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The biological alterations of
synapse/synapse formation in
sepsis-associated
encephalopathy

Chuan Tang, Ye Jin and Huan Wang*

College of Life and Health, Dalian University, Dalian, China

Sepsis-associated encephalopathy (SAE) is a common complication caused

by sepsis, and is responsible for increased mortality and poor outcomes in

septic patients. Neurological dysfunction is one of the main manifestations

of SAE patients. Patients may still have long-term cognitive impairment after

hospital discharge, and the underlying mechanism is still unclear. Here, we first

outline the pathophysiological changes of SAE, including neuroinflammation,

glial activation, and blood-brain barrier (BBB) breakdown. Synapse dysfunction

is one of the main contributors leading to neurological impairment. Therefore,

we summarized SAE-induced synaptic dysfunction, such as synaptic plasticity

inhibition, neurotransmitter imbalance, and synapses loss. Finally, we discuss

the alterations in the synapse, synapse formation, and mediators associated

with synapse formation during SAE. In this review, we focus on the changes

in synapse/synapse formation caused by SAE, which can further understand

the synaptic dysfunction associated with neurological impairment in SAE and

provide important insights for exploring appropriate therapeutic targets of SAE.

KEYWORDS
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Introduction

Sepsis is a severe pathological syndrome that was the most common cause of

inpatient death worldwide in 2017, with 48.9 million cases and 11 million deaths (Rudd

et al., 2020). Sepsis is caused by a dysregulated host response to infection and remains

the leading cause of intensive care unit (ICU) morbidity and mortality worldwide

(Seymour et al., 2016; Singer M. et al., 2016). Sepsis is represented by an imbalance in

the pro-inflammatory and anti-inflammatory factors, leading to injury, multiple organ

dysfunction (MOD), and failure. The central nervous system (CNS) is one of the first

organs affected, and its clinical manifestation is sepsis-associated encephalopathy (SAE)

(Dellinger et al., 2013; Schulte et al., 2013; Mazeraud et al., 2016; Shankar-Hari et al.,

2016). SAE is a common complication in patients with sepsis, which seriously affects

the prognosis and quality of life (Crippa et al., 2018). SAE patients usually present
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with severe systemic infection (without direct brain infection)

with features of systemic inflammatory response syndrome

(SIRS) (Gofton and Young, 2012). SAE is clinically characterized

by slowing speed of information processing, impaired attention,

memory dysfunction, delirium, or coma (Gofton and Young,

2012; Fernando et al., 2018; Moraes et al., 2021). The main

feature of SAE is the change of electroencephalogram (EEG),

and nonconvulsive status epilepticus appeared in 20% of cases

(Hosokawa et al., 2014). In addition, SAE is also associated with

psychological disorders, including anxiety, depression, and post-

traumatic stress disorder (PTSD) (Hosokawa et al., 2014; Righy

et al., 2019).

Despite all the efforts to improve SAE treatment in the

last decades, there is still a lack of specific therapy for SAE

in the clinic, and the mortality rate remains high. Although

many pharmacological treatment strategies have been studied,

researchers have found that many drugs commonly used

in the ICU (including anticholinergic and histamine drugs)

can trigger neurotoxic side effects, such as treating ICU

patients with rivastigmine (a cholinesterase inhibitor) can lead

to higher mortality rates (Campbell et al., 2009; Van Eijk

et al., 2010). Therefore, there is no treatment or prophylaxis

for SAE to date. The fundamental reason for the lack of

effective treatment strategies is that the mechanisms of SAE

have not been clarified. Numerous shreds of evidence suggest

that the mechanisms involved in SAE pathology are diverse,

including neuroinflammation, glia activation, changes in the

blood–brain barrier (BBB) permeability, oxidative stress due to

mitochondrial dysfunction, neurotransmission dysfunction, and

synaptic plasticity change (Stubbs et al., 2013; Czempik et al.,

2020; Li Y. et al., 2020; Moraes et al., 2021). A recent work is

to analyze the proteomics of cerebrospinal fluid (CSF) samples

from neonates with clinical sepsis. The results show that the

abundance of proteins is decreased and associated with axonal

and synaptic network development. These changes in protein in

CSFmay be closely related to sepsis-induced neuroinflammation

and affect the formation of neural circuits (Jiang et al., 2022).

Studies of human synaptic proteome and genome sequencing

have shown that disruption of synaptic proteins can produce

mutations and cause about 130 brain diseases (Jamjoom et al.,

2021). Therefore, the abnormal level of synaptic proteins may

be one of the reasons for many brain diseases. Although

most studies on SAE have focused on neuronal injury, it is

hypothesized that synapses and their related molecules may

also be involved in the pathology of SAE, considering their

important role in various brain diseases. Moreover, it has

been shown that if synapse formation and maintenance are

abnormal, it will lead to a series of serious neurological diseases

such as autism, schizophrenia, and Alzheimer’s disease (Blanco-

Suarez et al., 2017). Then, the sequelae, such as neurosis and

depression caused by SAE, may be related to changes in synapse

formation. Since alterations in synapse and synapse formation

may be the major basis for trying to explain brain dysfunction

caused by neural transmission abnormality, in this review, we

mainly discuss the alterations of synapses/synapse formation

during SAE.

Pathogenesis/pathophysiology of
SAE

The pathophysiology of SAE remains incompletely

understood. SAE has a variety of pathological mechanisms,

including neuroinflammation, glia activation and BBB vascular

changes leading to direct neural damage (Mazeraud et al., 2016,

2020; Tauber et al., 2017). It seems that neuroinflammation

is the starting point of brain functional disturbance since

systemic inflammation leads to profound alterations in cerebral

homeostasis in SAE. Neuroinflammation plays a crucial

role in neural apoptosis and cognitive impairment during

SAE (Calsavara et al., 2018; Tian et al., 2019). Therefore,

neuroinflammation may be a primary indicator of SAE.

Under physiological conditions, the BBB is essential for

the maintenance of homeostasis enabling normal neuronal

function (Abbott et al., 2010; Nwafor et al., 2019). Disruption

of BBB integrity has been consistently observed in SAE

animal experiments (Flierl et al., 2009; Singer B. H. et al.,

2016; Varatharaj and Galea, 2017). It is reported that the

downregulation of tight junction proteins (e.g., occludin, ZO-1,

and claudin) can be observed in brain tissue samples from septic

patients who died, which may be responsible for BBB damage

(Erikson et al., 2020). Due to the BBB breakdown, magnetic

resonance imaging (MRI) showed cytotoxic edema, vasogenic

edema, and high intensity of white matter in patients with

SAE survivals (Stubbs et al., 2013; Manabe and Heneka, 2022).

Impaired BBB function contributes greatly to the pathological

progress of SAE, as the CNS becomes highly vulnerable

to neurotoxic factors such as free radicals, inflammatory

mediators, and intravascular proteins and leukocytes (Handa

et al., 2008; Gao and Hernandes, 2021). Consequently,

BBB deficiency causes the leakage of intravascular proteins

and plasma into the extravascular space and leads to brain

edema and reduced microvascular perfusion, contributing to

exacerbating neuronal loss in SAE (Van Der Poll et al., 2017). In

sepsis, a large number of uncontrolled inflammatory factors are

produced, often referred to as a “cytokine storm” or “cytokine

cascade” (although there is no clear definition), thus exhibiting

an acute inflammatory response and even organ dysfunction.

During sepsis, these pro-inflammatory cytokines, such as tumor

necrosis factor- alpha (TNF-α) and interleukins-1β (IL-1β),

are able to activate endothelial cells. Activation of endothelial

cells leads to the production of reactive oxygen species (ROS)

and nitric oxide (NO), thus increasing the BBB permeability

(Mayhan, 1998; Handa et al., 2008; Sharshar et al., 2010). In

sepsis, brain damage is further exacerbated by the interplay

between abnormal endothelial cells and BBB breakdown,
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microglia activation, and neutrophil infiltration (Wang et al.,

2015). In addition, endothelial injury can trigger disturbances

in brain perfusion, leading to abnormal cellular metabolism

and oxidative stress, which makes cerebral ischemia a problem

that cannot be ignored in the course of the SAE (Taccone et al.,

2013).

Once BBB permeability is compromised, microglia can

be damaged and become active (Da Fonseca et al., 2014).

Increased neuronal apoptosis associated with microglial

activation was also specifically demonstrated in the brain of

patients who died of sepsis (Sharshar et al., 2003). Studies

have confirmed that sepsis-induced excessive activation of

microglia can further worsen the BBB and participate in the

progression of brain dysfunction (Michels et al., 2014, 2015).

Conversely, inhibition of microglia can reduce brain damage

and inflammation in sepsis while improving long-term cognitive

function (Michels et al., 2015). Additionally, astrocytes control

the BBB permeability and secrete inflammatory mediators,

further facilitating the development of neuroinflammation,

regulating the concentration of neurotransmitters such as

glutamate, γ Aminobutyric acid (GABA), and glycine in the

synaptic cleft (Seifert et al., 2006; Retamal et al., 2007; Howarth,

2014). In SAE animal experiments, astrogliosis can be observed

(Moraes et al., 2015; Singer M. et al., 2016). The consequence

of astrocyte proliferation or astrogliosis is the inability to

regulate neurotransmitters, which will lead to glutamate toxicity

(Heneka et al., 2015). Besides, astrocytes exhibit loss of end

feet and structural remodeling after lipopolysaccharide (LPS)

administration, which is responsible for the BBB disruption

(Cardoso et al., 2015).

In conclusion, dysfunction of vascular complexes including

endothelial cells, astrocytes, and BBB and activation of microglia

can lead to neuroinflammation and add to neurotoxicity,

hypoxia and induce metabolic stress (Mazeraud et al., 2020).

During SAE, activation of microglia and astrocytes leads

to neuroinflammation, increased excitotoxicity and metabolic

imbalance, resulting in neuronal cell death (Mazeraud et al.,

2020). Moreover, neuroinflammation affects cellular metabolism

and may lead to oxidative stress related to mitochondrial

dysfunction, thus changing neuronal function and viability

(Semmler et al., 2007; Taccone et al., 2010). Mitochondrial

dysfunction associated with the mitochondrial respiratory chain

activity has been found in rat brains of the SAE (Comim et al.,

2008). And, the mitochondrial dysfunction can lead to neuronal

death in septic animal (Li Y. et al., 2020).

As mentioned earlier, excessive release of cytokines can

reduce the concentration of protein C and activated protein C

and, together with endothelial vascular damage, tilt the balance

of the hemostatic system in the direction of coagulation and

microthrombosis, leading to ischemia during sepsis (Cepinskas

and Wilson, 2008). Ischemic lesions can often be observed in

SAE patients or animals, which may contribute to neuronal

apoptosis or neuronal loss. Taken together, neuroinflammation,

glial cell activation, BBB damage and oxidative stress play

an important role in the pathogenesis of SAE. However,

researchers cannot determine which mechanism is the most

important, so they speculate that their roles may be intertwined.

The etiology of SAE is likely multi-factorial, and a number

of pathomechanisms are involved in parallel, influence each

other, and contribute to a varying degree to the development

of SAE. The final result of these processes may be altered

neurotransmission and neuronal dysfunction, leading to a

change of consciousness (Ren et al., 2020). Figure 1 summarizes

the possible pathophysiological mechanisms leading to SAE.

Synaptic dysfunction in SAE

Early cognitive decline in Alzheimer’s disease has been

reported to be associated with synaptic loss (Jamjoom et al.,

2021). In a large proportion of patients with sepsis, cognitive

dysfunction can reach the level of mild Alzheimer’s disease;

therefore, cognitive dysfunction due to sepsis may also be

associated with synaptic loss (Annane and Sharshar, 2015).

Although the relationship between synaptic loss and cognitive

impairment in sepsis is unclear, there is evidence that what

occurs in sepsis survivors is closely related to cognitive

impairment with activated microglia and cytokine- mediated

synaptic defects (Moraes et al., 2015). Therefore, the presence

of long-term cognitive deficits in SAE patients may be closely

related to synapse abnormalities. In the next section, we will

focus on synaptic dysfunction, including synaptic plasticity

inhibition, neurotransmitter imbalance, synaptic deficiency, and

myelin damage caused by SAE (Figure 2).

Synaptic plasticity inhibition

Synaptic plasticity refers to the characteristic that the

number, structure, and strength of synaptic connections can

be adjusted between neurons, which is the manifestation

of learning and memory activities. Synaptic plasticity

mainly includes long-term potentiation (LTP) and long-

term depression (LTD), which represent enhancement and

weakening phenomena in the synaptic signal strength between

two neurons, respectively. Among them, LTP is generally

regarded as one of the main molecular mechanisms constituting

the basis of learning and memory. Thus, inhibition of

synaptic plasticity can affect learning and memory function.

Investigators observed that presynaptic proteins synapsin

(SYN), synaptophysin (SYP), postsynaptic density protein

95 (PSD 95), and N-methyl-D-aspartate receptor subunit 2B

(NR2B), Amino-3-hydroxy-5-methy-4-isoxazole propionate

(AMPA) receptor subunit (GluR1) were downregulated, and

hippocampal LTP inhibition in SAE animals (Zong et al., 2019b;

Qin et al., 2021). Lin et al. found that microglia activation and
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FIGURE 1

The pathophysiological mechanisms in SAE. Neuroinflammation is considered to be the main indicator of SAE. During SAE, downregulation of

tight junction proteins (e.g., occludin, ZO-1, and claudin) marks BBB disruption. As the BBB breakdown, intravascular material leaks outside the

blood vessels, causing cerebral edema and reduced microvascular perfusion, which leads to neuronal loss. In addition, the release of large

amounts of inflammatory factors (e.g., TNF-a and IL-1b) leads to an acute inflammatory response and activates endothelial cells, producing ROS

and NO, further increasing BBB permeability. Endothelial injury causes abnormal cellular metabolism, oxidative stress, and disturbance of brain

perfusion, leading to ischemia. After SAE, hyperactivation of microglia can further exacerbate the inflammatory response, and BBB leakage, and

participate in the progression of brain dysfunction. Activated astrocytes produce pro-inflammatory cytokines that exacerbate

neuroinflammatory responses, produce excitotoxicity, and lead to neuronal death. SAE-induced dysfunction of the vascular complex (including

endothelial cells, astrocytes, and BBB) and activation of microglia can exacerbate neuroinflammation, increase neurotoxicity and hypoxia and

lead to mitochondrial dysfunction, thereby exacerbating neurological damage. In SAE, the interaction between neuroinflammation, glial cell

activation, and BBB injury ultimately a�ects synaptic and neuronal dysfunction. SAE, sepsis-associated encephalopathy; BBB, blood-brain

barrier; TNF-a, tumor necrosis factor-alpha; IL-1b, interleukin-1b; ROS, reactive oxygen species; NO, nitric oxide.

inflammatory responses in neonatal rats injected with LPS

reduced SYP and synaptosomal-associated protein (SNAP)

expression, the density of dendritic spines, and the number

of hippocampal synaptic vesicles (Lin et al., 2019). Therefore,

it is speculated that LPS-induced microglia activation may

lead to dysfunction of synaptic development and synaptic

plasticity, and affect later intellectual development (Lin

et al., 2019). Moreover, it was found that IL-1b caused LTP

deficiency of the hippocampus associated with SAE-induced

neuroinflammation, while the inhibition of IL-1β can alleviate

cognitive deficiency (Imamura et al., 2011; Hoshino et al.,

2021). Another pharmacological study also demonstrated that

reducing neuroinflammation improved cerebral microvascular

function, thereby preventing cognitive impairment during

the acute phase of sepsis (Reis et al., 2017). Additionally,

the use of selective M1 muscarinic acetylcholine receptor

agonist or acetylcholinesterase blocker can also partially

rescue LPS-induced LTP impairment, which demonstrates

that enhanced cholinergic function restores deficits in synaptic

plasticity (Zivkovic et al., 2015). These data support the idea

that neuroinflammation is a critical neurological impairment

mechanism due to SAE. This suggests that cognitive dysfunction

in SAE may not be caused by a single factor, such as a cytokine

or glial activation, but is the result of sepsis triggering a complex

multifactorial interplay leading to a persistent neurological

damage process. Normally, synaptic plasticity depends on

the normal function of hippocampal synapses. Therefore,

SAE-induced inhibition of synaptic plasticity may be due to

neuroinflammation mediated-synaptic damage.

Myelin structure and function damage

Myelin which is a membranous structure wrapped outside

the axons of neurons can insulate and improve the conduction

velocity of nerve impulses. Synapse and myelin sheath are

key structures to ensure the normal function of neurons,

and it is an important guarantee for the normal conduction
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FIGURE 2

Synaptic dysfunction of SAE. The synaptic dysfunction of SAE is multifactorial mediated (circles indicate). SAE-induced neuroinflammation can

cause cellular changes in brain tissue, such as the release of pro-inflammatory cytokines from activated glial cells, resulting in synaptic and

neuronal damage. The abnormal synapse-related changes during SAE are diverse and include reduced synapse number, reduced expression of

synapse-associated proteins, abnormal neurotransmitters, inhibition of synaptic plasticity, and changes in myelin. Disruption of synapses leads

to inhibition of synaptic plasticity. Abnormalities in neurotransmitters can cause excitotoxicity and lead to neuronal death. Demyelination and

hypomyelination can inhibit synaptogenesis, which can lead to neurological dysfunction. In conclusion, the causes of synaptic damage are

multiple factors, and these synaptic abnormalities a�ect the synaptic transmission, ultimately leading to cognitive and memory impairment. The

blue boxes describe relevant changes in synaptic dysfunction reported in SAE studies. The pink boxes outline the changes in specific molecules

of action and their underlying pathological mechanisms. SAE, sepsis-associated encephalopathy; SYP, synaptophysin; PSD95, postsynaptic

density protein 95; NR2B, N-methyl-D-aspartate receptor subunit 2B; GluR1, Amino-3-hydroxy-5-methy-4-isoxazole propionate (AMPA)

receptor subunit; SNAP-25, synaptosomal associated protein of 25 kD; LTP, long-term potentiation; CNPase, 2′, 3′-cyclic nucleotide

3′-phosphodiesterase; MBP, myelin basic protein; PLP, proteolipid protein; MAG, myelin associated glycoprotein; C3a, complement 3 a; SYN1,

synapsin 1; GABA, glutamate, g-Aminobutyric acid; NMDAR, N-methyl D-aspartate receptor.

of nerve impulses (Mamoon et al., 1977). The investigators

found that dysmyelination can inhibit synapse formation

leading to synaptic dysfunction and neurological deficits while

promoting myelination can improve synaptic development

and nerve conduction function in mice after hypoxia

(Wang et al., 2018).

The neuroinflammatory response mediated by microglia

activation can lead to changes in myelin structure and

function in the corpus callosum region of mice (Aryanpour

et al., 2017). Liu and colleagues used LPS to stimulate

the activation of microglia and collected the conditioned

medium to incubate oligodendrocytes in vitro, and found

that oligodendrocytes apoptosis significantly increased (Liu

et al., 2018). Inhibition of this oligodendrocyte apoptosis

reduces pro-inflammatory cytokine levels and rescues the

neuroinflammation-mediated demyelination (Liu et al.,

2018). This result demonstrates that glial activation and

neuroinflammation may be the cause of myelin sheath injury,

thus leading to synaptic and neurological damage. Recent

studies have shown that neonatal sepsis-induced periventricular

white matter (PWM) damage, which is related to microglial

activation, astrogliosis, and resultant hypomyelination (Xie

et al., 2016; Han et al., 2017; Huang et al., 2020; Jiang S.

et al., 2021). Huang et al. demonstrated that complement 3 a

(C3a), which is associated with neuroinflammation, caused

a decrease in the expression of myelin proteins including

PLP (proteolipid protein), MBP (myelin basic protein), MAG

(myelin associated glycoprotein) and CNPase (2′, 3′-cyclic

nucleotide 3′-phosphodiesterase), and a thinning of myelin

sheath thickness (Huang et al., 2020). What’s more, central

pontine myelinolysis (whose pathological features include

marked demyelination of the central pontine with fewer axons

and neurons) has been found in patients with SAE, although

the relationship between central pontine myelinolysis and

SAE is currently unclear (Wilson and Young, 2003). Overall,

myelination is one of the necessary conditions for synaptic

and neural function development, so myelin sheath structure

and function damage may lead to synapse loss or synaptic

dysfunction on inflammatory pathological backgrounds such

as SAE.
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Neurotransmitter imbalance

Neurotransmitters are well-known as chemical substances

that transmit signals between pre- and post-synaptic neurons.

The imbalance of neurotransmitters also seems to be involved

in the development of SAE. The accumulation of glutamate

which is the most abundant excitatory neurotransmitter in

the brain, may lead to neuronal excitotoxicity (Moraes et al.,

2021). The septic animal model experiments confirmed the

imbalance of glutamate, and inhibiting glutamate release can

reduce cognitive impairment and improve the survival rate of

septic animals (Freund et al., 1985; Toklu et al., 2009; Kurtz et al.,

2019). A previous study found that serum levels of amino acids

required for neurotransmitter synthesis were reduced in SAE

patients (Basler et al., 2002). This may lead to abnormalities in

the neurotransmitter system in patients with SAE. Changes in

neurotransmitters (including GABA, acetylcholine, dopamine,

and norepinephrine) have been reported in SAE patients

or animals (Han et al., 2001; Basler et al., 2002; Tauber

et al., 2021). Furthermore, glutamate regulates microglia. The

investigators downregulated LPS-induced pro-inflammatory

cytokine expression in microglia by inhibiting NMDA receptors

(Wu et al., 2018). A pharmacological trial also demonstrated

that neurological symptoms were improved and survival was

enhanced in cecal ligation and puncture (CLP) treated rats

through the use of glutamate release inhibitor (Toklu et al.,

2009). Another work also found that in SAE mice, the glutamate

excitotoxicity induced by glutamate receptor N-methyl-D-

asperate receptor subunit 2 (NR2)excess was attenuated by

inhibiting ferroptosis, thereby protecting synaptic and neuronal

integrity (Xie et al., 2022). All of these findings imply that

disorders of neurotransmitters and the expression of their

receptors play a key role in SAE. Thus, excitotoxicity caused

by changes in these neurotransmitters can lead to neuronal

loss, which may account for the clinical and electrophysiological

features of the SAE (Mazeraud et al., 2020).

Synaptic deficiency

Cognitive function is closely related to the abundance of

synapses (Manabe and Heneka, 2022). Studies have confirmed

that synapse density is reduced in the hippocampus of patients

with cognitive impairment such as early-onset Alzheimer’s

disease and mild cognitive impairment, so it is speculated that

cognitive impairment in SAE patients may be caused by synapse

loss (Terry et al., 1991; Scheff et al., 2007; Vanhaute et al.,

2020). Both age-related spines loss and reduced axospinous

synapse density can be observed in the monkey prefrontal

cortex (Dumitriu et al., 2010). Similarly, age-related loss of

hippocampal synapses was found in aging mice (Shi et al.,

2015). During normal development, microglia can sculpt neural

circuits by promoting the synaptic formation of neurons and

selectively eliminating or phagocytosing synapses (Schafer et al.,

2012). Recent studies have shown that although microglia are

able to recognize and eliminate excitatory synapses, no increase

in synaptic pruning by microglia was found in SAE (Manabe

et al., 2021). However, it appears that microglia recognize and

prune excitatory synapses labeled by complement factor 3 (C3)

at some point in time, while inhibitory synapses do not change.

Furthermore, Akiyoshi et al. find that the direct contact between

resting microglia and synapses can lead to increaes in contacted

synaptic activity and neuronal activity (Akiyoshi et al., 2018).

When microglia are activated by LPS (or partially removed), the

activity for microglia-synapse contacts is no longer increased,

and the degree of synchronization of neuronal activity is also

decreased. So, in the case of neuroinflammation, activation of

microgliamay lead to synaptic deficits. In the SAE animalmodel,

a significant decrease in synaptic associated proteins including

synapsin 1 (SYN1), postsynaptic density protein 95 (PSD95),

SYP and NMDA receptors (NR2B), the dendritic spine density

and neuron loss could be observed (Xu et al., 2019; Li C. et al.,

2020). Often, the reduction of the synaptic proteins indirectly

reflects synaptic dysfunction. These data show abnormal

changes in synapses and neurons in SAE. In contrast, treatment

with electroacupuncture (EA) protects against SAE-induced

cognitive impairment by inhibiting synaptic damage and neuron

loss (Li C. et al., 2020). Recently, it is found that the expression

of synapse-associated protein (related to synapse formation and

function) is downregulated in patients with delirium induced by

infection, which means that synapses in SAE patients may be

reduced (Peters Van Ton et al., 2020). Notably, the conflicting

data have been found in some animal experiments, probably

because of differences in the CLP surgical approach as well as

the LPS injection protocols. For instance, there is no loss of

neurons and dendritic spines, and synaptic changes were found

(Chen et al., 2012, 2014; Zhang et al., 2017; Beyer et al., 2020).

Regrettably, there are currently no clinical data on synapse

density in SAE patients. Therefore, we speculate that the cause of

SAE-induced synaptic dysfunction or synaptic deficiency could

be a problem in which module during synapse formation (e.g.,

synapse pruning) or synapse maintenance? Is it possible that the

SAE-induced neuronal impairment and synaptic dysfunction

are caused by abnormal synapse or synaptic formation? Next,

we will discuss synapse/synapse formation in normal and

SAE conditions.

Synapse and synapse formation in
SAE

Synapse and synapse formation

It is well known that synaptically released neurotransmitters

(e.g., glutamate and GABA) regulate neuronal excitability and

synaptic transmission and maintain the excitatory/inhibitory
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balance of neural circuits (Akerman and Cline, 2006; Dorrn

et al., 2010; Sun et al., 2010; Yizhar et al., 2011). This

abnormality of excitation/inhibition balance is considered to

be the possible mechanism of a variety of neurodevelopmental

diseases, such as epilepsy, autism spectrum disorders (ASD)

and schizophrenia (Cline, 2005; Dudek, 2009; Lisman, 2012).

Some research data suggest that IL-1b may alter the synaptic

strength of central GABAergic synapses, leading to the cognitive

dysfunction observed in SAE (Serantes et al., 2006). Increasing

evidence suggests that LPS caused distinct changes in synaptic

protein content, spine dynamics and delayed reduction of

excitatory synapses (Weberpals et al., 2009; Kondo et al., 2011;

Manabe et al., 2021). Together, these data all demonstrated

the synaptic alterations during SAE. Whether this synaptic

alteration (e.g., synaptic deficiency as described previously) is

due to a decrease in synapse formation (or synaptogenesis) or

an increase in synapse loss is not known. Synapse formation

is a basic process that constitutes the brain’s neural circuit, but

its mechanism is poorly understood. Throughout the process of

synapse formation, the synaptic connection achieves a relative

balance between excitability and inhibition through synaptic

specialization, maturation, and synaptic pruning in order to

maintain normal physiological functions (West and Greenberg,

2011). In conclusion, synapse formation is not limited to

neurodevelopment, it is a lifelong process. When lesions occur

in the nervous system, neuronal death may occur, leading to

synaptic dysfunction such as in Alzheimer’s disease. Synapse

formation is a rather complex process involving a large number

of factors. Thus, we particularly focus on the key players

associated with the synaptic formation in the following.

Factors mediating synapse formation

Microglia and complement system activation

As mentioned earlier, in the early postnatal period, the

number of synapses formed in the brain is much higher than that

in adulthood, but approximately half of all synapses can remain

and function during development while the rest are eliminated,

which is called “synaptic pruning.” Only after undergoing

the process of pruning and reconstruction can more accurate

synaptic connections be formed in the brain (Bilimoria and

Stevens, 2015).

Numerous studies have confirmed the important role of

microglia in synapse formation and elimination, regulating

synaptic plasticity, promoting the maturation of synapses and

neural circuits, and maintaining the stability of the environment

in the CNS (Miyamoto et al., 2016;Weinhard et al., 2018; Andoh

and Koyama, 2021). The synaptic pruning function mediated

by microglia can clear the synapses that are less stimulated by

signals, that is, “weaker” synapses, while retaining the synapses

that are often stimulated by signals, that is, “stronger” synapses

during development. In pathological conditions, its synaptic

pruning function can clear dead cells and myelin fragments,

and also wrap around bare axons to form myelin sheath and

promote synapse and myelin sheath regeneration during brain

injury repair (Tremblay et al., 2010). Microglia activation and

alterations of the spine triggered by LPS indicate that microglia

involvement in synaptic remodeling and this pathological

mechanism may also underlie cognitive dysfunctions after SAE

(Kondo et al., 2011).

Hypothalamus contains a large number of neuroendocrine

cells, which play an important role in regulating normal

physiological function and homeostasis by secreting

neurohormones. In CLP-treated animals, sepsis caused

massive apoptosis of vasopressinergic neurons and impaired

secretion of arginine vasopressin (AVP) in the hypothalamus

were found to be closely associated withmicroglia activation and

BBB leakage (Da Costa et al., 2017). Another study also showed

that hypothalamic dysfunction due to AVP damage observed

in septic surviving rats was associated with hypothalamic

synaptic defects (Santos-Junior et al., 2018)). Hence, impaired

AVP which plays the role of antidiuretic and vasoconstrictive

effects secretion may be the cause of hypotension shock in

sepsis patients.

The complement system is a critical component of innate

immunity and serves many important functions in CNS, and is

implicated in disease processes (Veerhuis et al., 2011; Ratajczak

et al., 2018). The complement C3 which cleavage product C3a

binds to the G protein-coupled receptor of C3a receptor (C3aR)

is the central molecule of the complement system and plays a

pivotal role in the immune system (Lian et al., 2015; Hong et al.,

2016; Lohman et al., 2017). The increasing study has suggested

that complement C3/C3a receptor signaling, a key component

of innate immune pathogen defense, plays an important role

in many neurological disorders (Garred et al., 2021). C3a

receptor expressions in microglia were specifically up-regulated

and triggered by LPS. C3a receptor antagonist attenuated

LPS-induced hippocampal neuroinflammation and inhibited

synapse-related protein loss, contributing to improved cognitive

function (Li C. et al., 2020; Garred et al., 2021). Furthermore,

the complement receptor 3 (CR3/CD11b-CD18/Mac-1) as a key

molecular mechanism underlying the engulfment of developing

synapses, is significantly expressed on microglia and its ligand

and localized to synaptically-enriched regions. The disruption

of CR3/C3 signaling was specific to microglia in the CNS and

resulted in sustained defects in synaptic connectivity (Stevens

et al., 2007; Schafer et al., 2012). Mice with fewermicroglia (Il34–

/– mice) or deficiency in complement C3 or C3a receptors were

protected from viral-induced synaptic terminal loss (Vasek et al.,

2016; Litvinchuk et al., 2018; Xiong et al., 2018). These evidence

indicate that microglia activation and complement C3/C3a

receptor signaling may be associated with spine remodeling

after LPS treatment (Weberpals et al., 2009; Kondo et al., 2011;

Manabe et al., 2021). Microglial CR3 activation can trigger LTD,

which may lead to memory damage and synaptic disruption,
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under the synergistic effect of hypoxia and LPS (Zhang et al.,

2014). These data demonstrate that the complement system-

dependent microglia activation plays an important role in

synaptic functional regulation and remodeling synapses in

development and disease. However, to our knowledge, there is

no evidence that activation of microglia and complement system

is directly involved in SAE pathology. In the below sections,

we discuss the synaptic proteins associated with the synaptic

formation in SAE, summarized in Table 1.

Synaptic adhesion molecules and
proteins mediating synapse formation

Neurexins and ligands

Synapse formation is a dynamic process, which is

characterized by the interactions between pre- and post-synaptic

neurons. Synaptic adhesion molecules (SAMs) accumulate at

pre- and postsynaptic sites, initiate synapse formation, and

play an important role in regulating synaptic transmission and

synaptic plasticity (Jang et al., 2017; Sudhof, 2018; Südhof,

2021; Yuzaki, 2018; Kim et al., 2021). The presynaptic SAMs

are mostly present in excitatory and inhibitory synapses, like

neurexins which are a family of SAMs involved in synapse

formation and maturation, and leukocyte antigen–related

(LAR)-type phosphotyrosine phosphatase receptors (PTPRs)

(Sudhof, 2017; Cornejo et al., 2021; Fukai and Yoshida,

2021). In contrast, postsynaptic SAMs are more diverse as

ligands for these presynaptic SAMs and are often specific for

excitatory or inhibitory synapses. This evidence suggests that

the transmembrane signals generated by SAMs mediate synapse

formation and organization (Sudhof, 2018). However, it is not

very clear which signal pathways regulate synapse formation.

Neurexins (Nrxns) are predominantly expressed in neurons as

a family of presynaptic transmembrane proteins (Ushkaryov

et al., 1992). Further, it has been found that neurexin1 (Nrxn1)

was also expressed in astrocytes by single-cell RNA sequencing

(Gokce et al., 2016). Currently, neurexins ligands include

neuroligins (NLGNs), Leucine-rich-repeat transmembrane

neuronal proteins (LRRTMs), latrophilins, dystroglycan, Brain

Angiogenesis Inhibitors (BAIs), kainate receptor subunit

(GluK), neurexophilins, calsyntenins and cerebellin1-3 (cbln1-

3) (Sudhof, 2017, 2018). These findings reveal that neurexins

can play a role by combining different ligands to organize

complex interaction networks and their signaling pathways.

NLGNs are classical ligands of neurexins. Different

neuroligins have different localization at synapses. Early studies

found that a knockout of single a- Neurexin decreased the

survival rate of experimental mice, while knockout of all a -

Neurexins can significantly attenuate the synaptic transmission

(Missler et al., 2003). All b-conditional knockout of neurexins

can also lead to attenuation of synaptic transmission in

excitatory neurons, but has no obvious effect on the survival

(Anderson et al., 2015). In cortical PV- positive interneurons,

conditional knockout of all Neurexins coding genes leads

to loss of synapses and weakening of the synaptic strength

(Chen et al., 2017). Another study found that neurexin-3a is a

novel autoantigen of antibodies in patients with autoimmune

encephalitis. In embryonic neurons of rats exposed to patients’

IgG, a specific decrease in neurexin-3a levels, as well as a

reduction in the total number of synapses, was observed.

This result suggests that neurexin-3a may affect the synapse

formation (Gresa-Arribas et al., 2016). In addition, it was found

that the expression of five synaptic proteins includingNrxn1,

synaptosomal associated protein of 25 kD (SNAP-25),

the phosphoprotein synapsin-2 (SYN-2), NLGN, and the

SH3-ankyrin repeat domains3 (SHANK3) was significantly

decreased in human neuronal-glial (HNG) cell co-cultures

after Bacteroides fragilis lipopolysaccharide (BF-LPS) treatment

(Zhao et al., 2019). This result indicates that abnormal changes

of these pre- and post-synaptic proteins may lead to synaptic

dysfunction in the pathological process of SAE, but it does not

indicate that synaptic adhesion molecules or their ligands play a

crucial role in the synaptic formation.

Receptor protein tyrosine phosphatases

Receptor protein tyrosine phosphatases (RPTPs) are key

regulators of the neuronal morphogenesis (Andersen et al.,

2001). It has been shown that two isoforms of RPTPg

expressions were increased on astrocytes after LPS treatment,

and RPTPg was also found to be strongly positive in activated

astrocytes in Alzheimer’s disease (Lorenzetto et al., 2014).

RPTPb/z is a target receptor for the cytokines pleiotrophin

(PTN) and midkine (MK) and regulates peripheral and central

immune responses (Herradon et al., 2019). In addition, the

RPTPb/z plays a role in the potentiation of microglial activation

and in the microglia neuron communication during LPS-

induced neuroinflammation (Fernandez-Calle et al., 2020). In a

recent marine invertebrate study, RPTP was confirmed to be a

key component of extracellular shrimpmesencephalic astrocyte-

derived neurotrophic factor (MANF) mediated inhibition of

the ERK pathway and participation in inflammatory regulation

(Luo et al., 2022). These findings all emphasize the role of

RPTPs during the neuroinflammatory process, although the

exact mechanism is unclear.

In summary, these SAMs can affect synapse production, but

it seems that none of them is necessary. These data suggest that

synapse formation may be mediated by multiple SAMs at the

same time. Multiple SAMs form a complex interaction network,

which can activate different signaling pathways or common

important signaling pathways (Sudhof, 2017). In addition,

different SAMs are responsible for executing different aspects

of synapse formation, and each independently plays a role
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TABLE 1 Summary of synaptic proteins.

Synaptic

protein

Research subject (Method) Outcome References

Neurexin-3a Cultured rat embryonic neurons Neurexin-3α↓ synapse development

alteration
Gresa-Arribas et al., 2016

Nrxn1

SNAP-25

SYN-2

NLGN

SHANK3

Primary human neuronal-glial (HNG)

cell cocultures after exposure to

Bacteroides fragilis

lipopolysaccharide (BF-LPS)

Nrxn1↓ SNAP-25↓ SYN-2↓ NLGN↓

SHANK3↓
Zhao et al., 2019

RPTP γ LPS treated mice The astrocytic expression of RPTPγ↑

Lorenzetto et al., 2014

RPTPβ/ζ LPS treated mice LPS stimulated BV2

microglial cell cultures

Inhibition of RPTPβ/ζ modulates LPS

induced

responses in vivo and in vitro

Fernandez-Calle et al., 2020

MANF Marine invertebrate Litopenaeus

vannamei 293T cell culture

Shrimp MANF is associated with RPTP to

mediate negative regulation of ERK

activation and Dorsal expression shrimp

RPTP-S overexpression could switch

shrimp and human MANF mediated ERK

pathway activation to inhibition

Luo et al., 2022

SYP

SNAP-25

LPS treated rats SYP↓ SNAP25↓ NMDAR↓

the number of synapse and synaptic vesicles↓

appeared swollen

dendritic spines of pyramidal neurons↓

proinflammatory mediators↑

Lin et al., 2019

SYP CLP treated rats CLP treated mice �SYP↓ cognitive deficits

�hypothalamic SYP↓ Bcl2↓

cleaved caspase- 3↑ AVP secretion ↓

�SYP↓ TNF-α↑ cognitive impairment

cAMP response element binding protein

(CREB) ↓

insulin signaling disrupted

Schwalm et al., 2014; Neves

et al., 2018; Santos-Junior

et al., 2018

STEP LPS treated mice STEP↓ CREB/BDNF↓PSD95↓

STEP Inhibition reversed memory

impairment

Zong et al., 2019a

SYP

PSD95

CLP mice neuronal cultures with

conditioned medium derived from

cultured astrocytes (ACM)

and microglia (MCM) pregnant Swiss

Webster (SW) mice with Klebsiella

pneumoniae injection neonates

�SYP↓ PSD95↓ synaptic deficit

LPS-MCM : synapses↓

LPS-ACM : synapses↑

�SYP↓ PSD95↓motor impairment

learning, and memory impairments

Moraes et al., 2015; Granja

et al., 2021

TSP

TSP-1

Septicemia patients and septic patients

with MODS TSP1-/- mice with CLP or

E. coli injection

�TSP on platelets↑ platelets activated

TSP-1/- survival ↑ after CLP or E.coli

injection

�FcγR-mediated phagocytosis of

macrophages in TSP-1-/- mice ↑

Gawaz et al., 1997; Mcmaken

et al., 2011

Nrxn1, neurexin1; SNAP-25, synaptosomal associated protein of 25 kD; SYN-2, synapsin-2; NLGN, neuroligin; SHANK3, the SH3-ankyrin repeat domains3; RPTP γ, Receptor protein

tyrosine phosphataseγ; RPTPβ/ζ, Receptor protein tyrosine phosphatase β/ζ; MANF, mesencephalic astrocyte-derived neurotrophic factor; SYP, synaptophysin; STEP, striatal-enriched

protein tyrosine phosphatase; PSD95, postsynaptic density protein 95; TSP, thrombospondin; TSP-1, thrombospondin-1; LPS, lipopolysaccharide; CLP, cecal ligation and puncture; RPTP,

Receptor protein tyrosine phosphatase; NMDAR, N-methyl D-aspartate receptor; TNF-α, tumor necrosis factor- alpha; AVP, arginine vasopressin; CREB/BDNF, response element binding

protein (CREB)/brain-derived neurotrophic factor (BDNF). ↓: increase; ↑: decrease.

Frontiers in SynapticNeuroscience 09 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org


Tang et al. 10.3389/fnsyn.2022.1054605

in regulating the establishment and maintenance of synapses

(Sudhof, 2018). Due to the lack of experimental evidence on

adhesion molecules of synaptic cells during SAE, it is necessary

to conduct more systematic research in combination with other

research methods.

Other synapse-associated proteins

SYP and PSD95

Synaptic associated proteins mainly include SYP in the

presynaptic membrane, and postsynaptic marker postsynaptic

plasticity protein PSD95). These proteins play different roles in

the regulation of synaptic structure and function. SYP, a specific

marker of synaptic plasticity, is involved in synaptic vesicle

transport and neurotransmitter release, and can specifically

reflect the number, distribution and density of synapses (Griva

et al., 2017). Some studies have shown that the abnormal

expression level of SYP can be observed in neuroinflammation

and hypoxia-ischemia (Rao et al., 2012; Griva et al., 2017). The

SYP and SNAP-25 protein expression wasmarkedly decreased in

optical density, and the number of synapses and synaptic vesicles

was reduced and appeared swollen after LPS administration (Lin

et al., 2019). Reduced SYP and cognitive deficits found in in

sepsis-survivor animals can be prevented by treatments that

reduce acute brain inflammation and oxidative stress (Schwalm

et al., 2014). In CLP-treated animals, reduced expression of SYP

associated with synaptic plasticity and concomitant cognitive

deficits can be observed in the hippocampus (Neves et al., 2018).

PSD95 as amajor regulator of synapticmaturation, is involved in

the glutamatergic transmission, synaptic plasticity, and dendritic

spine morphogenesis during neurodevelopment. It has been

shown that PSD95 dysfunction may alter synaptic plasticity at

the dendritic spines that contribute to the malformations of the

synapse associated with neurological disorders (Coley and Gao,

2018; Kinjo et al., 2018). A recent report showed that inhibition

of the striatal-enriched protein tyrosine phosphatase (STEP)

signaling pathway significantly improved SAE-induced memory

impairment by increasing the expression of PSD95 (Zong et al.,

2019a). Other studies have also demonstrated that both SYP and

PSD95 levels were significantly decreased in the hippocampus

of the SAE mice model (Moraes et al., 2015; Santos-Junior

et al., 2018). Another report about gestational sepsis suggests

that maternal sepsis can induce an inflammatory response

accompanied by a reduction of SYP and PSD95 levels and leads

to cognitive and behavioral alterations in offspring (Granja et al.,

2021). It is well known that synaptic damage will cause the

impairment of cognition and memory. Indeed, there is evidence

that reductions in synaptic markers may contribute to cognitive

decline in neurodegenerative and neuropsychiatric disorders

(Rao et al., 2012; Hong et al., 2016). Therefore, cognitive and

memory dysfunction in SAE may be caused by synaptic damage

(e.g., synaptic alterations of PSD95 and SYP).

Thrombospondin-1

The thrombospondins (TSPs) are a family of oligomeric

multidomain glycoproteins that are distributed throughout

vertebrates and interact with the extracellular matrix, growth

factors, cell surface and proteases (Mosher and Adams, 2012).

Accumulating data show that TSPs promote new synapse

formation and regulate synaptic functions, mainly mediated by

the interaction between TSPs and related neuronal receptors in

the developing CNS (Risher and Eroglu, 2012; Ferrer-Ferrer and

Dityatev, 2018). Currently, it is generally believed that TSPs are

through receptor α2δ-1 and NLGN to regulate synaptogenesis

and participate in synaptic remodeling through extracellular

matrix proteins and cell surface receptors after injury (Wang

et al., 2012; Risher et al., 2018). After CNS injury, TSP1 which

is a member of the thrombospondin family can interact with

the increasing transforming growth factor (TGF)-b1 to inhibit

the release of IL-10 while possibly promoting synapse formation

at the neuromuscular junction (Packard et al., 2003; Feng and

Ko, 2008). Moreover, it is found that the expression of TSP

on the platelet surface is increased in sepsis patients, and

polymorphisms of TSP are involved in the development of

sepsis-related organ failure (Gawaz et al., 1997). Research also

proves that the increased TSP expression can be observed in

critically ill patients with severe sepsis, and TSP-1 deficiency was

protective from the mortality of sepsis and increased bacterial

clearance in two models of septic mice (Gawaz et al., 1997;

Mcmaken et al., 2011).

Signaling pathways for synapse
formation mediated by SAMs

Synapse formation is a precisely regulated process. Studies

suggest that transmembrane signals involved in SAMs can

regulate synapse formation. However, it is still unclear which

signal pathways mediated by SAMs regulate synapse formation

(Sudhof, 2018). A recent study reported that synapse formation

is driven via multiple signaling pathways such as PKA-

, JNK-, and AKT-mediated intracellular signaling pathways

by SAMs (Jiang X. et al., 2021). Although the interaction

with transsynaptic adhesion molecules and the downstream

processes are largely unknown, these signaling pathways provide

important clues for us to understand synapse formation (Sudhof,

2018; Jiang X. et al., 2021). The c-Jun N-terminal kinases (JNKs)

that members of the mitogen-activated protein kinase (MAPK)

family, regulate important physiological processes, including

embryonic development and neuronal functions (Zeke et al.,

2016). The JNK/MAPK signaling pathway plays a role in synapse

formation during development and nervous system function

in C. elegans (Andrusiak and Jin, 2016). Recent studies have

shown that the JNK pathway is an important component of the
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heterologous synapse formation process capable of assembling

pre and postsynaptic specialization mechanisms (Jiang X. et al.,

2021). Crawley et al. found the MIG-15/JNK-1 MAPK pathway

can restrict both glutamatergic synapse formation and learning

in C. elegans, suggesting that the JNK/MAPK signal pathway

may also play a similar role in the formation of synapses in

vertebrates (Crawley et al., 2017). Although recent studies have

also revealed that inhibiting JNK signaling pathway can protect

the mice against LPS-induced septic mice (Mo et al., 2021; Nie

et al., 2021). However, there are no relevant reports or data on

the role of the JNK/MAPK signaling pathway in the formation

of synapses under SAE or sepsis pathological conditions.

Conclusions

SAE is a common severe complication of sepsis, mainly

manifested as acute brain dysfunction. To date, there is no

special treatment to prevent or reverse SAE. At present, the

mechanisms involved in the pathophysiology of SAE, such as

neuroinflammation, neurovascular injury, glial activation, and

so on, have been reported. The result of these pathological

changes and a series of cascade reactions in SAE are synaptic

dysfunction, dysregulated neurotransmission and neuron loss,

which ultimately leads to neurological damage. Although

synapse changes dynamically during development, abnormal

changes (too much or too little) in the number of synapses are

closely related to many neuropsychiatric diseases. Furthermore,

the structural and functional damage of synapses and the

abnormalities in the whole process of synapse formation

(including synaptic pruning) and synaptic maintenance can lead

to synaptic deficits and neurological dysfunction. Therefore,

we try to find evidence and relevant clues of abnormal

synapse/synapse formation in SAE and explore its molecular

mechanism. Taken together, studying the synaptopathy in SAE

may bring us a new perspective and direction to understand and

explore the pathological mechanism of SAE.

Author contributions

CT and YJ collected the literature and wrote the manuscript.

HW conceived the topic, wrote and edited the manuscript.

All authors contributed to the article and approved the

submitted version.

Funding

This work was supported by the National Natural Science

Foundation of China (81673417).

Acknowledgments

We thank Lupeng Ye and Lingjuan Hong for their

editing assistance.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., and Begley, D. J.
(2010). Structure and function of the blood-brain barrier.Neurobiol. Dis. 37, 13–25.
doi: 10.1016/j.nbd.2009.07.030

Akerman, C. J., and Cline, H. T. (2006). Depolarizing GABAergic conductances
regulate the balance of excitation to inhibition in the developing retinotectal
circuit in vivo. J. Neurosci. 26, 5117–5130. doi: 10.1523/JNEUROSCI.0319-
06.2006

Akiyoshi, R., Wake, H., Kato, D., Horiuchi, H., Ono, R., Ikegami, A., et al. (2018).
Microglia enhance synapse activity to promote local network synchronization.
eNeuro. 5, ENEURO.0088-18.2018. doi: 10.1523/ENEURO.0088-18.2018

Andersen, J. N., Mortensen, O. H., Peters, G. H., Drake, P. G., Iversen,
L. F., Olsen, O. H., et al. (2001). Structural and evolutionary relationships
among protein tyrosine phosphatase domains. Mol. Cell. Biol. 21, 7117–7136.
doi: 10.1128/MCB.21.21.7117-7136.2001

Anderson, G. R., Aoto, J., Tabuchi, K., Foldy, C., Covy, J., Yee, A. X.,
et al. (2015). beta-neurexins control neural circuits by regulating synaptic
endocannabinoid signaling. Cell 162, 593–606. doi: 10.1016/j.cell.2015.
06.056

Andoh, M., and Koyama, R. (2021). Microglia regulate synaptic development
and plasticity. Dev. Neurobiol. 81, 568–590. doi: 10.1002/dneu.22814

Andrusiak, M. G., and Jin, Y. (2016). Context Specificity of stress-
activated Mitogen-activated Protein (MAP) kinase signaling: the story
as told by caenorhabditis elegans. J. Biol. Chem. 291, 7796–7804.
doi: 10.1074/jbc.R115.711101

Annane, D., and Sharshar, T. (2015). Cognitive decline after sepsis. Lancet Respir
Med 3, 61–69. doi: 10.1016/S2213-2600(14)70246-2

Aryanpour, R., Pasbakhsh, P., Zibara, K., Namjoo, Z., Beigi Boroujeni, F.,
Shahbeigi, S., et al. (2017). Progesterone therapy induces an M1 to M2 switch

Frontiers in SynapticNeuroscience 11 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1523/JNEUROSCI.0319-06.2006
https://doi.org/10.1523/ENEURO.0088-18.2018
https://doi.org/10.1128/MCB.21.21.7117-7136.2001
https://doi.org/10.1016/j.cell.2015.06.056
https://doi.org/10.1002/dneu.22814
https://doi.org/10.1074/jbc.R115.711101
https://doi.org/10.1016/S2213-2600(14)70246-2
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org


Tang et al. 10.3389/fnsyn.2022.1054605

in microglia phenotype and suppresses NLRP3 inflammasome in a cuprizone-
induced demyelination mouse model. Int. Immunopharmacol. 51, 131–139.
doi: 10.1016/j.intimp.2017.08.007

Basler, T., Meier-Hellmann, A., Bredle, D., and Reinhart, K. (2002). Amino
acid imbalance early in septic encephalopathy. Intensive Care Med. 28, 293–298.
doi: 10.1007/s00134-002-1217-6

Beyer, M. M. S., Lonnemann, N., Remus, A., Latz, E., Heneka, M. T.,
and Korte, M. (2020). Enduring changes in neuronal function upon systemic
inflammation are NLRP3 inflammasome dependent. J. Neurosci. 40, 5480–5494.
doi: 10.1523/JNEUROSCI.0200-20.2020

Bilimoria, P. M., and Stevens, B. (2015). Microglia function during brain
development: New insights from animal models. Brain Res. 1617, 7–17.
doi: 10.1016/j.brainres.2014.11.032

Blanco-Suarez, E., Caldwell, A. L., and Allen, N. J. (2017). Role of
astrocyte-synapse interactions in CNS disorders. J. Physiol. 595, 1903–1916.
doi: 10.1113/JP270988

Calsavara, A. J. C., Nobre, V., Barichello, T., and Teixeira, A. L. (2018). Post-
sepsis cognitive impairment and associated risk factors: a systematic review. Aust.
Crit. Care 31, 242–253. doi: 10.1016/j.aucc.2017.06.001

Campbell, N., Boustani, M., Limbil, T., Ott, C., Fox, C., Maidment, I., et al.
(2009). The cognitive impact of anticholinergics: a clinical review. Clin. Interv.
Aging 4, 225–233. doi: 10.2147/CIA.S5358

Cardoso, F. L., Herz, J., Fernandes, A., Rocha, J., Sepodes, B., Brito, M.
A., et al. (2015). Systemic inflammation in early neonatal mice induces
transient and lasting neurodegenerative effects. J. Neuroinflammation 12, 82.
doi: 10.1186/s12974-015-0299-3

Cepinskas, G., andWilson, J. X. (2008). Inflammatory response in microvascular
endothelium in sepsis: role of oxidants. J. Clin. Biochem. Nutr. 42, 175–184.
doi: 10.3164/jcbn.2008026

Chen, L. Y., Jiang, M., Zhang, B., Gokce, O., and Sudhof, T. C.
(2017). Conditional deletion of all neurexins defines diversity of essential
synaptic organizer functions for neurexins. Neuron 94, 611–625 e614.
doi: 10.1016/j.neuron.2017.04.011

Chen, Z., Jalabi, W., Hu, W., Park, H. J., Gale, J. T., Kidd, G. J., et al. (2014).
Microglial displacement of inhibitory synapses provides neuroprotection in the
adult brain. Nat. Commun. 5, 4486. doi: 10.1038/ncomms5486

Chen, Z., Jalabi, W., Shpargel, K. B., Farabaugh, K. T., Dutta, R., Yin, X., et al.
(2012). Lipopolysaccharide-induced microglial activation and neuroprotection
against experimental brain injury is independent of hematogenous TLR4. J.
Neurosci. 32, 11706–11715. doi: 10.1523/JNEUROSCI.0730-12.2012

Cline, H. (2005). Synaptogenesis: a balancing act between excitation and
inhibition. Curr. Biol. 15, R203–205. doi: 10.1016/j.cub.2005.03.010

Coley, A. A., and Gao, W. J. (2018). PSD95: A synaptic protein implicated
in schizophrenia or autism? Prog. Neuropsychopharmacol. Biol. Psychiatry 82,
187–194. doi: 10.1016/j.pnpbp.2017.11.016

Comim, C. M., Rezin, G. T., Scaini, G., Di-Pietro, P. B., Cardoso, M. R.,
Petronilho, F. C., et al. (2008). Mitochondrial respiratory chain and creatine
kinase activities in rat brain after sepsis induced by cecal ligation and perforation.
Mitochondrion 8, 313–318. doi: 10.1016/j.mito.2008.07.002

Cornejo, F., Cortes, B. I., Findlay, G. M., and Cancino, G. I. (2021). LAR receptor
tyrosine phosphatase family in healthy and diseased brain. Front Cell Dev Biol 9,
659951. doi: 10.3389/fcell.2021.659951

Crawley, O., Giles, A. C., Desbois, M., Kashyap, S., Birnbaum, R., and
Grill, B. (2017). A MIG-15/JNK-1 MAP kinase cascade opposes RPM-1
signaling in synapse formation and learning. PLoS Genet. 13, e1007095.
doi: 10.1371/journal.pgen.1007095

Crippa, I. A., Subira, C., Vincent, J. L., Fernandez, R. F., Hernandez,
S. C., Cavicchi, F. Z., et al. (2018). Impaired cerebral autoregulation is
associated with brain dysfunction in patients with sepsis. Crit. Care 22, 327.
doi: 10.1186/s13054-018-2258-8

Czempik, P. F., Pluta, M. P., and Krzych, J. (2020). Sepsis-associated brain
dysfunction: A review of current literature. Int. J. Environ. Res. Public Health. 17,
5852. doi: 10.3390/ijerph17165852

Da Costa, L. H. A., Junior, N., Catalao, C. H. R., Sharshar, T., Chretien,
F., and Da Rocha, M. J. A. (2017). Vasopressin impairment during sepsis
is associated with hypothalamic intrinsic apoptotic pathway and microglial
activation. Mol. Neurobiol. 54, 5526–5533. doi: 10.1007/s12035-016-
0094-x

Da Fonseca, A. C., Matias, D., Garcia, C., Amaral, R., Geraldo, L. H., Freitas, C.,
et al. (2014). The impact of microglial activation on blood-brain barrier in brain
diseases. Front. Cell. Neurosci. 8, 362. doi: 10.3389/fncel.2014.00362

Dellinger, R. P., Levy, M. M., Rhodes, A., Annane, D., Gerlach, H., Opal,
S. M., et al. (2013). Surviving Sepsis Campaign: international guidelines for
management of severe sepsis and septic shock, 2012. Intensive Care Med. 39,
165–228. doi: 10.1007/s00134-012-2769-8

Dorrn, A. L., Yuan, K., Barker, A. J., Schreiner, C. E., and Froemke, R. C. (2010).
Developmental sensory experience balances cortical excitation and inhibition.
Nature 465, 932–936. doi: 10.1038/nature09119

Dudek, F. E. (2009). Epileptogenesis: a new twist on the balance of excitation and
inhibition. Epilepsy Curr. 9, 174–176. doi: 10.1111/j.1535-7511.2009.01334.x

Dumitriu, D., Hao, J., Hara, Y., Kaufmann, J., Janssen, W. G., Lou, W., et al.
(2010). Selective changes in thin spine density and morphology in monkey
prefrontal cortex correlate with aging-related cognitive impairment. J. Neurosci.
30, 7507–7515. doi: 10.1523/JNEUROSCI.6410-09.2010

Erikson, K., Tuominen, H., Vakkala, M., Liisanantti, J. H., Karttunen, T., Syrjala,
H., et al. (2020). Brain tight junction protein expression in sepsis in an autopsy
series. Crit. Care 24, 385. doi: 10.1186/s13054-020-03101-3

Feng, Z., and Ko, C. P. (2008). Schwann cells promote synaptogenesis at the
neuromuscular junction via transforming growth factor-beta1. J. Neurosci. 28,
9599–9609. doi: 10.1523/JNEUROSCI.2589-08.2008

Fernandez-Calle, R., Galan-Llario, M., Gramage, E., Zapateria, B., Vicente-
Rodriguez, M., Zapico, J. M., et al. (2020). Role of RPTPbeta/zeta in
neuroinflammation and microglia-neuron communication. Sci. Rep. 10, 20259.
doi: 10.1038/s41598-020-76415-5

Fernando, S. M., Rochwerg, B., and Seely, A. J. E. (2018). Clinical implications
of the Third International Consensus Definitions for Sepsis and Septic Shock
(Sepsis-3). CMAJ 190, E1058–E1059. doi: 10.1503/cmaj.170149

Ferrer-Ferrer, M., and Dityatev, A. (2018). Shaping synapses by the neural
extracellular matrix. Front. Neuroanat. 12, 40. doi: 10.3389/fnana.2018.00040

Flierl, M. A., Stahel, P. F., Rittirsch, D., Huber-Lang, M., Niederbichler, A. D.,
Hoesel, L. M., et al. (2009). Inhibition of complement C5a prevents breakdown of
the blood-brain barrier and pituitary dysfunction in experimental sepsis. Crit. Care
13, R12. doi: 10.1186/cc7710

Freund, H. R., Muggia-Sullam, M., Peiser, J., and Melamed, E. (1985). Brain
neurotransmitter profile is deranged during sepsis and septic encephalopathy in
the rat. J. Surg. Res. 38, 267–271. doi: 10.1016/0022-4804(85)90037-X

Fukai, S., and Yoshida, T. (2021). Roles of type IIa receptor protein
tyrosine phosphatases as synaptic organizers. FEBS J. 288, 6913–6926.
doi: 10.1111/febs.15666

Gao, Q., and Hernandes, M. S. (2021). Sepsis-associated encephalopathy
and blood-brain barrier dysfunction. Inflammation 44, 2143–2150.
doi: 10.1007/s10753-021-01501-3

Garred, P., Tenner, A. J., and Mollnes, T. E. (2021). Therapeutic targeting of
the complement system: from rare diseases to pandemics. Pharmacol. Rev. 73,
792–827. doi: 10.1124/pharmrev.120.000072

Gawaz, M., Dickfeld, T., Bogner, C., Fateh-Moghadam, S., and Neumann, F. J.
(1997). Platelet function in septic multiple organ dysfunction syndrome. Intensive
Care Med. 23, 379–385. doi: 10.1007/s001340050344

Gofton, T. E., and Young, G. B. (2012). Sepsis-associated encephalopathy. Nat.
Rev. Neurol. 8, 557–566. doi: 10.1038/nrneurol.2012.183

Gokce, O., Stanley, G. M., Treutlein, B., Neff, N. F., Camp, J. G., Malenka, R. C.,
et al. (2016). Cellular taxonomy of the mouse striatum as revealed by single-cell
RNA-Seq. Cell Rep. 16, 1126–1137. doi: 10.1016/j.celrep.2016.06.059

Granja, M. G., Alves, L. P., Leardini-Tristao, M., Saul, M. E., Bortoni, L. C.,
De Moraes, F. M., et al. (2021). Inflammatory, synaptic, motor, and behavioral
alterations induced by gestational sepsis on the offspring at different stages of life.
J. Neuroinflammation 18, 60. doi: 10.1186/s12974-021-02106-1

Gresa-Arribas, N., Planaguma, J., Petit-Pedrol, M., Kawachi, I., Katada,
S., Glaser, C. A., et al. (2016). Human neurexin-3alpha antibodies associate
with encephalitis and alter synapse development. Neurology 86, 2235–2242.
doi: 10.1212/WNL.0000000000002775

Griva, M., Lagoudaki, R., Touloumi, O., Nousiopoulou, E., Karalis, F.,
Georgiou, T., et al. (2017). Long-term effects of enriched environment following
neonatal hypoxia-ischemia on behavior, BDNF and synaptophysin levels in rat
hippocampus: effect of combined treatment with G-CSF. Brain Res. 1667, 55–67.
doi: 10.1016/j.brainres.2017.05.004

Han, L., Mccusker, J., Cole, M., Abrahamowicz, M., Primeau, F., and Elie, M.
(2001). Use of medications with anticholinergic effect predicts clinical severity of
delirium symptoms in older medical inpatients.Arch. Intern. Med. 161, 1099–1105.
doi: 10.1001/archinte.161.8.1099

Han, Q., Lin, Q., Huang, P., Chen, M., Hu, X., Fu, H., et al. (2017). Microglia-
derived IL-1beta contributes to axon development disorders and synaptic deficit

Frontiers in SynapticNeuroscience 12 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://doi.org/10.1016/j.intimp.2017.08.007
https://doi.org/10.1007/s00134-002-1217-6
https://doi.org/10.1523/JNEUROSCI.0200-20.2020
https://doi.org/10.1016/j.brainres.2014.11.032
https://doi.org/10.1113/JP270988
https://doi.org/10.1016/j.aucc.2017.06.001
https://doi.org/10.2147/CIA.S5358
https://doi.org/10.1186/s12974-015-0299-3
https://doi.org/10.3164/jcbn.2008026
https://doi.org/10.1016/j.neuron.2017.04.011
https://doi.org/10.1038/ncomms5486
https://doi.org/10.1523/JNEUROSCI.0730-12.2012
https://doi.org/10.1016/j.cub.2005.03.010
https://doi.org/10.1016/j.pnpbp.2017.11.016
https://doi.org/10.1016/j.mito.2008.07.002
https://doi.org/10.3389/fcell.2021.659951
https://doi.org/10.1371/journal.pgen.1007095
https://doi.org/10.1186/s13054-018-2258-8
https://doi.org/10.3390/ijerph17165852
https://doi.org/10.1007/s12035-016-0094-x
https://doi.org/10.3389/fncel.2014.00362
https://doi.org/10.1007/s00134-012-2769-8
https://doi.org/10.1038/nature09119
https://doi.org/10.1111/j.1535-7511.2009.01334.x
https://doi.org/10.1523/JNEUROSCI.6410-09.2010
https://doi.org/10.1186/s13054-020-03101-3
https://doi.org/10.1523/JNEUROSCI.2589-08.2008
https://doi.org/10.1038/s41598-020-76415-5
https://doi.org/10.1503/cmaj.170149
https://doi.org/10.3389/fnana.2018.00040
https://doi.org/10.1186/cc7710
https://doi.org/10.1016/0022-4804(85)90037-X
https://doi.org/10.1111/febs.15666
https://doi.org/10.1007/s10753-021-01501-3
https://doi.org/10.1124/pharmrev.120.000072
https://doi.org/10.1007/s001340050344
https://doi.org/10.1038/nrneurol.2012.183
https://doi.org/10.1016/j.celrep.2016.06.059
https://doi.org/10.1186/s12974-021-02106-1
https://doi.org/10.1212/WNL.0000000000002775
https://doi.org/10.1016/j.brainres.2017.05.004
https://doi.org/10.1001/archinte.161.8.1099
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org


Tang et al. 10.3389/fnsyn.2022.1054605

through p38-MAPK signal pathway in septic neonatal rats. J. Neuroinflammation
14, 52. doi: 10.1186/s12974-017-0805-x

Handa, O., Stephen, J., and Cepinskas, G. (2008). Role of endothelial nitric oxide
synthase-derived nitric oxide in activation and dysfunction of cerebrovascular
endothelial cells during early onsets of sepsis. Am. J. Physiol. Heart Circ. Physiol.
295, H1712–1719. doi: 10.1152/ajpheart.00476.2008

Heneka, M. T., Carson, M. J., El Khoury, J., Landreth, G. E., Brosseron, F.,
Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet
Neurol. 14, 388–405. doi: 10.1016/S1474-4422(15)70016-5

Herradon, G., Ramos-Alvarez, M. P., and Gramage, E. (2019). Connecting
metainflammation and neuroinflammation through the PTN-MK-RPTPbeta/zeta
axis: relevance in therapeutic development. Front. Pharmacol. 10, 377.
doi: 10.3389/fphar.2019.00377

Hong, S., Beja-Glasser, V. F., Nfonoyim, B. M., Frouin, A., Li, S., Ramakrishnan,
S., et al. (2016). Complement and microglia mediate early synapse loss in
Alzheimer mouse models. Science. 352, 712–716. doi: 10.1126/science.aad8373

Hoshino, K., Uchinami, Y., Uchida, Y., Saito, H., and Morimoto, Y. (2021).
Interleukin-1beta modulates synaptic transmission and synaptic plasticity during
the acute phase of sepsis in the senescence-accelerated mouse hippocampus. Front.
Aging Neurosci. 13, 637703. doi: 10.3389/fnagi.2021.637703

Hosokawa, K., Gaspard, N., Su, F., Oddo, M., Vincent, J. L., and
Taccone, F. S. (2014). Clinical neurophysiological assessment of sepsis-
associated brain dysfunction: a systematic review. Crit. Care 18, 674.
doi: 10.1186/s13054-014-0674-y

Howarth, C. (2014). The contribution of astrocytes to the regulation of cerebral
blood flow. Front. Neurosci. 8, 103. doi: 10.3389/fnins.2014.00103

Huang, P., Zhou, Q., Lin, Q., Lin, L., Wang, H., Chen, X., et al. (2020).
Complement C3a induces axonal hypomyelination in the periventricular white
matter through activation of WNT/beta-catenin signal pathway in septic neonatal
rats experimentally induced by lipopolysaccharide. Brain Pathol. 30, 495–514.
doi: 10.1111/bpa.12798

Imamura, Y., Wang, H., Matsumoto, N., Muroya, T., Shimazaki, J., Ogura,
H., et al. (2011). Interleukin-1beta causes long-term potentiation deficiency
in a mouse model of septic encephalopathy. Neuroscience 187, 63–69.
doi: 10.1016/j.neuroscience.2011.04.063

Jamjoom, A. B., Rhodes, J., Andrews, P. J. D., and Grant, S.G.N. (2021). The
synapse in traumatic brain injury. Brain 144, 18–31. doi: 10.1093/brain/awaa321

Jang, S., Lee, H., and Kim, E. (2017). Synaptic adhesion molecules
and excitatory synaptic transmission. Curr. Opin. Neurobiol. 45, 45–50.
doi: 10.1016/j.conb.2017.03.005

Jiang, P. P., Peng, S. S., Pankratova, S., Luo, P., Zhou, P., and Chen, Y. (2022).
Proteins involved in synaptic plasticity are downregulated in the cerebrospinal
fluid of infants with clinical sepsis complicated by neuroinflammation. Front. Cell.
Neurosci. 16, 887212. doi: 10.3389/fncel.2022.887212

Jiang, S., Wang, H., Zhou, Q., Li, Q., Liu, N., Li, Z., et al. (2021).
Melatonin ameliorates axonal hypomyelination of periventricular white matter by
transforming A1 to A2 astrocyte via JAK2/STAT3 pathway in septic neonatal rats.
J. Inflamm. Res. 14, 5919–5937. doi: 10.2147/JIR.S337499

Jiang, X., Sando, R., and Südhof, T. C. (2021). Multiple signaling pathways are
essential for synapse formation induced by synaptic adhesionmolecules. Proc. Natl.
Acad. Sci. U S A. 118, e2000173118. doi: 10.1073/pnas.2000173118

Kim, H. Y., Um, J. W., and Ko, J. (2021). Proper synaptic adhesion signaling in
the control of neural circuit architecture and brain function. Prog. Neurobiol. 200,
101983. doi: 10.1016/j.pneurobio.2020.101983

Kinjo, E. R., Rodriguez, P. X. R., Dos Santos, B. A., Higa, G. S. V., Ferraz, M.
S. A., Schmeltzer, C., et al. (2018). New insights on temporal lobe epilepsy based
on plasticity-related network changes and high-order statistics.Mol. Neurobiol. 55,
3990–3998. doi: 10.1007/s12035-017-0623-2

Kondo, S., Kohsaka, S., and Okabe, S. (2011). Long-term changes of spine
dynamics and microglia after transient peripheral immune response triggered by
LPS in vivo.Mol. Brain 4, 27. doi: 10.1186/1756-6606-4-27

Kurtz, P., D’avila, J. C., Prado, D., Madeira, C., Vargas-Lopes, C., Panizzutti, R.,
et al. (2019). Cerebral multimodal monitoring in sepsis: an experimental study.
Shock 51, 228–234. doi: 10.1097/SHK.0000000000001138

Li, C., Yu, T. Y., Zhang, Y., Wei, L. P., Dong, S. A., Shi, J., et al.
(2020). Electroacupuncture improves cognition in rats with sepsis-associated
encephalopathy. J. Surg. Res. 256, 258–266. doi: 10.1016/j.jss.2020.06.056

Li, Y., Yin, L., Fan, Z., Su, B., Chen, Y., Ma, Y., et al. (2020). Microglia:
a potential therapeutic target for sepsis-associated encephalopathy and sepsis-
associated chronic pain. Front. Pharmacol. 11, 600421. doi: 10.3389/fphar.2020.
600421

Lian, H., Yang, L., Cole, A., Sun, L., Chiang, A. C., Fowler, S. W., et al. (2015).
NFκB-activated astroglial release of complement C3 compromises neuronal
morphology and function associated with Alzheimer’s disease. Neuron. 85, 101–
115. doi: 10.1016/j.neuron.2014.11.018

Lin, L., Chen, X., Zhou, Q., Huang, P., Jiang, S., Wang, H., et al. (2019).
Synaptic structure and alterations in the hippocampus in neonatal rats exposed to
lipopolysaccharide. Neurosci. Lett. 709, 134364. doi: 10.1016/j.neulet.2019.134364

Lisman, J. (2012). Excitation, inhibition, local oscillations, or large-scale loops:
what causes the symptoms of schizophrenia? Curr. Opin. Neurobiol. 22, 537–544.
doi: 10.1016/j.conb.2011.10.018

Litvinchuk, A., Wan, Y. W., Swartzlander, D. B., Chen, F., Cole, A., Propson,
N. E., et al. (2018). Complement C3aR inactivation attenuates tau pathology and
reverses an immune network deregulated in tauopathy models and alzheimer’s
disease. Neuron. 100, 1337–1353.e5. doi: 10.1016/j.neuron.2018.10.031

Liu, M., Liu, X., Wang, L., Wang, Y., Dong, F., Wu, J., et al. (2018). TRPV4
inhibition improved myelination and reduced glia reactivity and inflammation in
a cuprizone-induced mouse model of demyelination. Front. Cell. Neurosci. 12, 392.
doi: 10.3389/fncel.2018.00392

Lohman, R. J., Hamidon, J. K., Reid, R. C., Rowley, J. A., Yau, M. K.,
Halili, M. A., et al. (2017). Exploiting a novel conformational switch to control
innate immunity mediated by complement protein C3a. Nat. Commun. 8, 351.
doi: 10.1038/s41467-017-00414-w

Lorenzetto, E., Moratti, E., Vezzalini, M., Harroch, S., Sorio, C., and
Buffelli, M. (2014). Distribution of different isoforms of receptor protein
tyrosine phosphatase gamma (Ptprg-RPTP gamma) in adult mouse brain:
upregulation during neuroinflammation. Brain Struct. Funct. 219, 875–890.
doi: 10.1007/s00429-013-0541-7

Luo, K., Chen, Y., and Wang, F. (2022). Shrimp plasma MANF works
as an invertebrate anti-inflammatory factor via a conserved receptor tyrosine
phosphatase. J. Immunol. 208, 1214–1223. doi: 10.4049/jimmunol.2100595

Mamoon, A. M., Schlapfer, W. T., Gahwiler, B. H., and Tobias, C. A. (1977).
Nerve cells in culture: studies on spontaneous bioelectric activity. Adv. Biol. Med.
Phys. 16, 1–40. doi: 10.1016/B978-0-12-005216-5.50006-2

Manabe, T., and Heneka, M. T. (2022). Cerebral dysfunctions caused by sepsis
during ageing. Nat. Rev. Immunol. 22, 444–458. doi: 10.1038/s41577-021-00643-7

Manabe, T., Racz, I., Schwartz, S., Oberle, L., Santarelli, F., Emmrich, J.
V., et al. (2021). Systemic inflammation induced the delayed reduction of
excitatory synapses in the CA3 during ageing. J. Neurochem. 159, 525–542.
doi: 10.1111/jnc.15491

Mayhan, W. G. (1998). Effect of lipopolysaccharide on the permeability and
reactivity of the cerebral microcirculation: role of inducible nitric oxide synthase.
Brain Res. 792, 353–357. doi: 10.1016/S0006-8993(98)00259-5

Mazeraud, A., Pascal, Q., Verdonk, F., Heming, N., Chretien, F., and Sharshar, T.
(2016). Neuroanatomy and physiology of brain dysfunction in sepsis. Clin. Chest
Med. 37, 333–345. doi: 10.1016/j.ccm.2016.01.013

Mazeraud, A., Righy, C., Bouchereau, E., Benghanem, S., Bozza, F. A., and
Sharshar, T. (2020). Septic-associated encephalopathy: a comprehensive review.
Neurotherapeutics 17, 392–403. doi: 10.1007/s13311-020-00862-1

Mcmaken, S., Exline, M. C., Mehta, P., Piper, M., Wang, Y., Fischer,
S. N., et al. (2011). Thrombospondin-1 contributes to mortality in
murine sepsis through effects on innate immunity. PLoS ONE 6, e19654.
doi: 10.1371/journal.pone.0019654

Michels, M., Danielski, L. G., Dal-Pizzol, F., and Petronilho, F. (2014).
Neuroinflammation: microglial activation during sepsis. Curr. Neurovasc. Res. 11,
262–270. doi: 10.2174/1567202611666140520122744

Michels, M., Vieira, A. S., Vuolo, F., Zapelini, H. G., Mendonca, B., Mina,
F., et al. (2015). The role of microglia activation in the development of sepsis-
induced long-term cognitive impairment. Brain Behav. Immun. 43, 54–59.
doi: 10.1016/j.bbi.2014.07.002

Missler, M., Zhang, W., Rohlmann, A., Kattenstroth, G., Hammer, R. E.,
Gottmann, K., et al. (2003). Alpha-neurexins couple Ca2+ channels to synaptic
vesicle exocytosis. Nature 423, 939–948. doi: 10.1038/nature01755

Miyamoto, A., Wake, H., Ishikawa, A. W., Eto, K., Shibata, K., Murakoshi,
H., et al. (2016). Microglia contact induces synapse formation in developing
somatosensory cortex. Nat. Commun. 7, 12540. doi: 10.1038/ncomms12540

Mo, Y., Wang, L., Ren, M., Xie, W., Ye, X., Zhou, B., et al. (2021).
Electroacupuncture prevents LPS- induced neuroinflammation via upregulation
of PICK-TLR4 complexes in the microglia of hippocampus. Brain Res. Bull. 177,
295–304. doi: 10.1016/j.brainresbull.2021.10.010

Moraes, C. A., Santos, G., De Sampaio E Spohr, T. C., D’avila, J. C., Lima, F. R.,
Benjamim, C. F., et al. (2015). Activated microglia-induced deficits in excitatory

Frontiers in SynapticNeuroscience 13 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://doi.org/10.1186/s12974-017-0805-x
https://doi.org/10.1152/ajpheart.00476.2008
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.3389/fphar.2019.00377
https://doi.org/10.1126/science.aad8373
https://doi.org/10.3389/fnagi.2021.637703
https://doi.org/10.1186/s13054-014-0674-y
https://doi.org/10.3389/fnins.2014.00103
https://doi.org/10.1111/bpa.12798
https://doi.org/10.1016/j.neuroscience.2011.04.063
https://doi.org/10.1093/brain/awaa321
https://doi.org/10.1016/j.conb.2017.03.005
https://doi.org/10.3389/fncel.2022.887212
https://doi.org/10.2147/JIR.S337499
https://doi.org/10.1073/pnas.2000173118
https://doi.org/10.1016/j.pneurobio.2020.101983
https://doi.org/10.1007/s12035-017-0623-2
https://doi.org/10.1186/1756-6606-4-27
https://doi.org/10.1097/SHK.0000000000001138
https://doi.org/10.1016/j.jss.2020.06.056
https://doi.org/10.3389/fphar.2020.600421
https://doi.org/10.1016/j.neuron.2014.11.018
https://doi.org/10.1016/j.neulet.2019.134364
https://doi.org/10.1016/j.conb.2011.10.018
https://doi.org/10.1016/j.neuron.2018.10.031
https://doi.org/10.3389/fncel.2018.00392
https://doi.org/10.1038/s41467-017-00414-w
https://doi.org/10.1007/s00429-013-0541-7
https://doi.org/10.4049/jimmunol.2100595
https://doi.org/10.1016/B978-0-12-005216-5.50006-2
https://doi.org/10.1038/s41577-021-00643-7
https://doi.org/10.1111/jnc.15491
https://doi.org/10.1016/S0006-8993(98)00259-5
https://doi.org/10.1016/j.ccm.2016.01.013
https://doi.org/10.1007/s13311-020-00862-1
https://doi.org/10.1371/journal.pone.0019654
https://doi.org/10.2174/1567202611666140520122744
https://doi.org/10.1016/j.bbi.2014.07.002
https://doi.org/10.1038/nature01755
https://doi.org/10.1038/ncomms12540
https://doi.org/10.1016/j.brainresbull.2021.10.010
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org


Tang et al. 10.3389/fnsyn.2022.1054605

synapses through IL-1beta: implications for cognitive impairment in sepsis. Mol.
Neurobiol. 52, 653–663. doi: 10.1007/s12035-014-8868-5

Moraes, C. A., Zaverucha-do-Valle, C., Fleurance, R., Sharshar, T., Bozza, F. A.,
and d’Avila, J. C. (2021). Neuroinflammation in sepsis: Molecular pathways of
microglia activation. Pharmaceuticals (Basel). 14, 416. doi: 10.3390/ph14050416

Mosher, D. F., and Adams, J. C. (2012). Adhesion-modulating/matricellular
ECM protein families: a structural, functional and evolutionary appraisal. Matrix
Biol. 31, 155–161. doi: 10.1016/j.matbio.2012.01.003

Neves, F. S., Marques, P. T., Barros-Aragao, F., Nunes, J. B., Venancio, A.
M., Cozachenco, D., et al. (2018). Brain-defective insulin signaling is associated
to late cognitive impairment in post-septic mice. Mol. Neurobiol. 55, 435–444.
doi: 10.1007/s12035-016-0307-3

Nie, Z., Xia, X., Zhao, Y., Zhang, S., Zhang, Y., and Wang, J. (2021). JNK
selective inhibitor, IQ-1S, protects the mice against lipopolysaccharides-induced
sepsis. Bioorg. Med. Chem. 30, 115945. doi: 10.1016/j.bmc.2020.115945

Nwafor, D. C., Brichacek, A. L., Mohammad, A. S., Griffith, J., Lucke-Wold, B. P.,
Benkovic, S. A., et al. (2019). Targeting the blood-brain barrier to prevent sepsis-
associated cognitive impairment. J. Cent. Nerv. Syst. Dis. 11, 1179573519840652.
doi: 10.1177/1179573519840652

Packard, M., Mathew, D., and Budnik, V. (2003). Wnts and TGF beta in
synaptogenesis: old friends signalling at new places.Nat. Rev. Neurosci. 4, 113–120.
doi: 10.1038/nrn1036

Peters Van Ton, A. M., Verbeek, M. M., Alkema, W., Pickkers, P., and Abdo,
W. F. (2020). Downregulation of synapse-associated protein expression and loss
of homeostatic microglial control in cerebrospinal fluid of infectious patients with
delirium and patients with Alzheimer’s disease. Brain Behav. Immun. 89, 656–667.
doi: 10.1016/j.bbi.2020.06.027

Qin, Z., Zhou, C., Xiao, X., and Guo, C. (2021). Metformin attenuates sepsis-
induced neuronal injury and cognitive impairment. BMC Neurosci. 22, 78.
doi: 10.1186/s12868-021-00683-8

Rao, J. S., Kellom, M., Kim, H. W., Rapoport, S. I., and Reese, E. A.
(2012). Neuroinflammation and synaptic loss. Neurochem. Res. 37, 903–910.
doi: 10.1007/s11064-012-0708-2

Ratajczak, M. Z., Pedziwiatr, D., Cymer, M., Kucia, M., Kucharska-Mazur, J.,
and Samochowiec, J. (2018). Sterile inflammation of brain, due to activation of
innate immunity, as a culprit in psychiatric disorders. Front. Psychiatr. 9, 60.
doi: 10.3389/fpsyt.2018.00060

Reis, P. A., Alexandre, P. C. B., D’avila, J. C., Siqueira, L. D., Antunes, B., Estato,
V., et al. (2017). Statins prevent cognitive impairment after sepsis by reverting
neuroinflammation, and microcirculatory/endothelial dysfunction. Brain Behav.
Immun. 60, 293–303. doi: 10.1016/j.bbi.2016.11.006

Ren, C., Yao, R. Q., Zhang, H., Feng, Y. W., and Yao, Y. M. (2020).
Sepsis-associated encephalopathy: a vicious cycle of immunosuppression. J.
Neuroinflammation 17, 14. doi: 10.1186/s12974-020-1701-3

Retamal, M. A., Froger, N., Palacios-Prado, N., Ezan, P., Saez, P. J.,
Saez, J. C., et al. (2007). Cx43 hemichannels and gap junction channels in
astrocytes are regulated oppositely by proinflammatory cytokines released from
activated microglia. J. Neurosci. 27, 13781–13792. doi: 10.1523/JNEUROSCI.2042-
07.2007

Righy, C., Rosa, R. G., Da Silva, R. T. A., Kochhann, R., Migliavaca, C.
B., Robinson, C. C., et al. (2019). Prevalence of post-traumatic stress disorder
symptoms in adult critical care survivors: a systematic review and meta-analysis.
Crit. Care 23, 213. doi: 10.1186/s13054-019-2489-3

Risher, W. C., and Eroglu, C. (2012). Thrombospondins as key regulators
of synaptogenesis in the central nervous system. Matrix Biol. 31, 170–177.
doi: 10.1016/j.matbio.2012.01.004

Risher, W. C., Kim, N., Koh, S., Choi, J. E., Mitev, P., Spence, E. F., et al.
(2018). Thrombospondin receptor alpha2delta-1 promotes synaptogenesis
and spinogenesis via postsynaptic Rac1. J. Cell Biol. 217, 3747–3765.
doi: 10.1083/jcb.201802057

Rudd, K. E., Johnson, S. C., Agesa, K. M., Shackelford, K. A., Tsoi, D., Kievlan,
D. R., et al. (2020). Global, regional, and national sepsis incidence and mortality,
1990–2017: analysis for the Global Burden of Disease Study. Lancet 395, 200–211.
doi: 10.1016/S0140-6736(19)32989-7

Santos-Junior, N. N., Catalão, C. H., Costa, L. H., Rossignoli, B. B., Dos-Santos, R.
C., Malvar, D., et al. (2018). Alterations in hypothalamic synaptophysin and death
markers may be associated with vasopressin impairment in sepsis survivor rats. J.
Neuroendocrinol. e12604. doi: 10.1111/jne.12604. [Epub ahead of print].

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly,
A. R., Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits
in an activity and complement-dependent manner. Neuron 74, 691–705.
doi: 10.1016/j.neuron.2012.03.026

Scheff, S. W., Price, D. A., Schmitt, F. A., Dekosky, S. T., and Mufson, E. J.
(2007). Synaptic alterations in CA1 in mild Alzheimer disease and mild cognitive
impairment. Neurology 68, 1501–1508. doi: 10.1212/01.wnl.0000260698.46517.8f

Schulte, W., Bernhagen, J., and Bucala, R. (2013). Cytokines in sepsis: potent
immunoregulators and potential therapeutic targets–an updated view. Mediators
Inflamm. 2013, 165974. doi: 10.1155/2013/165974

Schwalm, M. T., Pasquali, M., Miguel, S. P., Dos Santos, J. P., Vuolo, F., Comim,
C. M., et al. (2014). Acute brain inflammation and oxidative damage are related to
long-term cognitive deficits and markers of neurodegeneration in sepsis-survivor
rats.Mol. Neurobiol. 49, 380–385. doi: 10.1007/s12035-013-8526-3

Seifert, G., Schilling, K., and Steinhauser, C. (2006). Astrocyte dysfunction in
neurological disorders: a molecular perspective. Nat. Rev. Neurosci. 7, 194–206.
doi: 10.1038/nrn1870

Semmler, A., Frisch, C., Debeir, T., Ramanathan, M., Okulla, T., Klockgether, T.,
et al. (2007). Long-term cognitive impairment, neuronal loss and reduced cortical
cholinergic innervation after recovery from sepsis in a rodent model. Exp. Neurol.
204, 733–740. doi: 10.1016/j.expneurol.2007.01.003

Serantes, R., Arnalich, F., Figueroa, M., Salinas, M., Andres-Mateos, E.,
Codoceo, R., et al. (2006). Interleukin-1beta enhances GABAA receptor
cell-surface expression by a phosphatidylinositol 3-kinase/Akt pathway:
relevance to sepsis-associated encephalopathy. J. Biol. Chem. 281, 14632–14643.
doi: 10.1074/jbc.M512489200

Seymour, C.W., Liu, V. X., Iwashyna, T. J., Brunkhorst, F.M., Rea, T. D., Scherag,
A., et al. (2016). Assessment of clinical criteria for sepsis: for the third international
consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 315, 762–774.
doi: 10.1001/jama.2016.0288

Shankar-Hari, M., Phillips, G. S., Levy, M. L., Seymour, C. W., Liu, V.
X., Deutschman, C. S., et al. (2016). Developing a new definition and
assessing new clinical criteria for septic shock: for the third international
consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 315, 775–787.
doi: 10.1001/jama.2016.0289

Sharshar, T., Gray, F., Lorin De La Grandmaison, G., Hopkinson, N. S., Ross,
E., Dorandeu, A., et al. (2003). Apoptosis of neurons in cardiovascular autonomic
centres triggered by inducible nitric oxide synthase after death from septic shock.
Lancet 362, 1799–1805. doi: 10.1016/S0140-6736(03)14899-4

Sharshar, T., Polito, A., Checinski, A., and Stevens, R. D. (2010). Septic-
associated encephalopathy–everything starts at a microlevel. Crit. Care 14, 199.
doi: 10.1186/cc9254

Shi, Q., Colodner, K. J., Matousek, S. B., Merry, K., Hong, S., Kenison, J. E., et al.
(2015). Complement C3-deficient mice fail to display age-related hippocampal
decline. J. Neurosci. 35, 13029–13042. doi: 10.1523/JNEUROSCI.1698-15.2015

Singer, B. H., Newstead, M. W., Zeng, X., Cooke, C. L., Thompson, R.
C., Singer, K., et al. (2016). Cecal ligation and puncture results in long-
term central nervous system myeloid inflammation. PLoS ONE 11, e0149136.
doi: 10.1371/journal.pone.0149136

Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., Annane, D.,
Bauer, M., et al. (2016). The third international consensus definitions for sepsis and
septic shock (Sepsis-3). JAMA 315, 801–810. doi: 10.1001/jama.2016.0287

Stevens, B., Allen, N. J., Vazquez, L. E., Howell, G. R., Christopherson, K. S.,
Nouri, N., et al. (2007). The classical complement cascade mediates CNS synapse
elimination. Cell 131, 1164–1178. doi: 10.1016/j.cell.2007.10.036

Stubbs, D. J., Yamamoto, A. K., and Menon, D. K. (2013). Imaging in
sepsis-associated encephalopathy–insights and opportunities. Nat. Rev. Neurol. 9,
551–561. doi: 10.1038/nrneurol.2013.177

Sudhof, T. C. (2017). Synaptic neurexin complexes: a molecular code for the logic
of neural circuits. Cell 171, 745–769. doi: 10.1016/j.cell.2017.10.024

Sudhof, T. C. (2018). Towards an understanding of synapse formation. Neuron
100, 276–293. doi: 10.1016/j.neuron.2018.09.040

Südhof, T. C. (2021). The cell biology of synapse formation. J. Cell. Biol. 220,
e202103052. doi: 10.1083/jcb.202103052

Sun, Y. J., Wu, G. K., Liu, B. H., Li, P., Zhou, M., Xiao, Z., et al. (2010).
Fine-tuning of pre-balanced excitation and inhibition during auditory cortical
development. Nature 465, 927–931. doi: 10.1038/nature09079

Taccone, F. S., Scolletta, S., Franchi, F., Donadello, K., and Oddo, M.
(2013). Brain perfusion in sepsis. Curr. Vasc. Pharmacol. 11, 170–186.
doi: 10.2174/1570161111311020007

Taccone, F. S., Su, F., Pierrakos, C., He, X., James, S., Dewitte, O., et al. (2010).
Cerebral microcirculation is impaired during sepsis: an experimental study. Crit.
Care 14, R140. doi: 10.1186/cc9205

Tauber, S. C., Djukic, M., Gossner, J., Eiffert, H., Bruck, W., and Nau, R.
(2021). Sepsis-associated encephalopathy and septic encephalitis: an update.

Frontiers in SynapticNeuroscience 14 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://doi.org/10.1007/s12035-014-8868-5
https://doi.org/10.3390/ph14050416
https://doi.org/10.1016/j.matbio.2012.01.003
https://doi.org/10.1007/s12035-016-0307-3
https://doi.org/10.1016/j.bmc.2020.115945
https://doi.org/10.1177/1179573519840652
https://doi.org/10.1038/nrn1036
https://doi.org/10.1016/j.bbi.2020.06.027
https://doi.org/10.1186/s12868-021-00683-8
https://doi.org/10.1007/s11064-012-0708-2
https://doi.org/10.3389/fpsyt.2018.00060
https://doi.org/10.1016/j.bbi.2016.11.006
https://doi.org/10.1186/s12974-020-1701-3
https://doi.org/10.1523/JNEUROSCI.2042-07.2007
https://doi.org/10.1186/s13054-019-2489-3
https://doi.org/10.1016/j.matbio.2012.01.004
https://doi.org/10.1083/jcb.201802057
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1111/jne.12604
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1212/01.wnl.0000260698.46517.8f
https://doi.org/10.1155/2013/165974
https://doi.org/10.1007/s12035-013-8526-3
https://doi.org/10.1038/nrn1870
https://doi.org/10.1016/j.expneurol.2007.01.003
https://doi.org/10.1074/jbc.M512489200
https://doi.org/10.1001/jama.2016.0288
https://doi.org/10.1001/jama.2016.0289
https://doi.org/10.1016/S0140-6736(03)14899-4
https://doi.org/10.1186/cc9254
https://doi.org/10.1523/JNEUROSCI.1698-15.2015
https://doi.org/10.1371/journal.pone.0149136
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1038/nrneurol.2013.177
https://doi.org/10.1016/j.cell.2017.10.024
https://doi.org/10.1016/j.neuron.2018.09.040
https://doi.org/10.1083/jcb.202103052
https://doi.org/10.1038/nature09079
https://doi.org/10.2174/1570161111311020007
https://doi.org/10.1186/cc9205
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org


Tang et al. 10.3389/fnsyn.2022.1054605

Expert. Rev. Anti Infect. Ther. 19, 215–231. doi: 10.1080/14787210.2020.
1812384

Tauber, S. C., Eiffert, H., Bruck, W., and Nau, R. (2017). Septic encephalopathy
and septic encephalitis. Expert Rev. Anti Infect. Ther. 15, 121–132.
doi: 10.1080/14787210.2017.1265448

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., Deteresa, R., Hill, R.,
et al. (1991). Physical basis of cognitive alterations in Alzheimer’s disease: synapse
loss is the major correlate of cognitive impairment. Ann. Neurol. 30, 572–580.
doi: 10.1002/ana.410300410

Tian, M., Qingzhen, L., Zhiyang, Y., Chunlong, C., Jiao, D., Zhang, L., et al.
(2019). Attractylone attenuates sepsis-associated encephalopathy and cognitive
dysfunction by inhibiting microglial activation and neuroinflammation. J. Cell
Biochem. doi: 10.1002/jcb.27983. [Epub ahead of print].

Toklu, H. Z., Uysal, M. K., Kabasakal, L., Sirvanci, S., Ercan, F., and Kaya, M.
(2009). The effects of riluzole on neurological, brain biochemical, and histological
changes in early and late term of sepsis in rats. J. Surg. Res. 152, 238–248.
doi: 10.1016/j.jss.2008.03.013

Tremblay, M. E., Lowery, R. L., and Majewska, A. K. (2010). Microglial
interactions with synapses are modulated by visual experience. PLoS Biol. 8,
e1000527. doi: 10.1371/journal.pbio.1000527

Ushkaryov, Y. A., Petrenko, A. G., Geppert, M., and Sudhof, T. C. (1992).
Neurexins: synaptic cell surface proteins related to the alpha-latrotoxin receptor
and laminin. Science 257, 50–56. doi: 10.1126/science.1621094

Van Der Poll, T., Van De Veerdonk, F. L., Scicluna, B. P., and Netea, M. G.
(2017). The immunopathology of sepsis and potential therapeutic targets.Nat. Rev.
Immunol. 17, 407–420. doi: 10.1038/nri.2017.36

Van Eijk, M. M., Roes, K. C., Honing, M. L., Kuiper, M. A., Karakus, A., Van
Der Jagt, M., et al. (2010). 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 376,
1829–1837. doi: 10.1016/S0140-6736(10)61855-7

Vanhaute, H., Ceccarini, J., Michiels, L., Koole, M., Sunaert, S.,
Lemmens, R., et al. (2020). In vivo synaptic density loss is related to tau
deposition in amnestic mild cognitive impairment. Neurology 95, e545–e553.
doi: 10.1212/WNL.0000000000009818

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic
inflammation. Brain Behav. Immun. 60, 1–12. doi: 10.1016/j.bbi.2016.03.010

Vasek, M. J., Garber, C., Dorsey, D., Durrant, D. M., Bollman, B., Soung, A., et al.
(2016). A complement-microglial axis drives synapse loss during virus-induced
memory impairment. Nature. 534, 538–543. doi: 10.1038/nature18283

Veerhuis, R., Nielsen, H. M., and Tenner, A. J. (2011). Complement in the brain.
Mol. Immunol. 48, 1592–1603. doi: 10.1016/j.molimm.2011.04.003

Wang, B., Guo, W., and Huang, Y. (2012). Thrombospondins
and synaptogenesis. Neural Regen. Res. 7, 1737–1743.
doi: 10.3969/j.issn.1673-5374.2012.22.009

Wang, F., Yang, Y. J., Yang, N., Chen, X. J., Huang, N. X., Zhang, J.,
et al. (2018). Enhancing oligodendrocyte myelination rescues synaptic loss and
improves functional recovery after chronic hypoxia. Neuron 99, 689–701 e685.
doi: 10.1016/j.neuron.2018.07.017

Wang, H., Hong, L. J., Huang, J. Y., Jiang, Q., Tao, R. R., Tan, C., et al. (2015).
P2RX7 sensitizes Mac-1/ICAM-1-dependent leukocyte-endothelial adhesion and
promotes neurovascular injury during septic encephalopathy. Cell Res. 25,
674–690. doi: 10.1038/cr.2015.61

Weberpals, M., Hermes, M., Hermann, S., Kummer, M. P., Terwel,
D., Semmler, A., et al. (2009). NOS2 gene deficiency protects from
sepsis-induced long-term cognitive deficits. J. Neurosci. 29, 14177–14184.
doi: 10.1523/JNEUROSCI.3238-09.2009

Weinhard, L., Di Bartolomei, G., Bolasco, G., Machado, P., Schieber, N.
L., Neniskyte, U., et al. (2018). Microglia remodel synapses by presynaptic

trogocytosis and spine head filopodia induction. Nat. Commun. 9, 1228.
doi: 10.1038/s41467-018-03566-5

West, A. E., and Greenberg, M. E. (2011). Neuronal activity-regulated gene
transcription in synapse development and cognitive function. Cold Spring Harb.
Perspect. Biol. 3, a005744. doi: 10.1101/cshperspect.a005744

Wilson, J. X., and Young, G. B. (2003). Progress in clinical neurosciences: sepsis-
associated encephalopathy: evolving concepts. Can. J. Neurol. Sci. 30, 98–105.
doi: 10.1017/S031716710005335X

Wu, Q., Zhao, Y., Chen, X., Zhu, M., and Miao, C. (2018). Propofol attenuates
BV2 microglia inflammation via NMDA receptor inhibition. Can. J. Physiol.
Pharmacol. 96, 241–248. doi: 10.1139/cjpp-2017-0243

Xie, D., Shen, F., He, S., Chen, M., Han, Q., Fang, M., et al. (2016). IL-1beta
induces hypomyelination in the periventricular white matter through inhibition of
oligodendrocyte progenitor cell maturation via FYN/MEK/ERK signaling pathway
in septic neonatal rats. Glia 64, 583–602. doi: 10.1002/glia.22950

Xie, Z., Xu, M., Xie, J., Liu, T., Xu, X., Gao, W., et al. (2022). Inhibition of
ferroptosis attenuates glutamate excitotoxicity and nuclear autophagy in a CLP
septic mouse model. Shock 57, 694–702. doi: 10.1097/SHK.0000000000001893

Xiong, C., Liu, J., Lin, D., Zhang, J., Terrando, N., and Wu, A. (2018).
Complement activation contributes to perioperative neurocognitive disorders in
mice. J. Neuroinflammation. 15, 254. doi: 10.1186/s12974-018-1292-4

Xu, X. E., Liu, L., Wang, Y. C., Wang, C. T., Zheng, Q., Liu, Q. X., et al.
(2019). Caspase-1 inhibitor exerts brain-protective effects against sepsis-associated
encephalopathy and cognitive impairments in a mouse model of sepsis. Brain
Behav. Immun. 80, 859–870. doi: 10.1016/j.bbi.2019.05.038

Yizhar, O., Fenno, L. E., Prigge, M., Schneider, F., Davidson, T. J., O’shea, D. J.,
et al. (2011). Neocortical excitation/inhibition balance in information processing
and social dysfunction. Nature 477, 171–178. doi: 10.1038/nature10360

Yuzaki, M. (2018). Two Classes of secreted synaptic organizers
in the central nervous system. Annu. Rev. Physiol. 80, 243–262.
doi: 10.1146/annurev-physiol-021317-121322

Zeke, A., Misheva, M., Remenyi, A., and Bogoyevitch, M. A. (2016).
JNK signaling: regulation and functions based on complex protein-protein
partnerships.Microbiol. Mol. Biol. Rev. 80, 793–835. doi: 10.1128/MMBR.00043-14

Zhang, J., Malik, A., Choi, H. B., Ko, R. W., Dissing-Olesen, L., and
Macvicar, B. A. (2014). Microglial CR3 activation triggers long-term synaptic
depression in the hippocampus via NADPH oxidase. Neuron 82, 195–207.
doi: 10.1016/j.neuron.2014.01.043

Zhang, S., Wang, X., Ai, S., Ouyang, W., Le, Y., and Tong, J. (2017).
Sepsis-induced selective loss of NMDA receptors modulates hippocampal
neuropathology in surviving septic mice. PLoS ONE 12, e0188273.
doi: 10.1371/journal.pone.0188273

Zhao, Y., Sharfman, N. M., Jaber, V. R., and Lukiw, W. J. (2019). Down-
regulation of essential synaptic components by GI-tract microbiome-derived
lipopolysaccharide (LPS) in LPS-Treated Human Neuronal-Glial (HNG) Cells in
Primary Culture: Relevance to Alzheimer’s Disease (AD). Front. Cell. Neurosci. 13,
314. doi: 10.3389/fncel.2019.00314

Zivkovic, A. R., Sedlaczek, O., Von Haken, R., Schmidt, K., Brenner, T.,
Weigand, M. A., et al. (2015). Muscarinic M1 receptors modulate endotoxemia-
induced loss of synaptic plasticity. Acta Neuropathol. Commun. 3, 67.
doi: 10.1186/s40478-015-0245-8

Zong, M. M., Yuan, H. M., He, X., Zhou, Z. Q., Qiu, X. D., Yang, J. J., et al.
(2019a). Disruption of striatal-enriched protein tyrosine phosphatase signaling
might contribute to memory impairment in a mouse model of sepsis-associated
encephalopathy.Neurochem. Res. 44, 2832–2842. doi: 10.1007/s11064-019-02905-2

Zong, M. M., Zhou, Z. Q., Ji, M. H., Jia, M., Tang, H., and Yang, J. J. (2019b).
Activation of beta2-adrenoceptor attenuates sepsis-induced hippocampus-
dependent cognitive impairments by reversing neuroinflammation and synaptic
abnormalities. Front. Cell. Neurosci. 13, 293. doi: 10.3389/fncel.2019.00293

Frontiers in SynapticNeuroscience 15 frontiersin.org

https://doi.org/10.3389/fnsyn.2022.1054605
https://doi.org/10.1080/14787210.2020.1812384
https://doi.org/10.1080/14787210.2017.1265448
https://doi.org/10.1002/ana.410300410
https://doi.org/10.1002/jcb.27983
https://doi.org/10.1016/j.jss.2008.03.013
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1126/science.1621094
https://doi.org/10.1038/nri.2017.36
https://doi.org/10.1016/S0140-6736(10)61855-7
https://doi.org/10.1212/WNL.0000000000009818
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1038/nature18283
https://doi.org/10.1016/j.molimm.2011.04.003
https://doi.org/10.3969/j.issn.1673-5374.2012.22.009
https://doi.org/10.1016/j.neuron.2018.07.017
https://doi.org/10.1038/cr.2015.61
https://doi.org/10.1523/JNEUROSCI.3238-09.2009
https://doi.org/10.1038/s41467-018-03566-5
https://doi.org/10.1101/cshperspect.a005744
https://doi.org/10.1017/S031716710005335X
https://doi.org/10.1139/cjpp-2017-0243
https://doi.org/10.1002/glia.22950
https://doi.org/10.1097/SHK.0000000000001893
https://doi.org/10.1186/s12974-018-1292-4
https://doi.org/10.1016/j.bbi.2019.05.038
https://doi.org/10.1038/nature10360
https://doi.org/10.1146/annurev-physiol-021317-121322
https://doi.org/10.1128/MMBR.00043-14
https://doi.org/10.1016/j.neuron.2014.01.043
https://doi.org/10.1371/journal.pone.0188273
https://doi.org/10.3389/fncel.2019.00314
https://doi.org/10.1186/s40478-015-0245-8
https://doi.org/10.1007/s11064-019-02905-2
https://doi.org/10.3389/fncel.2019.00293
https://www.frontiersin.org/journals/synaptic-neuroscience
https://www.frontiersin.org

	The biological alterations of synapse/synapse formation in sepsis-associated encephalopathy
	Introduction
	Pathogenesis/pathophysiology of SAE
	Synaptic dysfunction in SAE
	Synaptic plasticity inhibition
	Myelin structure and function damage
	Neurotransmitter imbalance
	Synaptic deficiency

	Synapse and synapse formation in SAE
	Synapse and synapse formation
	Factors mediating synapse formation
	Microglia and complement system activation

	Synaptic adhesion molecules and proteins mediating synapse formation
	Neurexins and ligands

	Receptor protein tyrosine phosphatases
	Other synapse-associated proteins
	SYP and PSD95

	Thrombospondin-1
	Signaling pathways for synapse formation mediated by SAMs

	Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


