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ABSTRACT ARTICLE HISTORY
Immune-to-brain communication has been studied in a variety of experimental models. Crucial Received 1 September 2018
insights into signalling and mechanisms were previously revealed in studies investigating fever ~ Revised 3 October 2018
induction pathways. The scientific community has primarily focused on neuronal and humoral ~ Accepted 15 October 2018

pathways in the manifestation of this response. Emerging evidence has now shown that immune-  keywoRrbps

to-brain signalling via immune cells is pivotal for normal brain function and brain pathology. The Immune-to-brain
present manuscript aims to provide a brief overview on the current understanding of how communication; immune
immune cells signal to the brain. Insights are summarized on the potential physiological signifi- cell trafficking; neutrophil

cance of some immune cells signalling from the periphery to the brain. A particular focus is laid on granulocytes; macrophages;
the role of neutrophil granulocytes. As such, IL-1f expressing neutrophil granulocytes have been systemic inflammation;
shown to transfer inflammatory information to the brain and contribute to prolonged behavioural leptin; inflammatory
changes due to septic encephalopathy in rats during severe systemic inflammation induced by ~transcription factors;
the bacterial component and TLR4 agonist lipopolysaccharide. Modulation of immune cell recruit- extravasation; cytokines
ment to the brain is discussed by various confounding factors including sleep, exercise, the

nutritional status e.g. obesity, leptin and omega 3 fatty acids, and psychological or inflammatory

stressors. The physiological significance of immune cell mediated communication between the

immune system and the brain is highlighted by the fact that systemic inflalmmatory insults can

exacerbate ongoing brain pathologies via immune cell trafficking. New insights into mechanisms

and mediators of immune cell mediated immune-to-brain communication are important for the

development of new therapeutic strategies and the better understanding of existing ones.

Abbreviations: ACTH: adrenocorticotropic hormone; BBB: blood-brain barrier; BBI: blood-
brain interface; CD: cluster of differentiation; CINC: cytokine-induced neutrophil chemoattrac-
tant; CRH: corticotropin releasing hormone; CVOs: circumventricular organs; CXCR: chemokine
receptor; DAPI: 40:6-diamidino-2-phenylindole dilactate; DHA: docosahexaenoid acid; ICAM:
intracellular adhesion molecule; IL: interleukin; i.p.: intraperitoneal; i.v.: intravenous; KC: kera-
tinocytes-derived chemokine; LPS: lipopolysaccharide; MIP: macrophage inflammatory protein;
MS: multiple sclerosis; NFkB: nuclear factor kappa B; NF-IL6: nuclear factor IL-6; PCTR: protectin
conjugates in tissue regeneration; PG: prostaglandin; p.i.. post injection; PVN: paraventricular
nucleus; ra: receptor antagonist; STAT3: signal transducer and activator of transcription 3;
TIMP: tissue inhibitors of metalloproteinases; TLR: toll-like receptor; TNFa: tumor necrosis
factor alpha.

Introduction recruitment and the protection of neurons from
potential toxic circulating substances. The skull
does not enable much flexibility and, thus, inflam-
matory accumulation of fluid (i.e. oedema in the
brain) is associated with life threatening conse-
quences depending on the brain structures involved.
Even though the bidirectional interaction of the
immune system with the brain has been studied for
a long time, knowledge on mechanisms significantly

The discovery that tissue transplantation into the
brain does not elicit graft rejection reinforced the
assumption of the brain as an immune privileged
organ [1,2]. It took several decades to establish that
the brain is somewhat privileged in its integrated
interaction with the immune system. This mode of
communication follows some very specific rules such
as delayed and tightly controlled immune cell
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expanded only when cytokines, mediators of the
immune system, were characterized [3]. Immune-
to-brain communication has been reviewed in
depth in previous manuscripts [3-6]. Therefore,
underlying mechanisms will only be briefly intro-
duced for the unfamiliar reader. The pathways that
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Figure 1. Simplified schematic illustration of immune-to-brain
communication. Infection and inflammation stimulate immune
cells to produce cytokines. These activate neuronal sensory
afferences for example of the vagus nerve. Moreover, cytokines
and immune cells directly act on the brain i.e. endothelial cells,
brain structures with a leaky blood-brain barrier, namely, the
circumventricular organs, meninges and the choroid plexus.
Subsequently, brain-controlled sickness responses develop. In
the paraventricular nucleus of the hypothalamus (PVN), cortico-
tropin releasing hormone (CRH) is produced and released to
stimulate the release of adrenocorticotropic hormone (ACTH)
derived from the anterior pituitary into the circulation. ACTH
induces an increase in glucocorticoids from the adrenal cortex.
This hypothalamus-pituitary-adrenal-axis represents one of the
endogenous feedback mechanisms to dampen systemic inflam-
mation. Glucocorticoids are known to exhibit some of their
effects dampening the activated immune system by inhibition
of inflammatory transcription factors (partially adapted and
modified from [112,113]).
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transfer information between the immune system
and the central nervous system (Figure 1) include:

® So-called humoral ie. plasma mediators
including cytokines [7] or lipid mediators

such as prostaglandin (PG)E2 [8].

o These can signal via brain structures with a
leaky blood-brain barrier (BBB) i.e. cir-
cumventricular organs (CVOs) [9] to con-
vey the information to the brain.

o They can also act on brain endothelial cells
to induce secondary mediators such as
PGE2 that are released into the brain to
elicit a response [10-12].

o In addition, circulating mediators like the
pro- or anti-inflammatory cytokines inter-
leukin (IL)-6, tumor necrosis factor (TNF)
a, and IL-1B or IL-10, and IL-1 receptor
antagonist (ra), respectively, can be trans-
ported through the BBB into the brain to
alter brain function [13];

® Neuronal transmission from peripheral
immune compartments for example

o via the vagus nerve [14,15] or

o cutaneous sensory nerves [16,17], and

® Recruitment of peripheral immune cells
(reviewed here)

Immune cells actually play an increasingly recog-
nized role in the normal brain. For example, den-
dritic cells have recently been shown to migrate
from the brain into the cervical lymph nodes and
modulate regulatory T-cell function with relevance
for brain autoinflammatory diseases [18]. Yet, the
amount of immune cell trafficking into the healthy
brain parenchyma is rather low and tends to be
higher in meninges, the choroid plexus or the
cerebrospinal fluid [19]. Here, we aim to provide
a brief overview on the emerging significance of
immune cell trafficking for signalling from the
periphery to the brain with special focus on poten-
tial effects of inflammatory or psychological stres-
sors and neutrophil granulocytes.

A role for immune cells in immune-to-brain
communication

Significant invasion of immune cells into the brain
is a hallmark of several brain pathologies like stab
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trauma [20], bacterial meningitis [21], cerebral
alterations following experimental multiple trauma
[22], and diseases including multiple sclerosis
(MS) [23] or viral encephalitis [24,25] and septic
encephalopathy induced by a high dose of lipopo-
lysaccharide (LPS, i.v., 5mg/kg, 4h post injection
[p-i.]) [15]. Immune cells are recruited to the brain
and locally release mediators that contribute to the
inflammatory process and modulate brain func-
tion [5]. Such processes are often accompanied
by leakiness of the BBB, which was initially
believed to be insurmountable for immune cells
[2]. However, immune cell trafficking does not
necessitate opening of the BBB; also transcellular
movement of immune cells does occur in the
absence of changes to the barrier function of
tight junctions [26,27]. Recently, the term BBB
has even been challenged and blood-brain inter-
face (BBI) suggested as a replacement since it can
better account for most of the actual functions that
deal with protection of the brain’s inner milieu
and its communication with other body compart-
ments [19,28]. Obviously, communication only
works when both partners respond to each other.
Indeed, brain cells can for example express MHC
molecules to interact with lymphocytes [29]. Such
interaction is further illustrated by a few examples
on selected immune cell types and their role in
immune-to-brain communication:

Lymphocytes

Autoreactive T-lymphocytes are for instance
involved in the pathogenesis of MS and are
recruited to the CNS [30]. However, T-cells also
patrol within the healthy brain as a component of
brain physiology and homeostasis [23,31]. It has
even been demonstrated that T-cells contribute to
hippocampus-dependent spatial learning tasks in
the Morris water maze paradigm by the release of
IL-4 [32]. Moreover, T-cells can also have some
supportive modulatory function by orchestrating
the removal of debris in order to terminate local
neurotoxic inflammatory responses in the
brain [33].

Monocytes

Rivest and colleagues proposed that bone marrow
derived monocytes will regularly and continuously
replenish brain microglial cells in the healthy brain

to maintain integrity [34]. However, the radiation
protocols applied in these studies to eliminate
these cells were accompanied by confounding lea-
kiness of the BBB and such a scenario seems to
only be of relevance in cases of a compromised
integrity of the BBB during disease [35] or after
radiation [31]. Otherwise microglia replenishment
stems from functional local brain intrinsic sources
[36]. Recently, macrophages have been recognized
as important immune-to-brain signals during
repeated social defeat models in rodents [37].
Such stressors engage specific neuronal circuits
within the hypothalamus, the prefrontal cortex,
the hippocampus and the amygdala [38].
Neuronal activity leads to microglial and brain
endothelial activation i.e. expression of chemo-
kines and endothelial adhesion molecules [e.g.
intracellular adhesion molecule (ICAM)1], respec-
tively [39]. Simultaneously, stress increases myelo-
poiesis and enhances the number of monocytes
but also neutrophil granulocytes in the circulation
via the release of catecholamines [40,41] by the
sympathetic nervous system [42]. Subsequently,
young “inflammatory” IL-13 expressing mono-
cytes are recruited to the brain and primarily
reside in the perivascular space, meninges or chor-
oid plexus and interact with the brain endothelium
[37,39]. They activate brain endothelial cells via an
IL-1B dependent mechanism in the same brain
structures that show neuronal activity during
stress and contribute to repeated social defeat
stress-induced anxiety [39]. Similarly, spleen-to-
brain recruitment of monocytes (48h) and T-cells
(96h) can exacerbate stroke [43] in a noradrener-
gic dependent manner [44]. Moreover, peripheral
bile duct ligation-induced liver inflammation has
been demonstrated to induce monocyte recruit-
ment to the brain via a TNFa dependent mechan-
ism 10 days after the insult [45] and TNFa
secreting macrophages that are recruited to the
brain in cholestatic mice may be associated with
the sickness response like fatigue that occurs dur-
ing cholestasis [46].

Recently, we have been able to show higher
numbers of CD68-postive macrophages in the pos-
terior pituitary lobe of aged rats, which were par-
tially nuclear factor IL-6 activated during systemic
LPS-induced (i.p., 100ug/kg, 24h p.i.) inflamma-
tion [47]. These results suggested that immune cell



recruitment during aging could contribute to the
higher inflammatory status of the aged brain.
Indeed, depending on the immune stimulus (IL-
1B versus LPS, each i.v. at 2pg/kg, 2-4h p.i.) peri-
vascular cells seem to participate in the activation
or inhibition of the hypothalamus-pituitary-adre-
nal axis [48], one of the negative feedback
mechanisms in immune-to-brain communication
(see also Figure 1).

In general, the physiological significance of macro-
phage recruitment to the brain remains only partially
understood but pertains to amplification and modu-
lation of brain inflammatory responses and subse-
quent behavioural or homeostatic consequences.

Neutrophil granulocytes

Earlier studies by Perry and colleagues investigated
the recruitment of immune cells to the brain dur-
ing inflammation (e.g. into the brain, 0.02pg/
0.2ug/2ug LPS, 100/50,000 units IL-1B or 10*
units TNFa, per mouse) and revealed that neutro-
and monocytes show age

phil granulocytes
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dependent delayed invasion into the brain
(2 ~ 72h p.i. for LPS and 4-24h p.i. for cytokines)
with lower numbers than in peripheral organs
[49-52]. We further revealed that neutrophil
recruitment to the brain during systemic inflam-
mation induced by the toll-like receptor 4 agonist
LPS (i.p., 2.5mg/kg) is time controlled (3h, 24h,
48h p.i.) and region specific [53]. Brain sites that
show prominent staining for neutrophil granulo-
cytes in saline perfused mouse brains include the
ventral lining of the hypothalamus, areas sur-
rounding ventricles, meninges, the hemisphere
commissure, a broader distribution in small and
large vessels of the brain stem and specific brain
structures like the paraventricular nucleus (PVN;
see Figure 2). Indeed, neutrophil specific chemo-
kines like cytokine-induced neutrophil chemoat-
tractant (CINC)1 can be induced in specific brain
regions like the PVN for example by immobiliza-
tion stress [54]. Such CINCIl-induction in the
PVN might also explain why neutrophils get
recruited to this brain structure during systemic

Figure 2. LPS-induced systemic inflammation increase ICAM1-immunoreactivity and induces the recruitment of neutrophil granu-
locytes to the brain in the paraventricular nucleus (PVN). LPS (5 mg/kg i.p., 4.5h) induces ICAM1-immunoreactivity (red, a-d) in the
PVN (c) compared to controls (a). Close association of ICAM1-immunoreactivity with myeloperoxidase (green) staining (a-d) is
depicted in insets (b, d). In addition, LPS-stimulation (2.5 mg/kg 24h) increased the number of Ly-6B.2 alloantigen (clone 7/4) stained
neutrophil granulocytes in the PVN (red, f) compared to controls (e). Von Willebrand factor (green, e-f) depicts brain vasculature.
Blue DAPI staining visualizes the surrounding tissue (blue, a-f). Scale bars represent 100um and 10um in insets. The previously
unpublished microphotographs were adapted from our own previous studies [15,53].
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LPS-induced (i.p., 2.5mg/kg) inflammation ~ 24-
48h after stimulation [53]. The adhesion molecule
ICAM1 is already significantly increased in this
brain structure as early as 4.5 hours after stimula-
tion (Figure 2(c)), which is the next step after
chemokine action for attachment of neutrophils
to the brain vasculature, and which we observed
in the perfused brains (Figure 2(c,d)). Similarly to
macrophages, brain recruited neutrophils show IL-
18 immunoreactivity [55,56], which most likely
represents one of the mediators, and contributes
to alterations of brain function by immune-to-
brain signalling. Interestingly, the IL-1 type I
receptor is also crucial for recruitment of leuko-
cytes to the brain [57].

Several studies investigated the functional sig-
nificance of neutrophil invasion to brain pathol-
ogy. As such, inhibition of neutrophil recruitment
by neutralizing antibodies against the chemokine
receptor CXCR2, which is for example activated by
CINC1, ameliorated the disease in an animal
model for atypical autoimmune encephalomyelitis
[58]. Others investigated the role for neutrophil
granulocytes during spinal cord injury and found
mixed results; detrimental for tissue regeneration
but also beneficial for promoting functional recov-
ery [59] most likely depending on the timing dur-
ing programing of the inflammatory process [60].
Interestingly, induction of neutropenia by a neu-
tralizing antibody during severe LPS-induced sys-
temic inflammation (i.p., 2.5mg/kg) revealed that
such IL-1B-expressing neutrophils contribute to
the induction and/or maintenance of depression-
like behaviours 48h after LPS-stimulation [56].
Thus, in addition to macrophages [39,45] neutro-
phils are also important in transmitting inflamma-
tory information to the brain specifically during
systemic inflammation [56].

Models of systemic inflammation can exacerbate
ongoing brain pathologies via immune-cell
mediated immune-to-brain signalling

Systemic inflammation can trigger and worsen pre-
existing brain pathologies and accompanying seque-
lae. For example, systemic LPS-induced inflamma-
tion (i.p., 0.5mg/kg) has been shown to enhance
monocyte recruitment (4h p.i) and microglia activa-
tion (4h, 24h p.i.) in socially defeated animals, which

lead to an enhanced sickness response i.e.

exaggerated weight loss (48h, 72h p..) and pro-
longed social withdrawal (24h pi) [61].
Experimental influenza infection in mice was
shown to increase trafficking of T-lymphocytes,
monocytes and neutrophil granulocytes to the
brain and may exacerbate MS [62]. During a stroke,
where neutrophils seem to be preferentially recruited
from the nearby skull bone marrow [63], LPS-
induced systemic inflammation (i.p. 100pg/kg, 24h
p..) potentiates the acute phase via an IL-1p and
neutrophil dependent mechanism [64,65]. In such
a stroke model, macrophage depletion reduced sub-
sequent ischemic brain injury [66]. Clinical data also
suggests a higher risk of stroke during systemic
inflammation e.g. influenza, infection of the urinary
tract or pneumonia [64]. Moreover, chronic neuro-
degeneration in a model of prion disease is exacer-
bated by systemic LPS stimulation (i.p., 500pg/kg)
18h after injection [67]. Osteoarthritis seems to
accelerate a model of Alzheimer’s disease in mice
[68] or ulcerative colitis exacerbates LPS-induced
(2pg/mouse, one week p.i.) damage in the substantia
nigra as a model for Parkinson’s disease where
macrophage depletion ameliorated the response
[69]. Thus, systemic inflammation can affect chronic
neurodegeneration [70] partially related to immune-
cell trafficking to the brain. Even low grade inflam-
mation as observed during obesity [71] has been
shown to be accompanied by the recruitment of
macrophages to the brain, which may contribute to
the brain inflammatory response in obesity [72]. As
already mentioned, IL-1P represents an important
mediator involved in the recruitment of leukocytes
to the brain. For example, chronic systemic adeno-
virus induced expression of IL-1p aggravated central
neuroinflammation and was associated with
enhanced neutrophil invasion [73]. Importantly,
not all types of inflammation seem to have detri-
mental influences. Indeed, Quan and colleagues
revealed a new model of inflammation with potential
beneficial or protective effects termed euflammation.
Animals that were pretreated with repeated sub-
threshold infectious challenges in the periphery (i.e.
euflammation) showed lower cytokine expression in
the brain and reduced cytokine levels in circulation
(3h p.i.) as well as morphological alteration of micro-
glia (24h p.i.) after a systemic LPS- or Escherichia
coli-challenge (i.p., 250ug/kg or 100 x 10’ colony
forming units) [74]. Overall, better understanding



of immune-to-brain communication will help to
improve our knowledge about underlying mechan-
isms. New therapeutic approaches can be developed
and risk assessments improved for the exaggerated
effects of peripheral inflammation on ongoing brain
pathologies.

Neutrophil granulocytes and immune-to-brain
communication

As already mentioned, neutrophil granulocytes
increase in the circulation after psychological
stress or peripheral inflammation. However, addi-
tional factors are needed for induction of neutro-
phil extravasation. This process involves the
attraction and activation of neutrophils by a con-
centration gradient of chemokines. Neutrophil
specific chemokines in rodents include:

(1) CXCLI also called CINC1 and keratino-
cytes-derived chemokine (KC),

(2) CXCL2 namely macrophage inflammatory
protein (MIP)-2 [53,75] or

(3) CXCLS8 (IL-8) in humans.

Brain endothelial cells are activated by cytokines
and chemokines to express a vast amount of adhe-
sion molecules including ICAM1, which is a pre-
requisite for neutrophil diapedesis into the brain
tissue. Indeed, ICAMI1 deficiency dramatically
reduced the number of infiltrating neutrophils
during LPS-induced (i.p., 0.5mg/kg, 4 times every
12 hours) systemic inflammation [76]. For further
migration of these immune cells to occur they will
need to gain entry through the tight network of
extracellular matrices for which a variety of metal-
loproteinases are important. Reflecting the high
relevance of the whole process some feedback con-
trol is governed by tissue inhibitors of metallopro-
teinases (TIMP) like TIMP1, which is involved in
leukocyte infiltration into the brain [77]. Last but
not least brain recruited neutrophils exhibit mod-
ulatory effects on the brain by their known
immune cell functions that also involve the afore-
mentioned production of cytokines including IL-
1B but also IL-1ra [78] and IL-8 [79]. Moreover,
proteases and the release of decondensated DNA
from neutrophil granulocytes that were recruited
to the brain play a role in the inflammatory
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processes in the brain [80]. However, aggregated
neutrophil extracellular traps can also contribute
to the resolution of neutrophilic inflammation
such as by degrading IL-1p [81]. Similarly to the
pro-inflammatory M1 phenotype of macrophages
and the anti-inflammatory phenotype of M2
macrophages, N1 and N2 neutrophils have been
described (for more details on neutrophil granu-
locytes see [82]).

Modulation of immune cell trafficking

Exciting research by Evans and colleagues revealed
that fever-range thermal stress regulates ICAM-1-
dependent lymphocyte extravasation in high
endothelial venules of lymphoid organs by IL-6
trans signalling via its soluble receptor [83].
Thus, body core temperature can modulate acces-
sibility of immune cells for immune cell traffick-
ing. A recent study showed that neutrophil
recruitment to the brain and apoptosis could be
attenuated 24h after striatal IL-1p injection
(100ng/animal) by (2-adrenergic stimulation with
clenbuterol pre-treatment [84]. Moreover, adre-
nergic signalling not only alters immune cell
recruitment and migration [3,39] but also plasma
glucose concentration. Interestingly, the availabil-
ity of glucose in the circulation can modulate
immune-cell trafficking [85] depending on circa-
dian changes and the distribution of energy
resources [86]. For example, acute hyperglycaemia
induced by dextrose injection dramatically
enhanced brain neutrophil recruitment in a rat
brain ischemia model, which could exacerbate
brain injury [87]. Related to similar mechanisms
of regulation (e.g. involvement of glucocorticoids
and noradrenalin and changes in circulating glu-
cose levels), exercise and sleep are connected to
changes in leukocyte trafficking. Reallocation of
energy fuels to the immune system contributes to
sleep recovery function [86]. Sleep and circadian
rhythms regulate the circulating and reserve pools
of leukocytes [88] and even one night of sleep loss
is sufficient to increase the number of circulating
neutrophils the following morning [89]. Exercise
for example mobilizes neutrophil granulocytes,
which show increased expression of activation
markers (CD11b) and may enhance the redistribu-
tion and destruction of old immune cells [90].
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Underlying mechanism of exercise on immune cell
trafficking involve changes in adhesion molecules
[90] and chemokine receptor expression [91]. As a
result, previous exercise reduced neutrophil infil-
tration to the injury side were accompanied by
attenuated secondary damage in a model of severe
traumatic brain injury [92].

The regulation of extravasation is orchestrated
by differential transcriptional regulation in the
brain and in immune cells, examples include cyto-
kines, chemokines, adhesion molecules and metal-
loproteinases. Pivotal inflammatory transcription
factors involved in this response include nuclear
factor (NF)kB, signal transducer and activator of
transcription (STAT)3 and NF-IL6 [5]. STAT3 has
been shown to play a role in neutrophil recruit-
ment in other organ systems other than the brain
[93] and in neutrophil function [94]. ICAMI1
expression can be induced by STAT3- or NF«B-
[95] and modulated by NF-IL6-dependant path-
ways [96]. In a model of acute brain injury hepatic
NFkB activation was necessary for the recruitment
of neutrophil granulocytes to the brain [97]. Our
own experiments using NF-IL6 deficient mice
revealed that neutrophil recruitment to the brain
during systemic LPS-induced inflammation (i.p.,
2.5mg/kg) was transiently reduced by NF-IL6 defi-
ciency most likely due to reduced CXCL-1 expres-
sion 8h after stimulation [98]. Moreover,
neutrophil invasion was reduced overall in NF-
IL6 deficient mice during ischemic brain injury
[99]. In addition, wild type but not NF-IL6 defi-
cient animals showed LPS-stimulated increased
numbers of perivascular macrophages in the sub-
fornical organ [98]. NF-IL6 and NF-kB also play
important roles for cytokine/chemokine induction
within neutrophils like for IL-8 expression [100].
Overall, strategies to inhibit these transcription
factors remain potential therapeutic targets for
modulation of immune-cell recruitment.

Using STAT3-immunohistochemistry as a
brain cell activation marker during systemic
LPS-induced (i.p., 50 pg/kg, 3h p.i.) inflamma-
tion, we were able to show for the first time that
the appetite and energy expenditure regulating,
cytokine-like hormone leptin can directly act on
the blood brain interface along large and small
blood vessels, surrounding the ventricles, in the
meninges and in specific brain structures

including the ventromedial preoptic area [101].
This astonishing observation and the fact that
others have shown direct action of leptin on
neutrophils via the short form of its receptor
[102,103] led us hypothesize that leptin might
be involved in neutrophil recruitment during
LPS-induced systemic inflammation [104].
Indeed, we revealed a contribution of leptin to
LPS-induced (i.p., 2.5mg/kg, 24h p.i.) neutrophil
recruitment to the brain via modulation of IL-f,
ICAM and chemokine expression [53]. A subse-
quent study confirmed these results and discov-
ered that acute neutralisation of endogenous
circulating leptin during severe LPS-induced (i.
p., 2.5mg/kg, 48h p.i.) inflammation or depletion
of neutrophil granulocytes prevented long term
behavioural changes as a consequence of septic
encephalopathy [56].

Efferent and/or afferent vagus nerve stimulation
has emerged as a potential anti-inflammatory tool
to treat brain pathologies [105,106]. Recently, we
revealed that efferent electrical stimulation of the
vagus nerve might exhibit some of its anti-inflam-
matory effects via inhibition of interaction
between neutrophil granulocytes and ICAMI1 in
the brain vasculature during severe septic-like
LPS-induced (i.v., 5mg/kg, 4h p.i.) inflammation
[15]. Indeed, attenuated neurovascular coupling
and loss of brain function during early LPS-
induced (i.v., 5mg/kg, 4h p.i.) septic encephalopa-
thy [107] are both stabilized by vagus nerve stimu-
lation as investigated by somatosensory evoked
potentials and evoked flow velocity response
[15,108]. Interestingly, LPS-induced increases in
circulating leptin levels were reduced by vagus
nerve stimulation [15]. Thus, as discussed above,
lower plasma leptin might represent an underlying
mechanism on how neutrophil recruitment to the
brain is altered by vagus nerve stimulation [53].
Gautron and colleagues just established that peri-
vascular cells express the leptin receptor with
potential implications for immune cell trafficking
to and within the brain [109].

Since recent years, specialized proresolving lipid
mediators, metabolites derived from omega 3 fatty
acids like docosahexaenoid acid (DHA), have been
shown to regulate leukocyte trafficking [110].
Macrophage infiltration and phagocytosis was
enhanced and neutrophil recruitment inhibited



for example by DHA derived protectin conjugates
in tissue regeneration (PCTR) during microbial-
induced peritonitis [111].

Conclusion

In conclusion, immune cell mediated immune-to-
brain communication has evolved to be more than
a bystander effect of brain inflammation but a
crucial signalling pathway that is not yet comple-
tely understood. We follow the exciting new evi-
dence that macrophages and in particular
neutrophil granulocytes can transfer inflammatory
information to the brain and modulate brain func-
tion in the frame of homeostasis and pathophy-
siology. We believe that better understanding of
underlying mechanisms will enable us to improve
current therapeutic strategies. Advances in the
management of risk factors like systemic inflam-
mation on ongoing brain pathologies can be
achieved. Finally, we seek to increase knowledge
on the modulatory capacities of a variety of factors
like the nutritional status as reflected by leptin,
omega 3 fatty acids or obesity, sleep disturbances
or psychological and inflammatory stressors on
immune-to-brain signalling and brain pathologies.
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