors of TLR family are closely involved in regula-
tion of the neuroimmune response and astroglial pathology.
The subtypes of TLRs are sensitive to distinct PAMPs: the
LPS signals through TLR4, double stranded RNA activates
TLR3; peptidoglycans interacts with TLR2, while CpG
DNA acts through TLR9 [182]. In polymicrobial sepsis
TLR?2 and TLR4 are considered to play the major role [183].
After stimulation, astrocytic TLRs bind adaptor proteins
myeloid differentiation factor 88 (MyD88) and/or a TIR-con-
taining adaptor molecule, Toll/interferon-1 receptor domain-
containing adaptor inducing interferon-p (TRIF), which act
as part of signalling cascade [182]. Both the MyD88- and
TRIF-dependent pathways induce activation of p38, JNK/
SAPK, extracellular signal-regulated kinase and NF-kB

signalling [173]. Astrocytes in simulated polymicrobial sep-
sis express the cyclin-dependent kinase inhibitor p21, a cell
cycle regulator that important for NF-xB activation, as well
as for activation of an inducible nitric oxide synthase (iNOS)
[140]. In turn, NF-kB is a key regulator of the inflamma-
tory response that triggers production of pro-inflammatory
cytokines and chemokines (TNF-a, IL-1p, and IL-6) and
promotes generation of reactive oxygen/nitrogen species
(ROS/RNS), including iNOS and subsequently increases
NO levels [184]. In turn, NO forms oxidant species, which
cause cellular toxicity and neuronal death [185].

Endotoxemia (another model of sepsis) results in up-
regulation of astrocytic AQP4 with associated development
of oedema (a common sign of human SAE), mediated by
TNF-a signalling through TNFR1 [186]. Hippocampus
appears to be the most vulnerable to experimental sepsis
with the peak of astrocyte activation attained 24 h after sep-
sis induction [187]. The pro-inflammatory astroglial profile
(increased levels of TNF-a, IL-1p, IL-6, IL-18, cyclooxy-
genase-2 with decreased levels of IL-10) was accompanied
with an increase in mRNA expression of TLR2, the latter
playing a crucial role in Gram-positive sepsis. In contrast,
activated microglia was characterised by an increased
expression of TLR4 [140].

Intraperitoneal injection of LPS rapidly increased expres-
sion of cytokines CCL2, CXCL1, CXCL2 and IL-6 in cel-
lular components of the brain-immune interfaces (CP epi-
thelial and stromal cells, leptomeningeal stromal cells, and
hippocampal vascular BECs), while receptors for these
cytokines were simultaneously expressed in astrocytic end-
feet. Up-regulation of cytokines CCL11, CXCL10, and gran-
ulocyte-colony stimulating factor (G-CSF) in hippocampal
astrocytes increased with 24 h delay. At the same time astro-
glial reactivity developed much earlier—as early as 4 h after
systemic LPS injection [21]. In response to endotoxemia
astrocytes also secrete CCL11, which impairs learning and
memory in adult brain, and instigates microglia migration
and ROS production, thereby causing hippocampal neuronal
damage, behavioural changes and memory impairment [21].
It seems that cells of the brain—-immune interface respond
to endotoxemia by releasing cytokines, and astrocytes
respond to these signals using endfeet cytokine receptors
[21]. Astrocytes also regulate neuroinflammatory environ-
ment in sepsis context by controlling microglial activation.
Activated microglia in inflamed brain is characterised by
pronounced neurotoxic phenotype reflected by the release
of multiple cytokines and ROS/RNS, which contribute to
cell death within specific vulnerable brain areas [19]. It has
to be noted however, that data on reactive features of astro-
cytes and microglia in the presence of systemic LPS are
controversial; there are for example findings indicating that
pro-inflammatory cytokine expression in microglia peaked
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Fig. 2 Tissue reactivity in non-
disruptive BBB changes during
mild systemic inflammation.
Non-disruptive BBB changes
are represented by functional
changes of cellular components
of BBB. Thus, activation of
BEC by systemic agents leads
to aberrant expression of trans-
porters, receptors and adhesion
molecules and production of
various cytokines that stimulate { :
cytokine receptors of other cel-
lular constituents, in particular
in astrocytes. Such stimulation
causes reactive changes primar-
ily in glia limitans. Sufficient
level of astrocytic reactivity, E
accompanied by upregulation ty
of cytoskeletal interfilaments
GFAP and vimentin, prevents
penetration of infectious and
toxic agents into the brain
parenchyma. BBB blood brain
barrier, BEC brain endothelial
cell, PVS perivascular space,
rMcG ramified microglial cell,
Olg oligodendrocyte
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much earlier then cytokine and chemokine induction of
astrocytes [141].

Role of Astroglia in BBB Abnormalities
in Systemic Inflammation

The abnormalities of BBB are classified as disruptive and
non-disruptive with both variants present in systemic inflam-
mation (Figs. 2, 3). The non-disruptive BBB pathology
(Fig. 2) is represented by alterations at the molecular level
when BBB permeability is compromised following up- or
down-regulation of receptors and transporters expressed
in BECs and astrocytes, cytokine production, astrocytic
dysfunction and increased pathogen neuroinvasion [188].
Disruptive BBB alterations (Fig. 3) are manifested by ana-
tomical changes, which include degradation of glycocalyx,
loss of tight junctions integrity, mitochondrial damage, re-
induction of fenestrae, increased vesicular traffic and apopto-
sis of BECs, breakdown of glia limitans and astrocytopathy.
Disruption of BBB in systemic inflammation is mediated by
blood-derived MMPs, prostanoids, NO and ROS [189, 190].
Systemic LPS challenge also affects astrocytes by modulat-
ing transcriptional profile and promoting pro-inflammatory
phenotype [71] associated with morphological changes,
including early reactivity [191, 192], structural remodelling
of astrocytic end-feet and even astrocytic loss [192], all these
alterations facilitate disruption of BBB. Astroglia-produced
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cytokines, including IL-1p, IL-6, TNF-a, as well as prosta-
glandins mediate both disruptive and non-disruptive altera-
tions of BBB [188].

The type of BBB impairment varies with the severity of
systemic inflammation. Thus, in mild systemic infections,
manifested by sickness behaviour or at the very early stages
of septic process non-disruptive changes prevail, while both
non-disruptive and disruptive changes probably occur in sep-
sis [188]. In the human brain disruptive changes are frequent
and are enhanced by comorbide pathologies especially in
older patients. Atherosclerosis and hypertension related ves-
sel damage impair autoregulation of brain blood circulation,
which may rapidly decompensate in systemic inflammation
and MODS. This is particularly evident in ischemic-reper-
fusional and hemorrhagic damage over the most vulnerable
regions of the brain [193, 194].

Conclusion

Astrocytes are responsible for essential homeostatic and
defensive functions in the CNS. In particular astroglial
cells act as surveillant and integrative hubs overseeing CNS
immune responses by supporting the balance between ben-
eficial and detrimental effects of immunity in the nervous
tissue. In sepsis, astrocytes define the depth and severity of
encephalopathy and cognitive impairment (Fig. 4). Being
an essential component of brain-immune interfaces in SAE
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Fig.3 Tissue reactivity in disruptive BBB changes during severe
systemic inflammation. Disruptive BBB changes are represented by
functional and anatomical changes of all its components. Activation
of BEC by systemic agents leads both to upreglation of transport-
ers, receptors and adhesion molecules and production of various
cytokines that stimulate cytokine receptors of other cellular constit-
uents, in particular astrocytic ones. BECs cytokines initiate reactive
changes primarily in glia limitans. The list of systemic aggressive fac-
tors in septic condition, in particular hematogenious MMPs, causes
alteration and destructive changes of endothelial TJ. Together with
increased pinocytosis, transcytosis and apoptotic changes in BECs all
these lead to BBB become leaky and highly permeable for LPS, path-

astrocytes can gain abnormal functions that facilitate the
unfavourable course of neuroinflammation and brain dys-
function. Pathophysiology of sepsis in humans is compli-
cated by frequent presence of comorbide or background
pathologies, especially the vascular deficits, as well as by
specificity of immune response and tissue reactions to injury.
In older patients age-related remodelling of the brain tissue
define a distinct impact on SAE outcome.

Parenchymal (glial)

ogens, various immune cells and other aggressive factors observed
in sepsis. Components of glia limitans also appeared damaged and
show disruptive changes. Reactive changes of astrocytes in this case
are supposed to be diverse. Pathological remodeling is seems to be
predominant and display various phenotypes. Astrogliotic changes
can be combined with oedematous ones accompanied by loss of
functions. Besides loss of homeostatic functions reactive astrocytes
release a number of chemokines, cytokines, enzymes, reactive spe-
cies, neurotoxins that all together lead to aggravation of neuroinflam-
mation, tissue oedema, parenchymal cell death and further increasing
of the BBB leakage. BBB blood brain barrier, PVS perivascular space,
aMcG activated microglial cell, Olg oligodendrocyte

Systemic infection and peripheral immune activation
instigate rapid and concerted response of CNS neuroglia
regulated through fine-tuned communications between astro-
cytes, microglia and cells of brain barriers, which propagate
inflammatory signals over the brain and induce physiological
and behavioural changes that correspond to sickness behav-
iour or more severe cognitive disruptions characteristic for
sepsis associated encephalopathy.
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Fig.4 Astroglial reactivity as a
defining factor in pathological
evolution of septic encepha-
lopathy
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