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Necrotizing enterocolitis (NEC) is an acute neonatal inflammatory disease that affects
the intestine and may result in necrosis, systemic sepsis and multisystem organ failure.
NEC affects 5–10% of all infants with birth weight ≤ 1500 g or gestational age less than
30 weeks. Chorioamnionitis (CA) is the main manifestation of pathological inflammation
in the fetus and is strong associated with NEC. CA affects 20% of full-term pregnancies
and upto 60% of preterm pregnancies and, notably, is often an occult finding. Intrauterine
exposure to inflammatory stimuli may switch innate immunity cells such as macrophages
to a reactive phenotype (“priming”). Confronted with renewed inflammatory stimuli
during labour or postnatally, such sensitized cells can sustain a chronic or exaggerated
production of proinflammatory cytokines associated with NEC (two-hit hypothesis). Via
the cholinergic anti-inflammatory pathway, a neurally mediated innate anti-inflammatory
mechanism, higher levels of vagal activity are associated with lower systemic levels
of proinflammatory cytokines. This effect is mediated by the α7 subunit nicotinic
acetylcholine receptor (α7nAChR) on macrophages. The gut is the most extensive organ
innervated by the vagus nerve; it is also the primary site of innate immunity in the
newborn. Here we review the mechanisms of possible neuroimmunological brain-gut
interactions involved in the induction and control of antenatal intestinal inflammatory
response and priming. We propose a neuroimmunological framework to (1) study the long-
term effects of perinatal intestinal response to infection and (2) to uncover new targets
for preventive and therapeutic intervention.
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INTRODUCTION
In this review we summarize the emerging understanding of
the mechanisms of necrotizing enterocolitis (NEC; Table 1) of
the neonate and the clinical significance of the cholinergic anti-
inflammatory pathway (CAP) as a neuroimmunological mech-
anism to prevent NEC. We propose how this emerging under-
standing of neuroimmunological basis for the NEC etiology may
lead to new avenues of clinical research that could result in low
cost widely available treatment strategies of NEC across the world.
Overall, this review provides a comprehensive, up-to-date review
of the literature about the role of CAP in the pathogenesis of NEC
as a neuroimmunological modulation system and the emerging
therapeutic strategies.

THE BURDEN OF NEC
NEC is an acute neonatal inflammatory disease that affects the
intestine and may result in necrosis, systemic sepsis and multi-
system organ failure. The incidence varies from 0.3 to 2.4 infants
per 1000 live births, with nearly 90% of cases occurring in infants

born at less than 36 weeks’ gestation. NEC affects 5–10% of all
infants with birth weight ≤ 1500 g or gestational age less than 30
weeks, and 2–5% of all preterm neonates (Lin and Stoll, 2006).
NEC accounts for up to 8% of all admissions to the neonatal
intensive care unit. Moreover, with the increased survival of very
preterm infants with birth weights ≤ 800 g, the incidence of NEC
has increased, despite surfactant replacement therapy (Lin et al.,
2008). NEC is the leading cause of death and long-term disabil-
ity from gastrointestinal disease in preterm infants. Overall mor-
tality ranges from 10–50%, approaching 100% in infants with
the most severe form of the disease, which is characterized by
full-thickness destruction of the intestine leading to intestinal
perforation, peritonitis, bacterial invasion, sepsis and multiorgan
failure.

A NEC diagnosis in the very low birth weight infant poses
a significant burden to the individual family and the neonatal
community, as well as a serious financial burden to society as a
whole. NEC is not only one of the most serious clinical prob-
lems in neonates, but also one of the most challenging to treat.
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Table 1 | Abbreviations.

CAP Cholinergic anti-inflammatory pathway
CNS Central nervous system
ENS Enteric nervous system
LPS Lipopolysaccharide
α7nAChR α7 subunit nicotinic acetylcholine receptor
NEC Necrotizing enterocolitis
TNF-α Tumor necrosis factor alpha

Because the etiology and underlying mechanisms are unknown,
treatment is symptomatic. Minor cases and early stages are man-
aged with antibiotics and cessation of oral feeding; advanced
cases, marked by intestinal necrosis, may require intestinal
resection.

Despite several decades of research on the pathogenesis of NEC
(Hunter et al., 2008), the overall mortality rate remains high and
our overall understanding of its causes remains low. Clearly, a
more complete understanding of the causes of NEC is required
to design more effective and widely affordable preventive strate-
gies aimed at reducing the incidence of NEC as well as therapies
(Bisquera et al., 2002; Ganapathy et al., 2012).

CHORIOAMNIONITIS: PATHOLOGICAL FETAL
INFLAMMATION IS A RISK FACTOR
The events leading to NEC are complex and multifactorial,
including preterm birth, complicated early neonatal trajectory,
adverse intrauterine environment and poor perinatal transi-
tion. The most important ones are preterm birth and a his-
tory of enteral feeding (Lin and Stoll, 2006). Chorioamnioni-
tis is the main manifestation of pathological inflammation in
the fetus and affects 20% of term pregnancies and up to 60%
of preterm pregnancies and is commonly an occult finding
(Lahra and Jeffery, 2004; Gotsch et al., 2007). Chorioamnioni-
tis is histologically defined by the presence of polymorphonu-
clear infiltrates in the placenta and its membranes. Even silent,
asymptomatic inflammation may inhibit placental angiogenesis
and thus modulate the course of the pregnancy (Garnier et al.,
2008). Thus, a significant number of fetuses are exposed to var-
ious degrees of inflammation, which impacts on their intestinal
development. Chorioamnionitis associated with maternal infec-
tion has been strongly implicated in fetal intracerebral hemor-
rhage (Andrews et al., 2006, 2008; Aziz et al., 2009). However, an
increased incidence of NEC has also been reported in neonates
of mothers presenting with chorioamnionitis, in several indepen-
dent studies (Andrews et al., 2006; Aziz et al., 2009; Been et al.,
2009) as well as a recent meta-analysis (Been et al., 2013), where
clinical chorioamnionitis (OR 1.24; 95%, CI 1.02–1.52) and his-
tological chorioamnionitis with fetal involvement (CI 3.29; 95%,
OR 1.87–5.78) were significantly associated with NEC. How-
ever, the association of histological chorioamnionitis with NEC
was not statistically significant. The role of prenatal infection
in the development of NEC is most significant in very preterm
infants (24–26 weeks’ gestational age) (Aziz et al., 2009), but is
also apparent in preterm births < 32 weeks (Andrews et al., 2006;
Been et al., 2009) and in full-term births (Martinez-Tallo et al.,
1997).

TIGHT JUNCTIONS: INTESTINAL PERMEABILITY AND
INTEGRITY
After birth, the intestinal lumen is subject to external environ-
mental influences, including bacterial colonization of the gas-
trointestinal tract (Gronlund et al., 1999). Cells that cover the
intestinal surface must form a barrier to protect the “milieu
intérieur” from the external world and prevent unrestricted
exchange of materials. The intestinal epithelial barrier needs to
allow the passage of water and nutrients but prevent microbial
contamination and the invasion of interstitial tissues by foreign
antigens (Figure 1) (Turner, 2009). Tight junctions, essential to
the paracellular pathway, are the primary determinants of barrier
function. Tight junctions are situated at the apical pole of epithe-
lial cells, and comprise over 50 associated proteins. The first group
includes claudins (a family of at least 24 members) and occludin.
These proteins span the plasma membrane and are attached to a
second group of proteins including zonula occludens (ZO) -1, -2
and -3, which link them to actin and myosin in the cytoskeleton
(Turner, 2009).

The properties of tight junctions differ from one tissue to
another, as evidenced by the 1000-fold variation in electrical
resistance between different epithelia. Barrier properties are not
fixed: they can be modulated and regulated on a short- or long-
term basis. Short-term regulation is achieved by deformation of
the cytoskeleton: myosin light chain phosphorylation permits
interaction with actin and contraction of the actin filaments
in the perijunctional ring. Contraction of the actin filaments
favours the passage of macromolecules by opening the pores.
Myosin light chain kinase-1 (MLCK-1) controls the phosphory-
lation/dephosphorylation of the myosin light chains in the villus
enterocytes and surface colonocytes (Clayburgh et al., 2004).
Further downstream, during alterations of the tight junction
permeability, the transmembrane protein occludin is subject
to endocytosis (Schwarz et al., 2007; Turner, 2009). Long-term
regulation of intestinal permeability depends on the synthesis
and trafficking of claudin-2, a molecule that is overexpressed
in intestinal cells of animal models of colitis and in human
ulcerative colitis specimens (Heller et al., 2005).

It has been suggested that abnormalities in intestinal per-
meability may be key to the facilitation of intestinal inflam-
mation leading to NEC (Petrosyan et al., 2009). Intestinal bar-
rier integrity and its appropriate regulation are essential to
the prevention of antigen diffusion and bacterial contamina-
tion into the lamina propria and interstitial tissue. McElroy et al.
(2012) however, have recently suggested an alternate “bot-
tom up” hypothesis whereby NEC may be caused by injury
to the Paneth cells located in the crypts of Lieberkühn
(McElroy et al., 2012).

INTESTINAL PERMEABILITY IS INFLUENCED BY PATHOGENS
AND INFLAMMATION
Intestinal barrier dysfunction in newborns may be triggered by
exogenous agents. Such enteric pathogens trigger local inflam-
matory responses through specific receptors (e.g., toll-like recep-
tor 4 (TLR4) for lipopolysaccharide (LPS) recognition) or by
proinflammatory cytokines (e.g., tumour necrosis factor alpha
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FIGURE 1 | Structures and factors controlling paracellular permeability.
Tight junctions are luminal structures that filter the passage of ions and
macromolecules (A). The intercellular structural proteins, claudins and
occludins, are anchored to the cytoskeleton actinomyosin apical ring
through intermediary proteins (ZO-1, -2, -3, AF6). The phosphorylation of
myosin light chain causing contraction is associated with opening of tight
junctions and junction protein deformations that favour macromolecule
passage and bacterial translocation (B). The phosphorylation/
dephosphorylation of myosin light chain is controlled by myosin light chain
kinase (MLCK) and myosin phosphatase (MP). PAR-2 activation increases
MLCK activity through external and internal calcium (Ca++) mobilization and
calmodulin binding (C). (With permission from John Wiley and Sons)
(Bueno and Fioramonti, 2008).

(TNF-α) (Clayburgh et al., 2005), interferon-γ (Wang et al.,
2005), interleukin (IL) 1-β (Al-Sadi et al., 2008) and high-
mobility group box 1 (HMGB1) protein (Sappington et al.,
2002; Liu et al., 2006; Raman et al., 2006). TNF-α-induced bar-
rier loss is associated with increased transcription and transla-
tion of MLCK (Clayburgh et al., 2005). In vivo, intestinal epithe-
lial MLCK is induced by TNF-α. In the rat model of sepsis,
an intraperitoneal injection of LPS demonstrably resulted in
a rapid rise of TNF-α in the colonic mucosa followed by an
increase in myosin light chain phosphorylation and colonic per-
meability (Moriez et al., 2005). Interestingly, studies in the fetal
rat model of NEC have also shown that prenatal bacterial LPS
exposure alters the development and permeability of intesti-
nal epithelium (Giannone et al., 2006) and increases ileal injury
(Giannone et al., 2009). Similarly, in fetal sheep, preterm intra-
amniotic LPS exposure induces abnormal expression of ZO-1 in
the ileum (Wolfs et al., 2009).

ENS CONTROLS EPITHELIAL BARRIER FUNCTION
The enteric nervous system (ENS) is defined as the arrangement
of neurons and supporting cells throughout the gastrointestinal
tract, from the esophagus to the anus (Goyal and Hirano, 1996).
The ENS is organized in ganglia that contain neurons, glial cells
and interstitial cells. Each enteric ganglion contains many dif-
ferent neuron types (Furness, 2000). The ENS consists of some
one hundred million neurons, or about one-tenth of the num-
ber of neurons of the spinal cord. Glial cells in the ENS have
similar properties to those in the central nervous system (CNS)
(Gershon et al., 1993). The numbers and types of neurotransmit-
ters expressed by enteric neurons are comparable to those found
in the CNS. The ENS is capable of autonomy with elicitation of
reflexes (complete reflex circuitry in the intestinal wall comprises
intrinsic sensory neurons, interneurons and intrinsic motor neu-
rons) after total extrinsic denervation of the gut (Furness et al.,
1995). However, the ENS is under physiological influence of the
sympathetic and vagus nerves. The ENS controls intestinal motil-
ity, modulates visceral sensation and plays a role in the regula-
tion of the intestinal blood supply and the secretion of digestive
hormones (Costa and Brookes, 1994; Kunze and Furness, 1999;
Boeckxstaens, 2002). It also plays a major role in water and
electrolyte transport. As a consequence, intestinal permeability
is under neural control (Keita and Soderholm, 2010). The ENS
should thus be considered, along with the microflora, immune
system and fibroblasts, as a major player in the maintenance
of intestinal homeostasis and integrity. The ENS has the abil-
ity to fine-tune intestinal barrier function via the release of
mediators such as acetylcholine that enhance—via muscarinic
receptors—(Cameron and Perdue, 2007) and vasoactive intestinal
peptide (VIP) that constrict (Neunlist et al., 2003) intestinal per-
meability over short-term or long-term periods (Neunlist et al.,
2012). Similarly, the ENS can modulate the proliferation and
differentiation of the intestinal epithelial barrier via the secre-
tion of distinct neuromediators such as VIP (Neunlist et al.,
2012). VIP exerts antiproliferative effects, while mediators such
as acetylcholine, glucagon-like peptide 2 (GLP-2) or substance
P stimulate intestinal epithelial cell proliferation (Neunlist et al.,
2012).
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NEC: IMMATURE IMMUNE RESPONSE
Local intestinal immune response is normally tightly controlled
(Su et al., 2009).

The premature gastrointestinal tract has increased
permeability, low levels of protective mucus and secretory
immunoglobuline A, higher risk of bacterial overgrowth caused
by dysmotility due to ENS immaturity and decreased regenerative
capabilities (Neu, 2007). Uncontrolled intestinal inflammation
may result from immaturity of the innate immune system
of the developing gut (Lin and Stoll, 2006; Lin et al., 2008).
Immature regulation could lead to an exaggerated inflammatory
response, leading to greater injury and increased intestinal
barrier damage. Alternatively, immature regulation could result
in minimal immune response due to insufficient inflammatory
signalling, thus contributing to bacterial overgrowth and invasion
of interstitial tissue. The uncontrolled intestinal inflammation
observed in NEC may also depend on dysregulation of intestinal
permeability in relation to localized immune response (Turner,
2009). In most individuals and specifically in healthy full-term
newborns, a localized break in the intestinal barrier induces a
localized immune response that is finely tuned and controlled to
avoid over-inflammation and a subsequent increase of intestinal
permeability. This normal immunoregulatory response is the
result of a delicate balance between pro-inflammatory (TNF-α,
IL-1β) and anti-inflammatory (IL-10) processes. If even small
anomalies occurred in any of the components of the system
(tight junction dysregulation, immune regulatory response), the
inflammatory response would be amplified and would result
in intestinal injury. Such anomalies may occur secondary to
immaturity in preterm babies.

Furthermore immunomodulatory nutrients such as glu-
tamine, arginine, nucleotides, omega-3 polyunsaturated fatty
acids and lactoferrin are provided with enteral nutrition and pre-
vent diseases such as NEC. Difficulties with enteral feeding in the
first weeks of life predispose premature infants to sepsis and NEC
(Neu et al., 2013).

DEVELOPMENT AND MONITORING OF THE AUTONOMIC
NERVOUS SYSTEM ACTIVITY
The autonomic nervous system (ANS) plays a predominant role
in complex coordinated control of multiple vitally important
physiological subsystems in the organism and is part of the neu-
roimmunological response to pathogens via CAP (Fairchild et al.,
2011). Since ANS development and activity are reflected in the
heart rate patterns, an appropriate analysis of the fetal heart rate
variability (fHRV) may provide information regarding the indi-
vidual fetal development (Hoyer et al., 2013; Van Leeuwen et al.,
1999). fHRV is a non-invasively obtainable marker of changes
in vagal (parasympathetic) and sympathetic activity (Frank et al.,
2006). Increase in fHRV is associated with fetal growth in
general and with the increase in neural integration in particu-
lar (Van Leeuwen et al., 2013). Understanding of the dynamics
of fHRV in human and ovine fetuses during physiologic (e.g.,
sleep states) and pathophysiologic (e.g., asphyxia) conditions has
evolved over the past two decades (Karin et al., 1993; Frank et al.,
2006; Shapiro et al., 2013). Fetal heart rate (FHR) and fHRV are
regulated by a complex interplay of the parasympathetic and

sympathetic nervous systems accounting for the baseline FHR
as well as short-term and long-term variability and nonlinear
properties (Frasch et al., 2009; Gieraltowski et al., 2013). Nonlin-
ear properties of fHRV in late gestation fetuses are present and a
higher vagal tone is associated with more efficient regulation of
homeostasis (Groome et al., 1999).

CAP CONTROLS IMMUNE HOMEOSTASIS
CAP has been implicated in the regulation of the inflamma-
tory reflex in adult organisms including humans (Tracey, 2002,
2007, 2009; Cailotto et al., 2012; Olofsson et al., 2012). CAP is a
neural mechanism that influences the magnitude of the innate
immune response and maintains homeostasis. As part of CAP,
increased vagal activity inhibits the release of proinflammatory
cytokines (Figures 2,3). Vagal nerve stimulation decreases LPS-
induced systemic TNF-α release in adult rats (Borovikova et al.,
2000). Suppression of proinflammatory cytokine expression via
agonistic action on the α7 subunit nicotinic acetylcholine recep-
tor (α7nAChR) was confirmed in innate immune cells such
as macrophages (reviewed in Tracey, 2007) (Figures 2,3). Sys-
temically via CAP, this is mediated via the spleen: Adrenergic
nerve fibres in the spleen activate acetylcholine-producing T-
lymphocytes, thereby inhibiting systemic cytokine production
(Huston et al., 2007; Rosas-Ballina et al., 2011; Olofsson et al.,
2012).

Vagal nerve activity in basal conditions provides inhibitory
input that dampens innate immune response (Haensel et al.,
2008; Thayer and Fischer, 2009). The CAP influences the magni-
tude of the innate immune response and maintains homeostasis
(Tracey, 2009). Depressed vagal nerve activity is associated with
an exaggerated proinflammatory response and increased morbid-
ity and mortality in various contexts such as acute or stable coro-
nary heart disease, metabolic syndrome or impaired glucose toler-
ance and kidney failure (Haensel et al., 2008; Thayer and Fischer,
2009). The inhibitory role of CAP on innate immune function
can be thought of as analogous to the inhibitory role of the vagus
nerve on the resting heart rate (Tracey, 2009).

Under resting conditions, the inflammatory reflex helps estab-
lish the set point for the magnitude of the innate immune
response to molecules arising from infection, injury or ischemia.
Vagus nerve output maintains homeostasis by limiting proinflam-
matory response to the healthy, protective and non-toxic range
(Figure 4). However, when vagal activity is absent or diminished,
the set point increases; exposure to pathogens then results in an
exaggerated proinflammatory response and eventual tissue dam-
age as demonstrated in different experiments with murine models
(Ghia et al., 2006, 2007a,b, 2008).

Numerous factors can experimentally or clinically impair
the CAP, each resulting in an exaggerated innate immune
response. For instance, in animal models with vagotomy or
deficient in α7nAChR, the magnitude of the proinflammatory
cytokine response and the extent of tissue damage increase dur-
ing infection, haemorrhagic shock and stroke (Guarini et al.,
2003; van Westerloo et al., 2005; Ghia et al., 2008; Ottani et al.,
2009; Tracey, 2009). The observation that vagal nerve activity
influences circulating TNF-α amounts and the shock response
to endotoxemia has widespread implications. It is a previously
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FIGURE 2 | Wiring of the cholinergic anti-inflammatory pathway (CAP),

which balances cytokine production. Pathogens as well as ischemia and
other forms of injury activate cytokine production, which normally restores
health. If the cytokine response is excessive, however, then these same
mediators can cause disease. Efferent signals from the vagus nerve
inhibit cytokine production via pathways dependent on the α7 subunit
of the acetylcholine receptor (AChR) on macrophages and other cells.

Efferent vagus nerve activity also increases instantaneous heart rate
variability (HRV). A cholinergic brain network that is responsive to M1
agonists can increase the activity of CAP and also increase instantaneous
HRV. Afferent signals carried in the vagus nerve can activate an efferent
response that inhibits cytokine release, termed the inflammatory reflex
(With permission from American Society for Clinical Investigation) (Tracey,
2007).

unrecognized, direct and rapid endogenous mechanism that can
suppress the lethal effects of biological toxins. The CAP has much
shorter response times than humoral anti-inflammatory path-
ways. Electrical stimulation of the vagus nerve or administration
of α7nAChR agonists reduces the magnitude of proinflammatory
cytokine production by 50–75% but does not eliminate cytokine
activity (Borovikova et al., 2000; Tracey, 2009). Activation of CAP
has not been observed to cause immunosuppression because
maximal suppression only reduces proinflammatory cytokine lev-
els from the toxic to the healthy range (Figure 4). This concept has
been studied as a potential treatment for a range of inflammatory
diseases, including infection (reviewed in Tracey, 2009). The role
of CAP in the perinatal inflammatory response and the priming
of subsequent innate immune response require elucidation.

Adult clinical data indicate that loss of inhibition from the
CAP unleashes innate immunity, produces higher levels of proin-
flammatory mediators, and exacerbates damage to the organism
(Lindgren et al., 1993; Lanza et al., 2006; Thayer and Sternberg,
2006; Marsland et al., 2007; Sloan et al., 2007; Tateishi et al.,
2007; Haensel et al., 2008; Holman and Ng, 2008; von Kanel et al.,
2008) and exacerbation of tissue damage. Studies are needed
to explore the impact of CAP activity on chorioamnionitis
(Shapiro et al., 2013). Such studies could lead to the develop-
ment of novel prognostic markers to better identify fetuses at
risk of NEC. We hypothesize that increased CAP activity would
inhibit the activation of intestinal innate immune cells such as
macrophages and thus suppress the inflammatory response to

bacterial infection. Effectively, pathological inflammation and
intestinal permeability as a locus minoris resistentiae of incipient
NEC would be decreased or normalized.

VAGAL NERVE STIMULATION AND THE GUT INFLAMMATION
As vagal nerve stimulation stimulates CAP activity without caus-
ing immunosuppression (Borovikova et al., 2000), it has been
shown to improve intestinal inflammation in murine models
of experimental colitis (Ghia et al., 2006, 2007a,b, 2008) and
postoperative ileus (The et al., 2007; van Bree et al., 2012). The
role of intestinal macrophages seems pivotal (The et al., 2007;
Costantini et al., 2010a; Rosas-Ballina et al., 2011; van Bree et al.,
2012). In a murine model of dextran sodium sulphate-induced
colitis, Ghia et al. demonstrated an increased inflammatory
response in the colonic mucosa of the vagotomy group as com-
pared to control animals. They showed the protective effect
of vagal activity in acute colitis (Ghia et al., 2006) and in
acute relapses within a background of chronic inflammation
(Ghia et al., 2007b).

In a murine model of postoperative ileus, the anti-
inflammatory effect of intracerebroventricular injection of
semapimod was abolished in the presence of vagotomy (The et al.,
2011). Vagal nerve stimulation also modulates intestinal perme-
ability and integrity. In a murine model of intestinal injury caused
by severe burns, vagal nerve stimulation performed before injury
improved intestinal barrier integrity through an efferent sig-
nalling pathway and was associated with improved tight junction

Frontiers in Integrative Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 57 | 5



Garzoni et al. Neuroimmunological etiology of NEC

FIGURE 3 | Cholinergic signals derived from vagus nerve stimulation

inhibit the release of TNF-α, IL-1, HMGB1, and other cytokines by

transducing a cellular signal that inhibits the nuclear activity of NF-κB.
TNFR stands for TNF receptor (Wang et al., 2004; Tracey, 2007). The
cytokine producing cell can be a macrophage, among others. The nAChR
family are ligand-gated ion channels that mediate diverse physiological
functions and were originally identified in the nervous system. They consist
of different subtypes formed by the specific assembly of five polypeptide
subunits including α1-10, β1-4, γ , δ, and ε. The subunits fall into two
groups: neuronal nicotinic receptors (consisting of α2–10 and β2–4) and
muscle nicotinic receptors (consisting of α1, β1, γ , δ, and ε). Functional
neuronal nAChR subtypes are either homomeric (consisting of 5 identical
α-subunits, as in α7- or α9 nAChR) or heteromeric (consisting of
combinations of the α- and β-subunits, such as α3β2nAChR) (Yeboah et al.,
2008). Remarkably, it is specifically the α7nAChR that is required for CAP’s
effects on peripheral innate immune cells (Figures 2,3) (With permission
from American Society for Clinical Investigation) (Tracey, 2007).

protein expression (Costantini et al., 2010b). In the same model,
stimulating the vagus nerve at the time of injury promoted enteric
glial cell activation. Either method could prevent intestinal barrier
injury (Costantini et al., 2010a). Activation of enteric glial cells
has been reported in a rat model of burn-induced stress and gut
injury (Costantini et al., 2010a).

The optimal choice of vagal nerve stimulation parame-
ters in order to activate the CAP for therapeutic purposes
remains challenging. Although the literature provides a spectrum
of possibilities, further studies are needed. Huston et al., 2007
demonstrated improved survival in murine polymicrobial sep-
sis with transcutaneous vagal nerve stimulation (Huston et al.,
2007), suggesting that this mode might be an effective ther-
apy for sepsis generally and NEC specifically. Pharmacologi-
cally, cholinergic neuronal circuitry can be stimulated periph-
erally using α7nAChR agonists to act on macrophages; or
centrally using intracerebroventricular injections of semapi-
mod (The et al., 2011), muscarinic receptor agonist McN-A-343
(Pavlov et al., 2006), or an acetylcholinesterase inhibitor (galan-
tamine) (Pavlov et al., 2009). Importantly, enteral feeding of lipid-
rich nutrition may also be used to activate the CAP pathway
(Luyer et al., 2005).

SIGNIFICANCE AND NOVELTY
Intrauterine infection leads to macrophage activation in LPS-
induced chorioamnionitis in fetal sheep and in a rat model of

FIGURE 4 | The set point function of the immune response is defined

by the magnitude of innate immune responses relative to the infection

or injury stimulus. Increasing the set point or shifting the curve to the left
increases the chance that tissue damage will occur from the response to
infection or injury. Decreasing the set point or shifting the curve to the right
reduces the probability that tissue damage will occur. CAP is the neural
circuit that provides acute compensatory input to adjust the magnitude of
the immune response relative to the set point (With permission from
Nature Publishing Group) (Tracey, 2009).

postnatal sepsis. Intrauterine infection may prime innate immune
cells for subsequent exacerbated response and increase intestinal
permeability. However, the effects of CAP on this process have
not been elucidated. The existence of CAP in adult mammals,
including humans, is by now well established. CAP may play an
important role in fetal and perinatal development by serving as a
neuroimmunological network for “internal surveillance” linking
the CNS and the vagus nerve to modulate systemic and intestinal
inflammation. The presence of such a brain-gut network and its
significance for perinatal health have not yet been fully studied.
Further research on the physiology and pathophysiology of fetal
and perinatal neuroimmunological interactions may open new
avenues for diagnosis of fetuses at risk of intestinal injury, such
that appropriate preventive or therapeutic interventions may be
taken. Specifically, fetal CAP activation is likely to suppress the
adverse effects of macrophage activation thus decreasing ante-
natal and perinatal intestinal injury. New pharmacologic tar-
gets or validated non-invasive methods of vagus nerve stimu-
lation for manipulating the inflammatory response in compro-
mised fetuses may emerge to improve perinatal and postnatal
outcome.

ACKNOWLEDGMENTS
The authors are grateful to Danielle Buch, medical writer/editor
at the Applied Clinical Research Unit of the CHU Sainte-Justine
Research Centre, for a quick revision of the manuscript.

FUNDING SUPPORT ACKNOWLEDGMENT
L. Garzoni: Swiss National Science Foundation (SNSF). M.G.
Frasch: Canadian Institutes of Health Research (CIHR), Fonds
de Recherche Santé Québec (FRSQ) and Molly Towell Perinatal
Research Foundation.

Frontiers in Integrative Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 57 | 6

bryanmitchell
Highlight



Garzoni et al. Neuroimmunological etiology of NEC

REFERENCES
Al-Sadi, R., Ye, D., Dokladny, K., and

Ma, T. Y. (2008). Mechanism of IL-
1beta-induced increase in intestinal
epithelial tight junction permeabil-
ity. J. Immunol. 180, 5653–5661.

Andrews, W. W., Cliver, S. P., Biasini,
F., Peralta-Carcelen, A. M., Rector,
R., Alriksson-Schmidt, A. I., et al.
(2008). Early preterm birth: associ-
ation between in utero exposure to
acute inflammation and severe neu-
rodevelopmental disability at 6 years
of age. Am. J. Obstet. Gynecol. 198,
466.e1–466.e11. doi: 10.1016/j.ajog.
2007.12.031

Andrews, W. W., Goldenberg, R.
L., Faye-Petersen, O., Cliver, S.,
Goepfert, A. R., and Hauth, J.
C. (2006). The alabama preterm
birth study: polymorphonuclear
and mononuclear cell placental
infiltrations, other markers of
inflammation, and outcomes in
23- to 32-week preterm newborn
infants. Am. J. Obstet. Gynecol. 195,
803–808. doi: 10.1016/j.ajog.2006.
06.083

Aziz, N., Cheng, Y. W., and Caughey, A.
B. (2009). Neonatal outcomes in the
setting of preterm premature rup-
ture of membranes complicated by
chorioamnionitis. J. Matern. Fetal
Neonatal. Med. 22, 780–784. doi: 10.
1080/14767050902922581

Been, J. V., Lievense, S., Zimmermann,
L. J., Kramer, B. W., and Wolfs,
T. G. (2013). Chorioamnionitis as
a risk factor for necrotizing ente-
rocolitis: a systematic review and
meta-analysis. J. Pediatr. 162, 236–
242.e2. doi: 10.1016/j.jpeds.2012.
07.012

Been, J. V., Rours, I. G., Kornelisse,
R. F., Lima Passos, V., Kramer,
B. W., Schneider, T. A., et al.
(2009). Histologic chorioamnioni-
tis, fetal involvement, and ante-
natal steroids: effects on neona-
tal outcome in preterm infants.
Am. J. Obstet. Gynecol. 201, 587,
e581–e588. doi: 10.1016/j.ajog.2009.
06.025

Bisquera, J. A., Cooper, T. R., and
Berseth, C. L. (2002). Impact of
necrotizing enterocolitis on length
of stay and hospital charges in very
low birth weight infants. Pediatrics
109, 423–428. doi: 10.1542/peds.
109.3.423

Boeckxstaens, G. E. (2002). Under-
standing and controlling the enteric
nervous system. Best Pract. Res. Clin.
Gastroenterol. 16, 1013–1023. doi:
10.1053/bega.2002.0336

Borovikova, L. V., Ivanova, S., Zhang,
M., Yang, H., Botchkina, G. I.,
Watkins, L. R., et al. (2000). Vagus

nerve stimulation attenuates the
systemic inflammatory response to
endotoxin. Nature 405, 458–462.
doi: 10.1038/35013070

Bueno, L., and Fioramonti, J. (2008).
Protease-activated receptor 2 and
gut permeability: a review. Neuro-
gastroenterol. Motil. 20, 580–587.
doi: 10.1111/j.1365-2982.2008.
01139.x

Cailotto, C., Costes, L. M., Van Der
Vliet, J., Sh, V. a. N. B., Jj, V. a.
N. H., Buijs, R. M., and Boeckxs-
taens, G. E. (2012). Neuroanatomi-
cal evidence demonstrating the exis-
tence of the vagal anti-inflammatory
reflex in the intestine. Neurogas-
troenterol. Motil. 24, e191–e193. doi:
10.1111/j.1365-2982.2011.01824.x

Cameron, H. L., and Perdue, M.
H. (2007). Muscarinic acetyl-
choline receptor activation increases
transcellular transport of macro-
molecules across mouse and human
intestinal epithelium in vitro. Neu-
rogastroenterol. Motil. 19, 47–56.
doi: 10.1111/j.1365-2982.2006.
00845.x

Clayburgh, D. R., Barrett, T. A., Tang,
Y., Meddings, J. B., Van Eldik,
L. J., Watterson, D. M., et al.
(2005). Epithelial myosin light chain
kinase-dependent barrier dysfunc-
tion mediates T cell activation-
induced diarrhea in vivo. J. Clin.
Invest. 115, 2702–2715. doi: 10.
1172/jci24970

Clayburgh, D. R., Rosen, S., Witkowski,
E. D., Wang, F., Blair, S., Dudek,
S., et al. (2004). A differentiation-
dependent splice variant of myosin
light chain kinase, MLCK1, reg-
ulates epithelial tight junction
permeability. J. Biol. Chem. 279,
55506–55513. doi: 10.1074/jbc.
m408822200

Costa, M., and Brookes, S. J. (1994).
The enteric nervous system. Am. J.
Gastroenterol. 89, S129–S137.

Costantini, T. W., Bansal, V., Krzyza-
niak, M. J., Putnam, J. G., Peter-
son, C. Y., Loomis, W. H., et
al. (2010a). Vagal nerve stimula-
tion protects against burn-induced
intestinal injury through activation
of enteric glia cells. Am. J. Phys-
iol. Gastrointest. Liver Physiol. 299,
G1308–G1318. doi: 10.1152/ajpgi.
00156.2010

Costantini, T. W., Bansal, V., Peterson,
C. Y., Loomis, W. H., Putnam, J. G.,
Rankin, F., et al. (2010b). Efferent
vagal nerve stimulation attenuates
gut barrier injury after burn: modu-
lation of intestinal occludin expres-
sion. J. Trauma. 68, 1349–1354; dis-
cussion 1354–1346. doi: 10.1097/ta.
0b013e3181dccea0

Fairchild, K. D., Srinivasan, V., Moor-
man, J. R., Gaykema, R. P., and
Goehler, L. E. (2011). Pathogen-
induced heart rate changes associ-
ated with cholinergic nervous sys-
tem activation. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 300, R330–
R339. doi: 10.1152/ajpregu.00487.
2010

Frank, B., Frasch, M. G., Schneider, U.,
Roedel, M., Schwab, M., and Hoyer,
D. (2006). Complexity of heart rate
fluctuations in near-term sheep and
human fetuses during sleep. Biomed.
Tech. (Berl) 51, 233–236. doi: 10.
1515/bmt.2006.044

Frasch, M. G., Muller, T., Hoyer, D.,
Weiss, C., Schubert, H., and Schwab,
M. (2009). Nonlinear properties of
vagal and sympathetic modulations
of heart rate variability in ovine
fetus near term. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 296,
R702–R707. doi: 10.1152/ajpregu.
90474.2008

Furness, J. B. (2000). Types of neu-
rons in the enteric nervous system.
J. Auton. Nerv. Syst. 81, 87–96. doi:
10.1016/s0165-1838(00)00127-2

Furness, J. B., Johnson, P. J., Pompolo,
S., and Bornstein, J. C. (1995). Evi-
dence that enteric motility reflexes
can be initiated through entirely
intrinsic mechanisms in the guinea-
pig small intestine. Neurogastroen-
terol. Motil. 7, 89–96. doi: 10.1111/j.
1365-2982.1995.tb00213.x

Ganapathy, V., Hay, J. W., and Kim, J.
H. (2012). Costs of necrotizing ente-
rocolitis and cost-effectiveness of
exclusively human milk-based prod-
ucts in feeding extremely premature
infants. Breastfeed. Med. 7, 29–37.
doi: 10.1089/bfm.2011.0002

Garnier, Y., Kadyrov, M., Gantert, M.,
Einig, A., Rath, W., and Huppertz, B.
(2008). Proliferative responses in the
placenta after endotoxin exposure in
preterm fetal sheep. Eur. J. Obstet.
Gynecol. Reprod. Biol. 138, 152–157.
doi: 10.1016/j.ejogrb.2007.08.016

Gershon, M. D., Chalazonitis, A., and
Rothman, T. P. (1993). From neu-
ral crest to bowel: development of
the enteric nervous system. J. Neuro-
biol. 24, 199–214. doi: 10.1002/neu.
480240207

Ghia, J. E., Blennerhassett, P., and
Collins, S. M. (2007a). Vagus nerve
integrity and experimental colitis.
Am. J. Physiol. Gastrointest. Liver
Physiol. 293, G560–G567. doi: 10.
1152/ajpgi.00098.2007

Ghia, J. E., Blennerhassett, P., and
Collins, S. M. (2008). Impaired
parasympathetic function increases
susceptibility to inflammatory
bowel disease in a mouse model

of depression. J. Clin. Invest. 118,
2209–2218. doi: 10.1172/jci32849

Ghia, J. E., Blennerhassett, P., El-
Sharkawy, R. T., and Collins, S. M.
(2007b). The protective effect of
the vagus nerve in a murine model
of chronic relapsing colitis. Am. J.
Physiol. Gastrointest. Liver Physiol.
293, G711–G718. doi: 10.1152/ajpgi.
00240.2007

Ghia, J. E., Blennerhassett, P., Kumar-
Ondiveeran, H., Verdu, E. F.,
and Collins, S. M. (2006). The
vagus nerve: a tonic inhibitory
influence associated with inflam-
matory bowel disease in a murine
model. Gastroenterology 131, 1122–
1130. doi: 10.1053/j.gastro.2006.
08.016

Giannone, P. J., Nankervis, C. A.,
Richter, J. M., Schanbacher, B. L.,
and Reber, K. M. (2009). Prena-
tal lipopolysaccharide increases
postnatal intestinal injury in a rat
model of necrotizing enterocoli-
tis. J. Pediatr. Gastroenterol. Nutr.
48, 276–282. doi: 10.1097/mpg.
0b013e31818936b8

Giannone, P. J., Schanbacher, B.
L., Bauer, J. A., and Reber, K.
M. (2006). Effects of prenatal
lipopolysaccharide exposure on
epithelial development and func-
tion in newborn rat intestine. J.
Pediatr. Gastroenterol. Nutr. 43,
284–290. doi: 10.1097/01.mpg.
0000232572.56397.d6

Gieraltowski, J., Hoyer, D., Tetschke,
F., Nowack, S., Schneider, U., and
Zebrowski, J. (2013). Development
of multiscale complexity and multi-
fractality of fetal heart rate variabil-
ity. Auton. Neurosci. doi: 10.1016/j.
autneu.2013.01.009. [Epub ahead of
print].

Gotsch, F., Romero, R., Kusanovic, J. P.,
Mazaki-Tovi, S., Pineles, B. L., Erez,
O., et al. (2007). The fetal inflam-
matory response syndrome. Clin.
Obstet. Gynecol. 50, 652–683.

Goyal, R. K., and Hirano, I. (1996).
The enteric nervous system. N. Engl.
J. Med. 334, 1106–1115. doi: 10.
1056/NEJM199604253341707

Gronlund, M. M., Lehtonen, O. P.,
Eerola, E., and Kero, P. (1999).
Fecal microflora in healthy infants
born by different methods of deliv-
ery: permanent changes in intestinal
flora after cesarean delivery. J. Pedi-
atr. Gastroenterol. Nutr. 28, 19–25.
doi: 10.1097/00005176-199901000-
00007

Groome, L. J., Loizou, P. C., Hol-
land, S. B., Smith, L. A., and Hoff,
C. (1999). High vagal tone is
associated with more efficient reg-
ulation of homeostasis in low-risk

Frontiers in Integrative Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 57 | 7



Garzoni et al. Neuroimmunological etiology of NEC

human fetuses. Dev. Psychobiol.
35, 25–34. doi: 10.1002/(sici)1098-
2302(199907)35:1<25::aid-dev4>3.
0.co;2-q

Guarini, S., Altavilla, D., Cainazzo, M.
M., Giuliani, D., Bigiani, A., Marini,
H., et al. (2003). Efferent vagal fibre
stimulation blunts nuclear factor-
kappaB activation and protects
against hypovolemic hemorrhagic
shock. Circulation 107, 1189–1194.
doi: 10.1161/01.cir.0000050627.
90734.ed

Haensel, A., Mills, P. J., Nelesen, R.
A., Ziegler, M. G., and Dimsdale, J.
E. (2008). The relationship between
heart rate variability and inflam-
matory markers in cardiovascu-
lar diseases. Psychoneuroendocrinol-
ogy 33, 1305–1312. doi: 10.1016/j.
psyneuen.2008.08.007

Heller, F., Florian, P., Bojarski, C.,
Richter, J., Christ, M., Hillenbrand,
B., et al. (2005). Interleukin-13 is the
key effector Th2 cytokine in ulcera-
tive colitis that affects epithelial tight
junctions, apoptosis, and cell resti-
tution. Gastroenterology 129, 550–
564. doi: 10.1016/j.gastro.2005.05.
002

Holman, A. J., and Ng, E. (2008). Heart
rate variability predicts anti-tumor
necrosis factor therapy response for
inflammatory arthritis. Auton. Neu-
rosci. 143, 58–67. doi: 10.1016/j.
autneu.2008.05.005

Hoyer, D., Nowack, S., Bauer, S.,
Tetschke, F., Rudolph, A., Wallwitz,
U., et al. (2013). Fetal develop-
ment of complex autonomic con-
trol evaluated from multiscale heart
rate patterns. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 304, R383–
R392. doi: 10.1152/ajpregu.00120.
2012

Hunter, C. J., Upperman, J. S., Ford,
H. R., and Camerini, V. (2008).
Understanding the susceptibility of
the premature infant to necrotizing
enterocolitis (NEC). [Review]. Pedi-
atr. Res. 63, 117–123. doi: 10.1203/
PDR.0b013e31815ed64c

Huston, J. M., Gallowitsch-Puerta,
M., Ochani, M., Ochani, K.,
Yuan, R., Rosas-Ballina, M., et al.
(2007). Transcutaneous vagus nerve
stimulation reduces serum high
mobility group box 1 levels and
improves survival in murine sepsis.
Crit. Care Med. 35, 2762–2768.
doi: 10.1097/01.ccm.0000288102.
15975.ba

Karin, J., Hirsch, M., and Akselrod,
S. (1993). An estimate of fetal
autonomic state by spectral analy-
sis of fetal heart rate fluctuations.
Pediatr. Res. 34, 134–138. doi: 10.
1203/00006450-199308000-00005

Keita, A. V., and Soderholm, J. D.
(2010). The intestinal barrier and
its regulation by neuroimmune fac-
tors. Neurogastroenterol. Motil. 22,
718–733. doi: 10.1111/j.1365-2982.
2010.01498.x

Kunze, W. A., and Furness, J. B. (1999).
The enteric nervous system and reg-
ulation of intestinal motility. Annu.
Rev. Physiol. 61, 117–142. doi: 10.
1146/annurev.physiol.61.1.117

Lahra, M. M., and Jeffery, H. E. (2004).
A fetal response to chorioamnioni-
tis is associated with early sur-
vival after preterm birth. Am. J.
Obstet. Gynecol. 190, 147–151. doi:
10.1016/j.ajog.2003.07.012

Lanza, G. A., Sgueglia, G. A., Cianflone,
D., Rebuzzi, A. G., Angeloni, G., Ses-
tito, A., et al. (2006). Relation of
heart rate variability to serum lev-
els of C-reactive protein in patients
with unstable angina pectoris. Am.
J. Cardiol. 97, 1702–1706. doi: 10.
1016/j.amjcard.2006.01.029

Lin, P. W., Nasr, T. R., and Stoll, B.
J. (2008). Necrotizing enterocolitis:
recent scientific advances in patho-
physiology and prevention. Semin.
Perinatol. 32, 70–82. doi: 10.1053/j.
semperi.2008.01.004

Lin, P. W., and Stoll, B. J. (2006).
Necrotising enterocolitis. Lancet
368, 1271–1283.

Lindgren, S., Stewenius, J., Sjolund, K.,
Lilja, B., and Sundkvist, G. (1993).
Autonomic vagal nerve dysfunction
in patients with ulcerative colitis.
Scand. J. Gastroenterol. 28, 638–642.
doi: 10.3109/00365529309096103

Liu, S., Stolz, D. B., Sappington, P. L.,
Macias, C. A., Killeen, M. E., Ten-
hunen, J. J., et al. (2006). HMGB1
is secreted by immunostimulated
enterocytes and contributes to
cytomix-induced hyperpermeabil-
ity of Caco-2 monolayers. Am. J.
Physiol. Cell Physiol. 290, C990–
C999. doi: 10.1152/ajpcell.00308.
2005

Luyer, M. D., Greve, J. W., Had-
foune, M., Jacobs, J. A., Dejong, C.
H., and Buurman, W. A. (2005).
Nutritional stimulation of cholecys-
tokinin receptors inhibits inflam-
mation via the vagus nerve. J.
Exp. Med. 202, 1023–1029. doi: 10.
1084/jem.20042397

Marsland, A. L., Gianaros, P. J., Prather,
A. A., Jennings, J. R., Neumann, S.
A., and Manuck, S. B. (2007). Stim-
ulated production of proinflam-
matory cytokines covaries inversely
with heart rate variability. Psycho-
som. Med. 69, 709–716. doi: 10.
1097/psy.0b013e3181576118

Martinez-Tallo, E., Claure, N., and
Bancalari, E. (1997). Necrotiz-

ing enterocolitis in full-term or
near-term infants: risk factors.
Biol. Neonate 71, 292–298. doi: 10.
1159/000244428

McElroy, S. J., Underwood, M. A.,
and Sherman, M. P. (2012). Paneth
cells and necrotizing enterocolitis: a
novel hypothesis for disease patho-
genesis. Neonatology 103, 10–20.
doi: 10.1159/000342340

Moriez, R., Salvador-Cartier, C.,
Theodorou, V., Fioramonti, J.,
Eutamene, H., and Bueno, L.
(2005). Myosin light chain kinase
is involved in lipopolysaccharide-
induced disruption of colonic
epithelial barrier and bacterial
translocation in rats. Am. J.
Pathol. 167, 1071–1079. doi: 10.
1016/s0002-9440(10)61196-0

Neu, J. (2007). Gastrointestinal devel-
opment and meeting the nutritional
needs of premature infants. Am. J.
Clin. Nutr. 85, 629S–634S.

Neu, J., Mihatsch, W. A., Zegarra, J.,
Supapannachart, S., Ding, Z. Y., and
Murguia-Peniche, T. (2013). Intesti-
nal mucosal defense system, Part
1. Consensus recommendations for
immunonutrients. J. Pediatr. 162,
S56–S63. doi: 10.1016/j.jpeds.2012.
11.054

Neunlist, M., Toumi, F., Oreschkova, T.,
Denis, M., Leborgne, J., Laboisse, C.
L., et al. (2003). Human ENS regu-
lates the intestinal epithelial barrier
permeability and a tight junction-
associated protein ZO-1 via VIPer-
gic pathways. Am. J. Physiol. Gas-
trointest. Liver Physiol. 285, G1028–
G1036.

Neunlist, M., Van Landeghem, L.,
Mahe, M. M., Derkinderen, P., Bru-
ley Des Varannes, S. B., and Rolli-
Derkinderen, M. (2012). The diges-
tive neuronal-glial-epithelial unit: a
new actor in gut health and disease.
Nat. Rev. Gastroenterol. Hepatol. 10,
90–100. doi: 10.1038/nrgastro.2012.
221

Olofsson, P. S., Rosas-Ballina, M.,
Levine, Y. A., and Tracey, K. J.
(2012). Rethinking inflammation:
neural circuits in the regulation of
immunity. Immunol. Rev. 248, 188–
204. doi: 10.1111/j.1600-065x.2012.
01138.x

Ottani, A., Giuliani, D., Mioni, C.,
Galantucci, M., Minutoli, L., Bitto,
A., et al. (2009). Vagus nerve
mediates the protective effects of
melanocortins against cerebral and
systemic damage after ischemic
stroke. J. Cereb. Blood Flow. Metab.
29, 512–523. doi: 10.1038/jcbfm.
2008.140

Pavlov, V. A., Ochani, M., Gallowitsch-
Puerta, M., Ochani, K., Huston, J.

M., Czura, C. J., et al. (2006). Cen-
tral muscarinic cholinergic regula-
tion of the systemic inflammatory
response during endotoxemia. Proc.
Natl. Acad. Sci. U S A 103, 5219–
5223. doi: 10.1073/pnas.0600506103

Pavlov, V. A., Parrish, W. R., Rosas-
Ballina, M., Ochani, M., Puerta,
M., Ochani, K., et al. (2009).
Brain acetylcholinesterase activity
controls systemic cytokine levels
through the cholinergic anti-
inflammatory pathway. Brain Behav.
Immun. 23, 41–45. doi: 10.1016/j.
bbi.2008.06.011

Petrosyan, M., Guner, Y. S., Williams,
M., Grishin, A., and Ford, H. R.
(2009). Current concepts regard-
ing the pathogenesis of necrotizing
enterocolitis. Pediatr. Surg. Int. 25,
309–318. doi: 10.1007/s00383-009-
2344-8

Raman, K. G., Sappington, P. L., Yang,
R., Levy, R. M., Prince, J. M., Liu,
S., et al. (2006). The role of RAGE
in the pathogenesis of intestinal bar-
rier dysfunction after hemorrhagic
shock. Am. J. Physiol. Gastrointest.
Liver Physiol. 291, G556–G565. doi:
10.1152/ajpgi.00055.2006

Rosas-Ballina, M., Olofsson, P. S.,
Ochani, M., Valdes-Ferrer, S. I.,
Levine, Y. A., Reardon, C., et al.
(2011). Acetylcholine-synthesizing
T cells relay neural signals in a vagus
nerve circuit. Science 334, 98–101.
doi: 10.1126/science.1209985

Sappington, P. L., Yang, R., Yang, H.,
Tracey, K. J., Delude, R. L., and
Fink, M. P. (2002). HMGB1 B box
increases the permeability of Caco-2
enterocytic monolayers and impairs
intestinal barrier function in mice.
Gastroenterology 123, 790–802. doi:
10.1053/gast.2002.35391

Schwarz, B. T., Wang, F., Shen, L., Clay-
burgh, D. R., Su, L., Wang, Y., et
al. (2007). LIGHT signals directly
to intestinal epithelia to cause bar-
rier dysfunction via cytoskeletal and
endocytic mechanisms. Gastroen-
terology 132, 2383–2394. doi: 10.
1053/j.gastro.2007.02.052

Shapiro, G., Fraser, W. D., Frasch,
M. G., and Seguin, J. R. (2013).
Psychosocial stress in pregnancy
and preterm birth: associations and
mechanisms. J. Perinat. Med. doi:
10.1515/jpm-2012-0295

Sloan, R. P., Mccreath, H., Tracey, K.
J., Sidney, S., Liu, K., and Seeman,
T. (2007). RR interval variability
is inversely related to inflammatory
markers: the CARDIA study. Mol.
Med. 13, 178–184.

Su, L., Shen, L., Clayburgh, D. R., Nalle,
S. C., Sullivan, E. A., Meddings, J.
B., et al. (2009). Targeted epithelial

Frontiers in Integrative Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 57 | 8



Garzoni et al. Neuroimmunological etiology of NEC

tight junction dysfunction causes
immune activation and contributes
to development of experimental col-
itis. Gastroenterology 136, 551–563.
doi: 10.1053/j.gastro.2008.10.081

Tateishi, Y., Oda, S., Nakamura,
M., Watanabe, K., Kuwaki, T.,
Moriguchi, T., et al. (2007).
Depressed heart rate variability is
associated with high IL-6 blood
level and decline in the blood
pressure in septic patients. Shock
28, 549–553. doi: 10.1097/shk.
0b013e318063e8d1

Thayer, J. F., and Fischer, J. E. (2009).
Heart rate variability, overnight uri-
nary norepinephrine and C-reactive
protein: evidence for the choliner-
gic anti-inflammatory pathway in
healthy human adults. J. Intern.
Med. 265, 439–447. doi: 10.1111/j.
1365-2796.2008.02023.x

Thayer, J. F., and Sternberg, E. (2006).
Beyond heart rate variability: vagal
regulation of allostatic systems. Ann.
NY Acad. Sci. 1088, 361–372. doi: 10.
1196/annals.1366.014

The, F. O., Boeckxstaens, G. E.,
Snoek, S. A., Cash, J. L., Bennink,
R., Larosa, G. J., et al. (2007).
Activation of the cholinergic anti-
inflammatory pathway ameliorates
postoperative ileus in mice. Gas-
troenterology 133, 1219–1228. doi:
10.1053/j.gastro.2007.07.022

The, F., Cailotto, C., Van Der Vliet,
J., De Jonge, W. J., Bennink, R. J.,
Buijs, R. M., et al. (2011). Cen-
tral activation of the cholinergic
anti-inflammatory pathway reduces

surgical inflammation in experi-
mental post-operative ileus. Br. J.
Pharmacol 163, 1007–1016. doi: 10.
1111/j.1476-5381.2011.01296.x

Tracey, K. J. (2002). The inflammatory
reflex. Nature 420, 853–859. doi: 10.
1038/nature01321

Tracey, K. J. (2007). Physiology and
immunology of the cholinergic
antiinflammatory pathway. J. Clin.
Invest. 117, 289–296. doi: 10.
1172/jci30555

Tracey, K. J. (2009). Reflex control of
immunity. Nat. Rev. Immunol. 9,
418–428. doi: 10.1038/nri2566

Turner, J. R. (2009). Intestinal mucosal
barrier function in health and dis-
ease. Nat. Rev. Immunol. 9, 799–809.
doi: 10.1038/nri2653

van Bree, S. H., Nemethova, A.,
Cailotto, C., Gomez-Pinilla, P. J.,
Matteoli, G., and Boeckxstaens,
G. E. (2012). New therapeutic
strategies for postoperative ileus.
Nat. Rev. Gastroenterol. Hepatol.
9, 675–683. doi: 10.1038/nrgastro.
2012.134

Van Leeuwen, P., Cysarz, D., Edel-
hauser, F., and Gronemeyer, D.
(2013). Heart rate variability in
the individual fetus. Auton. Neu-
rosci. doi: 10.1016/j.autneu.2013.01.
005. [Epub ahead of print].

Van Leeuwen, P., Lange, S., Better-
mann, H., Gronemeyer, D., and
Hatzmann, W. (1999). Fetal heart
rate variability and complexity
in the course of pregnancy. Early
Hum. Dev. 54, 259–269. doi: 10.
1016/s0378-3782(98)00102-9

van Westerloo, D. J., Giebelen, I. A.,
Florquin, S., Daalhuisen, J., Bruno,
M. J., De Vos, A. F., et al. (2005).
The cholinergic anti-inflammatory
pathway regulates the host response
during septic peritonitis. J. Infect.
Dis. 191, 2138–2148. doi: 10.1086/
430323

von Kanel, R., Nelesen, R. A., Mills,
P. J., Ziegler, M. G., and Dimsdale,
J. E. (2008). Relationship between
heart rate variability, interleukin-6,
and soluble tissue factor in healthy
subjects. Brain Behav. Immun. 22,
461–468. doi: 10.1016/j.bbi.2007.
09.009

Wang, F., Graham, W. V., Wang,
Y., Witkowski, E. D., Schwarz,
B. T., and Turner, J. R. (2005).
Interferon-gamma and tumor
necrosis factor-alpha synergize to
induce intestinal epithelial bar-
rier dysfunction by up-regulating
myosin light chain kinase expres-
sion. Am. J. Pathol. 166, 409–
419. doi: 10.1016/s0002-9440(10)
62264-x

Wang, H., Liao, H., Ochani, M., Jus-
tiniani, M., Lin, X., Yang, L., et al.
(2004). Cholinergic agonists inhibit
HMGB1 release and improve
survival in experimental sepsis.
Nat. Med. 10, 1216–1221. doi: 10.
1038/nm1124

Wolfs, T. G., Buurman, W. A., Zoer,
B., Moonen, R. M., Derikx, J. P.,
Thuijls, G., et al. (2009). Endotoxin
induced chorioamnionitis prevents
intestinal development during ges-
tation in fetal sheep. PLoS One

4:e5837. doi: 10.1371/journal.pone.
0005837

Yeboah, M. M., Xue, X., Javdan, M.,
Susin, M., and Metz, C. N. (2008).
Nicotinic acetylcholine receptor
expression and regulation in the rat
kidney after ischemia-reperfusion
injury. Am. J. Physiol. Renal.
Physiol. 295, F654–F661. doi: 10.
1152/ajprenal.90255.2008

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 20 May 2013; paper pending
published: 03 June 2013; accepted: 18 July
2013; published online: 08 August 2013.
Citation: Garzoni L, Faure C and
Frasch MG (2013) Fetal cholinergic anti-
inflammatory pathway and necrotizing
enterocolitis: the brain-gut connection
begins in utero. Front. Integr. Neurosci.
7:57. doi: 10.3389/fnint.2013.00057
Copyright © 2013 Garzoni, Faure and
Frasch. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.

Frontiers in Integrative Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 57 | 9


