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Abstract

Background: Systemic infection leads to generation of inflammatory mediahat result in
metabolic and behavioural changes. Repeated or chronic systemmniafleon leads to a
state of innate immune tolerance: a protective mechanism against ovdy-actiie immune
system. In this study we investigated the immune adaptation obgtiecand brain vascular
endothelial cells in response to systemic inflammation or bakiefection.Methods: Mice
were given repeated doses of lipopolysaccharide (LPS) or gle sinjection of live
Salmonella typhimuriumnflammatory cytokines were measured in serum, spleen and brai
and microglial phenotype studied by immunohistochemistry. To apsessig of the innate
immune response Iin the brain, mice were infected \&@#imonella typhimuriumand
subsequently challenged with a focal unilateral, intracerebjattion of LPS.Results:
Repeated systemic LPS challenges resulted in increasedlbigin TNFo and 1L-12 levels,
despite attenuated systemic cytokine production. Each LPS challetgeed significant
changes in burrowing behaviour. In contrast, brain fiLahd IL-12 levels inSalmonella
typhimuriuminfected mice increased over three weeks, with high interfetemels in the
circulation. Behavioural changes were only observed during the acige phthe infection.
Microglia and cerebral vasculature display an activated phenotypefpealdintracerebral
injection of LPS 4 weeks after infection results in an exagegr#éocal inflammatory
response when compared to non-infected n@mnclusions: These studies reveal that the
innate immune cells in the brain do not become tolerant to sysiei@ation, but are primed
instead. This may lead to prolonged and damaging cytokine productiom#lyahave a

profound effect on the onset and/ or progression of pre-existing neurodegeneratige.dis



Background

Humans and animals are regularly exposed to bacterial and vVinalgeas that can have a
considerable impact on our day-to-day living [1]. Upon infection, a afeimmune,
physiological, metabolic, and behavioural responses is initiatgmesenting a highly
organized strategy of the organism to fight infection. Pro-inflamampanediators generated
in peripheral tissue communicate with the brain to modify behavi@jirwhich aids our
ability to fight and eliminate the pathogen. The communication pathWways the site of
inflammation to the brain have been investigated in animal modelsyatemic challenge
with lipopolysaccharide (LPS) or double stranded RNA (poly I:C) heaen widely used to
mimic aspects of bacterial and viral infection respectively[3These studies have provided
evidence that systemically generated inflammatory mediaigrsal to the brain via both
neural and humoral routes, the latter signalling via the circumeelair organs or across the
blood-brain barrier (BBB). Signalling into the brain via these roatedkes a response in the
perivascular macrophages (PVMs) and microglia, which in turn ssisthediverse
inflammatory mediators including cytokines, prostaglandins and nitxide [2, 5, 6].
Immune-to-brain communication also occurs in humans who show changes in nbod a
cognition following systemic inflammation or infection, which assaciated with changes in
activity in particular regions of the CNS [7-9]. While thesenges are part of our normal
homeostasis, it is increasingly evident that systemic inflaom&as a detrimental effect in
animals and also humans, that suffer from chronic neurodegeneration [10Vd,1and
others, have shown that microglia become primed by on-going neuropathimltige brain,
which increases their response towards subsequent inflammatowi,siticiuding systemic
inflammation [12, 13] Similar findings have been made in aged roflehtd 5], where it has

been shown that there is an exaggerated behavioural and innate inespmese in the brain



to systemic bacterial and viral infections, but the moleculacham@sms underlying the

microglial priming under these conditions is far from understood.

Humans and animals are rarely exposed to a single acute gystdammatory event: they
rather encounter infectious pathogens that repligatevivo or are exposed to low
concentrations of LPS over a prolonged period of time. Therenited information on the
impact of non-neurotrophic bacterial infections on the CNS and whetblenged systemic
inflammation will give rise to either a hyper-(priming) oyple-(tolerance) innate immune

response in the brain in response to a subsequent inflammatory stimulus.

In this study we measured the levels of cytokines in the sespieen and brain as well as
assessing sickness behaviour following a systemic bacteriattio using attenuated
Salmonella typhimuriur6L3261: we compared the effect to that of repeated LPS injections.
We show thatSalmonella typhimuriuntaused acute, transient behavioural changes and a
robust peripheral immune response that peaks at day 7. Systemnmation resulted in a
delayed increase in cytokine production in the brain and priming of niggroghich
persisted up to four weeks post infection. These effects wereimatkad by repeated LPS
challenges. It is well recognised that systemic badtand viral infections are significant
contributors to morbidity in the elderly [16], and it has been suggésaegrimed microglia
play a role in the increased clinical symptoms seen in patietitsAlzheimer’s disease who
have systemic inflammation or infections [11, 17]. We show herestfsémic infection
leads to prolonged cytokine synthesis in the brain and also primingiof ihbnate immune

cells to a subsequent focal inflammatory challenge in the brain parenchyma.

Methods

Mice



Adult female C57BL/6 or BALB/c mice (> 8 weeks) were obtaifredh Charles River UK,
and bred in house. Mice were housed in groups of 5-10, in plastic cadgesamtust
bedding, for at least a week before testing. Food and water waitabde ad libitum The

holding room was temperature controlled (19-23°C) with a 12:12 h lighteyale (light on

at 0700h). Females were used as they can be group-housed withosk thieauitbreaks of
aggression, and to conform to most of our previous work. BALB/c SCID wece obtained
from Harlan (UK) and bred in house. All procedures were performed tinel@uthority of a
UK Home Office License in accordance with the UK anim&8signtific Procedures) Act

1986, and after local ethical approval by the University of Southampton.

Injection of LPS and infection with Salmonella typhimurium

In experiments investigating the effects of repeated LPStiofes, mice received LPS
derived fromSalmonella abortus eq@iL5886, Sigma, Poole, UK) at a dose of 500 ug/kg via
intraperitoneal injection on three subsequent days at the sameftisiag (11.00 am). This
dose of LPS was chosen for its reliable reduction in burrowing anddwgpble cytokine
response in the brain [12, 18]. In experiments investigatingfthet® of a bacterial infection
mice were given a single intraperitoneal injection of t6lony-forming units (cfu) of
attenuatedSalmonella typhimuriunstrain SL3261 (generously provided of Dr H. Atkins,

DSTL, Salisbury, UK).

Burrowing and body weight

Burrowing was assessed as described previously (Deacon, 2006)wiBgrmwwas measured

between 1 and 3 hours after each LPS injection or at 1-3h, 1d, 7d, duadt@Salmonella



typhimurium SL3261 infection. Body weight was measured immediately before the

burrowing assay.

Cytokine measurements

Blood samples (~500 pl) were taken by cardiac puncture in tergniaa#lesthetized mice
and collected in microfuge tubes. Samples were spun down and seruiat k2@tC until
further use. A three millimetre thick coronal section containing the doigabcampus of the
right hemisphere or spleen tissue was collected and homogenis&®R I8 duffer containing
a protease inhibitor cocktail (150 mM NaCl, 25 mM Tris, pH 7.4, completiease inhibitor
cocktail (Roche Diagnostics, GmbH, Mannheim, Germany). Samplesceatrifuged for 30
minutes at 13.000 rpm and supernatants assayed for total protein usengeaBCA protein
assay kit (Thermo Scientific, UK). Cytokine levels in tissue and serum sample assessed
using MSD multiplex kit for mouse pro-inflammatory cytokines ((B18B), Mesoscale
Discovery, Maryland, USA), according to manufacturer’'s instructi@mslotoxin levels in
serum samples were assessed using Camluiexilus Amebocyte Lysatekit (Kinetic-

QCL® Walkersville, MD) according to manufacturer’s instructions.

Priming of the brain innate immune response

Naive mice or mice that were injected intraperitoneallyhwét single dose of f£0cfu
Salmonella typhimuriun®L3261 were given a unilateral intra-cranial injection of LR8r f
weeks after the system#almonella typhimuriunmfection. The animals were anaesthetised
with a mixture of ketamine and xylazine (Ketaset/Rompun 100/1&grmgdy weight). LPS

(100 pg in 1ul) was injected into the dorsal hippocampus (from bregrteics-posterior —



2.0 mm, lateral + 1.7 mm, depth — 1.6 mm) using a glass microp{fegt@a, Poole, UK) as
previously described [19]. At 24h, mice were sacrificed, transaérgperfused with 0.9%
heparinised saline and tissue collected for immunohistochemicalsenafymicroglial and

endothelial cell activation.

Immunohistochemistry

Immunohistochemistry was carried out on 10 um thick, fresh frozemetissctions. The
tissue was air dried, fixed with cold ethanol, quenched with 1%olggdr peroxide in
phosphate buffered saline (PBS), and blocked with 2% bovine serum alburdih (ES6
normal rabbit serum before overnight incubation with the primatypadies: intercellular
adhesion molecule-1(ICAM-1; YN1/1.7.4, Abcam, Cambridge, UK); vascelaadhesion
molecule-1 (VCAM-1; MVCAM A (429), Serotec); major histocompatipi(MHC) Class |
(ER-HR 52, Abcam); MHC Class Il (M5/114.15.2, Abcam); CD11c (N418,remgels gift
from Prof M. Glennie, Southampton, UK); CD11lb (5C6, Serotec, UK); C&8LY,
Serotec, UK), pan-Laminin (L9393, Sigma). Following incubation withptimaary antibody,
sections were washed and incubated with the appropriate biotinykteddary antibody
(Vector Labs, Peterborough, UK). Labelling was visualised using avidin-biotin-
peroxidase complex (ABC, Vector Labs), using 0.015% v/v hydrogeoxider as substrate
and diaminobenzidine (DAB) as chromogen (Sigma, Poole, UK). Foumofluorescence,
sections were incubated with 4% BSA, before overnight incubation wnttonjugated
primary antibodies and labelling was visualised by Alexa FA&8 or Alexa Fluor 546
conjugated secondary antibodies (InvitrogBajsley, UK. Mounted sections were cover-
slipped using prolong Gold anti-fade reagent with DAPI (Invitrogen).lysma of the

immunohistological staining was performed using a Leica DM5000 microscope



Quantification of immunohistochemistry images

Images were captured at 20x optical zoom using QWin softwateiog. All images were
captured using identical exposure limit, gain, saturation, shadindilterd DAB staining
within the images was identified using ImageJ with the Colour Dexdotion Plugin to
eliminate haematoxylin counter stain. Image threshold limit magred to a set level to
remove background noise and kept constant for all images. Imagesheereonverted to
binary and the area of staining was measured: the fold increatsned area was calculated

using the contralateral hemisphere of LPS injected mice as the control.

Statistical analysis

Cytokine production was analysed by one-way analysis of varighdOVA) followed, if
significant, by Tukey’s multiple comparison test using GraphpashPsiftware. Burrowing
behaviour and body weight measurements were analysed by repeatsdraaeANOVA
followed, if significant, by Tukey’s multiple comparison test usimgghpad Prism software.
Immunohistochemistry results were analysed by two-way ANOGMKBwed by Bonferroni
post-test using Graphpad Prism software. Values were exp@Esseeans = SEM. A p value
< 0.05 was considered to indicate significant difference. Full ANGHatistics are combined

in supplementary Table 1.



Results

The effect of repeated LPS challenges on peripheral and central cytokines

To investigate immune-to-brain communication following multiple sygtd_PS challenges,
we injected LPS intraperitoneally on three consecutive days terdeath LPS challenge we
measured burrowing activity and cytokines in the serum, spleen amd bhe first LPS
challenge led to an increase in protein levels of #N-1f and IL-12 in the serum (Figure
1A, IFN-y 7.1-fold p < 0.001, IL-f 20-fold p < 0.001, IL-12 1.6-fold n.s.) and the spleen
(Figure 1B, IFNy 11.5-fold p < 0.001, IL-1 18-fold p < 0.001, IL-12 5.8-fold p < 0.001).
Similar changes were observed for IL-6, TNFand KC (data not shown). Upon the second
and third challenge, serum and spleen levels of yFINNF-o and IL-12 no longer increased
in response to LPS, demonstrating induction of endotoxin tolerance €FigAxB). In
contrast to the periphery, protein levels of IFNL-1p, IL-12 (Figure 1C) in the brain did
not significantly increase relative to saline controls afier first systemic challenge with
LPS, while a second challenge significantly increased the prieeels of IL-B and IL-12
(Figure 1C, IL-B 235-fold p < 0.001, IL-12 1.9-fold p < 0.05) . The third dose of LPS led to
a reduced synthesis of Il3land IL-12 in the brain (Figure 1C, IL312.6-fold reduction p <
0.001, IL-12 1.7-fold reduction n.s.), similar to that observed in the perigtfierymultiple
LPS challenges. Brain IFN{evels remain below 1 pg/mg protein, despite increasedslevel

(up to 104 pg/ml) in the serum.

Increased systemic cytokine levels following LPS challenge Ibeen associated with
transient changes in sickness behaviour and body weight [18, 20]. We do$extyelespite
a reduction in systemic cytokine levels, burrowing behaviour is rediaceelow 30% (p <
0.001) of baseline burrowing upon each peripheral challenge with LS€FA.D). The first

LPS challenge induces a robust change in body weight measured 24fteutise injection



(Figure 1D, p < 0.001). A second or third challenge does not lead tdharfisignificant

decrease in body weight (Figure 1D).

The effect of a bacterial infection on peripheral and central cytokines

LPS binds to and triggers TLR4 signalling in innate immune catid, only mimics certain
aspects of a bacterial infection. Therefore, we next measured cytokinesnete periphery
and brain following a non-neurotropic bacterial infection and asseglsether the cytokine
levels correlate with behavioural and metabolic changes. Mice weculated with a sub-
lethal dose ofs. typhimuriunstrain SL3261 and cytokines levels in serum, spleen and brain
were measured at 1, 7, 14 and 21 days. Burrowing, appearance and lgtdywas assessed
on the day of infection and daily thereafter. At 24h after SL3261 iajectve could not
detect increased levels of pro-inflammatory cytokines in thelpery, while at day 7 protein
levels of IFNy, IL-18 and IL-12 were increased in both serum (Figure 2A, 1F82-fold p
<0.001, IL-B 55-fold n.s., IL-12 2.3-fold p < 0.01) and spleen (Figure 2B, y#M-fold p <
0.001, IL-18 4.3-fold p < 0.01, IL-12 1.8-fold n.s.) tissue . Serum levels of {KB59 + 193
pg/ml) and IL-B (38.2 £ 26.4 pg/ml) peaked at day 7, and circulating levels df2IL-
remained significantly elevated up to 21 days (3.6 = 0.3 ng/ml, 4.4 £+ 008, r}9 + 0.4
ng/ml at days 7, 14, and 21, respectively). In spleen tissue weetdkibecreased levels of all
three cytokines from day 7 up to day 21 (Figure 2B). In the biiaenptotein levels of the
pro-inflammatory cytokines IL{}, IL-12 (Figure 2C) and IL-6 (data not shown), were
comparable to control levels when measured at day 7 post-infebtivrevels of these
cytokines increased gradually to become significantly increased aays post-infection
(Figure 2C, IL-B 4.7-fold p < 0.05, IL-12 4.4-fold p < 0.05) . Brain levels of IfiFemained

below 1 pg/mg protein during the entire three-week period post infection (Figure 2C)
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Burrowing was significantly reduced to 30% (p < 0.001) of baselinenwheasured 1-3h
after administration of SL3261, and after 24h, these changes revadedobbaseline levels
(Figure 2D). Mice showed transient changes in appearance during 1-3h (e.g. hunalved post
piloerection), which were no longer observed 24h after infection. The changarrowing
and appearance coincided with endotoxin levels in the serum of tmalar(iFigure 2D).
Inoculation of mice with SL3261 resulted in a robust loss of body wékjgure 2D, p <
0.001) and this was restored to baseline levels at day 7 post-anféEtgure 2D). At this
stage, the lymphoid organs (spleen and draining lymph nodes) had maricedfsed their
size to approximately five times their original size (dadashown). These data show that a
bacterial infection induces a strong immune activation in the peyiphad a delayed but
long lasting cytokine response in the brain. The increased leveysosines in the periphery

and brain did not correlate with anhedonia behaviour assessed by burrowing (Figure 2).

Cellular changes in the brain

To further characterise the impact of a systemic bactefedtion on the brain, we examined
coronal sections between 1.8 - 2 mm posterior to bregma for a camgelecules typically
expressed on activated endothelium (ICAM-1, VCAM-1, MHCI, MHCIl) or
microglia/macrophages (CD68, CD11b, MHCI, MHCII) at 1, 7, 14 and 21 fidigsving

infection with SL3261.

Changes in cerebral vasculature

The most profound change on the cerebral vasculature was thgulgticsm of MHCI and
MHCII. Low levels of MHCI can be detected on the cerebral vasetd of naive control

mice (Figure 3A), while MHCII is undetectable (Figure 3E). 24h post-infection, no

11



changes in expression levels of these molecules were obseryeck (BB and 3F). However,
from day 7 after infection the cerebral vasculature, including vartesjes and capillaries, as
judged by their morphology and size, stained positive for both MHCI ai@IMFigure 3C
and 3G).Increased expression of MHCII molecules was conspicuous in thexcand
hippocampus (Figure 4), and levels remained readily detectable @erdtaral vasculature
throughout the 3-week time course. The administration of a singlechBifenge did not
induce MHCII on the brain vasculature, measured at day 3 and 7, nor diglenuRS
challenges, measured 3h after the final injection (data not showine cell adhesion
molecules VCAM-1 and ICAM-1 were both expressed at low leprlthe brain vasculature
of naive mice (Figure 3l and 3M). Increased expression of VAAERAKd ICAM-1 was
observed from 24 hours post infection (Figure 3J and 3N), but the most prochaaiges
were observed at day 7 after infection (Figure 3K and 30). Ateksyehe expression levels
of the adhesion molecules had decreased to similar levels as observed &tidaye 3L and

3P).

Changes in parenchymal cells

Analysis of microglia/macrophage markers suggested that r&rafso respond to a
systemic challenge of SL3261. At day 7 after infection, we obseavedest increase in
CD11b expression in mice inoculated with SL3261 (Figure 3S), whemparewh to naive
control mice (Figure 3Q). Infection of mice with SL3261 also lechtweased expression of
CD68 in perivascular macrophages and microglia (Figure 3W), whilaive mice, CD68 is
conspicuously expressed in perivascular macrophages (Figure 3&Jthéhges in CD11b
and CD68 expression returned to baseline levels at 3 weeks gFR3jurand 3X).The

morphology of the microglia remained ramified with fine procesdespite changes in

CD11b and CD68 expression.
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Cellular changes in the brain of SCID mice

To determine whether the phenotypic changes of cerebral vaselirand microglia are
dependent on innate immune responses, we compared the cellular dmatige$rain of
BALB/c SCID and BALB/c control mice, following systemic SL326faction. As seen in
C57BL/6J mice we observed increased expression of MHCII (Figuran8/B) and MHCI
(Figure 5C and 5D) on cerebral vascular cells in both BALB/c msuams, analysed 5 days
post infection. In addition, no apparent differences were found in CD11b imnagtioity
on microglia in the brain parenchyma between SCID or contioé infected with SL3621

(Figure 5E and 5F).

Priming of the brain innate immune response

The immunohistochemical analysis suggests that microglia/macrapbageme transiently
activated after infection with SL3261, and appear to return to thiginal morphology and
phenotype by 3 weeks. However, brain cytokines remain elevatgdesing an altered
innate immune response in the brain. To investigate whether the immatee cells in the
brain are ‘primed’ by systemic infection, we challenged mide wifocal intra-hippocampal,
unilateral injection of 100 pg of LPS four weeks after the ingy@temic infection. In naive
animals, LPS injection led to a small, but detectable up-regulafidhe expression of a
number of myeloid markers on microglia and macrophages (FiguréEsAsnd 61) compared
to the uninjected site (Figure 6B, 6F, and 6J). A few microglia @lysol thicker processes
and hypertrophic cell bodies (Figure 6F). Quantification of the sladav that microglia in
the LPS injected hemisphere of naive mice exhibit a 2-fold iser@a CD68 expression
(Fw,10)= 7.09 p = 0.0238) relative to uninjected brain (Figure 7) and SL32G&draaimals

showed a 2.6-fold increase of CD68:(n = 7.09 p < 0.05) following an intracerebral

13



injection of LPS and displayed an activated morphology with retrgotemesses, but these
changes were not different from similarly treated naive nifiggig) = 0.53 n.s.). Similar
results were observed for CD11b expression levels (Figure ¢pnlinast, focal injection of
LPS into the brain of previously SL3261-infected animals led to higkeression levels of
CD11c (Figure 6A-D and 7, interactiony ) = 5.59 p < 0.05), MHCII (Figure 6L and 7,
interaction: k14 = 10.0 p < 0.01), and MHCI (Figure 7, interactiori i = 1.11 n.s.).
Microglia or macrophages in the parenchyma showed expression of @iidt was not
detected on microglia of naive mice (Figure 6A-D). In additibkere appeared to be an
increased number of CD11c+ cells in the perivascular space of Sii2aieated mice,
suggesting possible recruitment of myeloid cells from theulgtion (Figure 6D). The
cerebral vasculature of mice infected with SL3261 four weeksqus\d the LPS challenge
remained positive for MHCII (Figure 6K and 60) and intracerelnjattion of LPS induced
MHCII expression on parenchymal microglia/macrophages. This\@ig®r was confirmed
by a double staining with laminin to differentiate MHCII+ miglial cells from MHCII+

endothelial cells of the vasculature (Figure 6P).
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Discussion

A systemic infection activates multiple physiological pathsvaiiat aid in the
elimination of the pathogen and recovery of the host. These inatunddei and acquired
immune responses as well as the activation of communication pativetwyeen the immune
system and the brain to co-ordinate essential metabolic and belahvotianges. The
mechanisms underlying immune-to-brain communication following a sdage of LPS, are
well described [21], but information on real bacterial infections restrictpdripheral tissues
is still sparse. This is surprising, given how frequently systanfections occur in the
population and their potential to exacerbate brain disease [11, 2#he burrent study we
compared the cytokine response in the periphery and the brain of nticedbi@ed either
multiple doses ofS. abortus equiderived LPS or a bacterial infection with attenuated
Salmonella typhimuriunfSL3261).A single LPS injection induced high systemic cytokine
levels with associated behavioural changes, but no detectable ¢dvRislp and IL-12
protein in the brain. A second LPS challenge induced significaneiprég¢vels of pro-
inflammatory cytokines in the brain, despite reduced peripheral iogtagxpression. A
subsequent third challenge with LPS resulted in a reduced syntbiesiytokines both
systemically and in the brain indicative of tolerance in both comegats. The levels of
cytokines did not correlate in a simple way with a deficit in duing behaviour a measure
of anhedonia, which was reduced after each LPS challenge, sugdleatitiye burrowing is

not controlled by cytokines alone and not altered during endotoxin tolerance.

When we assessed the effect of a bacterial infectvenobserved acute behavioural
changes that rapidly resolved. Despite these transient changpehaviour, there was clear
evidence of sustained immune activation in both the periphery and the@®ytokines in the
serum, including IFNs and IL-13 were significantly increased at day 7, and raised levels of
IL-18 and IL-12 in the spleen were present up to 3 weeks post-infectiorddlhoa to

15



cytokine production, we observed up-regulation of ICAM-1, VCAM-1, MHCI, artdQV

on the cerebral vasculature and increased levels of CD11b and CD6&rogliai These
observations demonstrate that repeated systemic LPS injeatidres bacterial infection both
result in immune activation in the brain but with different kinetit#erent magnitude and
differential cell involvement in the brain including endothelium, pedukss macrophages

and microglia.

Priming versus tolerance

Mounting an immune response to infection is essential for survivaéxoessive or
prolonged inflammatory responses can result in bystander tissuegyelamd septic shock.
One mechanism to regulate innate immune responses is endotoxin wlendnch is
characterised by a transient state of cellular, metabolida@havioural hypo-responsiveness
to subsequent or chronic systemic infections [23]. Stimulation of TieRdlts in signalling
of nuclear factor kappa B (MB), which induces gene transcription of pro-inflammatory
cytokines including TNFe, IL-12 and IL-B, while a second stimulation with LPS results in
a repression of these genes leading to reduced lethality, éd@norexia [24] [25, 26]t
has been shown that LPS-induced cytokine expression still occurs ihradire during
endotoxin tolerance, when cytokines in the periphery are no longer th{Rite28] and our
results are in agreement with these observations. Faggioniseiggésted that tolerance
induction in the brain requires direct stimulation of TLR4-expressahlg. This is supported
by experiments where LPS was directly injected into the bslowing reduced TNEk-
production upon re-stimulation [28]. Other studies have shown that systepasure to LPS
induced endotoxin tolerance to a different bacterial strain [29].s&hshanges were
independent of peripheral cytokine levels and long lasting, as tolenaxstill observed 3
weeks after the first challenge. However, it should be noted hkahigh dose of LPS (1
mg/kg) may have altered BBB permeability allowing exposurpesivascular macrophages

16



or microglia to LPS. Although microglia are a likely sourcerafreased pro-inflammatory
cytokines following a systemic infection, we cannot rule out otledirtgpes. Endothelial
cells express functionally significant amounts of TLR4 and aealsle of producing
inflammatory cytokines and chemokines [30]. In vitro studies show ayiakines are
continuously produced by endothelial cells after repeated LP®&pa{31], which implies
that endothelial cells do not become tolerant to LR8cent studies have suggested that
epigenetic changes play a role in endotoxin tolerance [32, 33], andyehat selective
programming and histone modification determines the threshold for subseqek
activation [32-34]. In contrast to most macrophages in the body, meragh kept in a
guiescent state and it is possible that exposure to LPS inducesatim remodelling, which
then allows further activation by a secondary challenge. Similanadtsons have been made
by Stalder et al 1997 who demonstrated that microglia werm#jer producers of IL-12 in
the brain after a second systemic LPS challenge in contraptden where high levels of IL-
12 were produced after the first challenge. The degree of tolenaagenvolve numerous
variables including the strain of LPS used in the first and subseduo@iienges [29] and the

delay between the challenges.

Microglia and macrophages in the brain parenchyma of SL3261-fesiresice showed
increased levels of MHCII and CD11c, after intracerebral tifglenge, which was not seen

in similarly challenged naive mice. It has been reported thabglia express CD11c under
inflammatory conditions, therefore CD11c positive cells in SL3261 @teleand LPS
restimulated brain can be both activated microglia and/or redruitacrophages from the
circulation [35, 36] Previous studies investigating the impact of the environment on the
immune response of the brain parenchyma to a viral vector and eregerte synthesis
showed a similar hyper-responsive effect. Animals exposed ¢mational animal house

environment gave a more robust inflammatory response to the viradrveeed reduced

17



reporter gene synthesis when compared to animals raised and liangpercific-pathogen-
free environment [37]. The fact that the innate immune response sppda influenced by
prior exposure many days or even weeks previously is suggestive ioihate immune
memory. Netea et al [38] have reviewed this phenomenon in plantsteineges and
vertebrates and suggest the existence of a trained immoatiiated by epigenetic changes
of the immune system. Furthermore, recent observations show thatifeainfections can
alter the threshold of ILfl production in the hippocampus via long lasting priming of
microglia [39]. Based on these observations we hypothesize thanhefigehanges may

control the innate priming observed in our model..

The impact of S. typhimurium on the CNS, innate vs adaptive immunity

The immune response to systemic infection with wild tgpthyphimuriunand its attenuated
AroA mutant strain SL3261 is well documented [40, 41]. Macrophages andpigigrplay

a key role in the initial response to infection by secretingcthekines IL-12, IL-18, and
TNF-a. IL-12 contributes to the establishment of a protective Thl immumenss and
mediates host resistance by inducing K-Bynthesis in NK-cells and macrophages [42-44].
Clearance of the bacteria requires MHC-II restricted, SL326a{gpecD4+ T cells that
become detectable at 7 days post infection [40]. These immupenses are not observed
after multiple LPS challenges, and a major finding of our stadg highlight that repeated
LPS challenges poorly mimic the peripheral immune response toteribhinfection. Our
study shows increased levels of IL-12 up to 3 weeks post-infectiomearahsed levels of
IFN-y in serum and spleen that peak at day 7, while repeated LPS indolcedeal cytokine
response in the periphery and did not result in increased expres$tiCifand MHCII on
cerebral endothelial cells. We detected acute changes in bogrthvat normalized after 24h.

The behavioural changes coincided with detectable circulatingsle¥dlPS in the serum,
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making it possible that systemic LPS induced the behavioural esahigectly by engaging

TLR4 on cerebral endothelial cells.

Long-term consequences of systemic inflammation

A striking effect following systemic infection with SL3261 wae fprolonged up-regulation
of MHCI and MHCII expression on the cerebral vasculature. To our ledow this is the
first study to report these long lasting alterations to celrelsculature in response to non-
neurotropic bacterial infection. IFN4s a major regulator of MHC molecules on cerebral
endothelium and it has been shown that {Fi-regulates MHCII on cerebral endothelium
in culture [45] and following infection witioxoplasma gondi{46). Our data using SCID
mice suggest that innate immune cells, such as macrophages oelldKare the likely
cellular source of this cytokine. The functional consequences of sectddHCI and MHCII
expression on cerebral endothelium following SL3261 are unknown. One possshiliat
increased expression of MHC molecules contributes to a protecaebamism to regulate
immune activation in the CNS, by inducing T cell tolerance in bsermce of co-stimulatory
molecules such as CD40 or CD80 (data not shown). A similar lack -stirnalatory
molecules has been shown in vitro following stimulation of primary muemmothelial cells
[46]. It has also been shown that MHCI expression on endothelium cas acmolecular

address for CD8 cell invasion into the brain parenchyma without activation of th¢4agll

Systemic infection witiMycobacterium tuberculosi@acillus Calmette-Guérin, BCG) leads
to acute changes in locomotor activity, followed by depressivepteyns at 7 days that
coincide with an increase in indoleamine 2,3-dioxygenase (IDO) arehsen mRNA levels
of IFN-y, IL-1p and TNFe in the brain [48, 49]. BCG an8. typhimuriumnfect their host
cells in a similar way and it is likely that they shammilar immune-to-brain communication

pathways.
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Conclusions

Our study shows that systemic infection with non-neurotr8pityphimuriumhas long term
consequences for homeostasis in the CNS, due to changes in thalocexsbulature and
priming of the innate immune response. It is well recognisedsyséémic bacterial and viral
infections are significant contributors to morbidity in the eldedlynumber of studies have
described morphologically activated microglia in the aged rodedt human brain with
increased levels of MHCII and CD68 expression [50, 51]. Altered ssiore of

immunoregulatory molecules, such as CD200 or fractalkine on neuronsegmagation for

these microglial phenotype changes. As an alternative or additemial, we propose that
the morphologically activated microglia of the aged brain mayrmed by low grade

systemic inflammation experienced throughout life.
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Figure legends

Figure 1. Immune adaption in response to multiple LPS chllenges. (A-C) Cytokine
production in response to repeated systemic challenges with LR&IsLef protein
expression of inflammatory cytokines in serum (A), spleen (B),adh (C) in saline or
LPS injected mice. LPS challenges were given at threeecotige days, with 24 hours
between each injection. Cytokine levels were measured 3 houreadtel.PS injection and
compared to cytokine levels in naive mice. (D) Changes in burrowehgviour and body
weight upon multiple LPS challenges. Error bars represent SEM Sramimals per time
point (p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) versus naive control). This expenimvas

repeated three times with similar results.

Figure 2: Immune adaptation in response to SL3261 infection(A-C) Cytokine
production in response to systemic challenge with Salmonella tyghim@8L3261. Levels

of protein expression of inflammatory cytokines in serum (A), sp{B¢nand brain (C) in
naive non-infected or SL3261 infected mice. Cytokine levels were neelastl, 7, 14, and
21 days after the infection with 4@fu SL3261 and compared to cytokine levels in naive
mice. (D) Changes in burrowing behaviour, body weight and serum emnuddorls upon
SL3261 infection. Behaviour experiments were carried out with n = Siperpoint. Error
bars represent SEM from 5 animals per time point (p < 0.05 (*)0@%x (**), p < 0.001

(***) versus naive control). This experiment was repeated two times withesiresults.
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Figure 3: Kinetics of immune marker expression after SL3261 nfection. Immune
markers of vascular endothelial cells and microglia/macropha@d€( (A-D), MHCII (E-
H), ICAM-1 (I-L), VCAM-1 (M-P), CD11b (Q-T), and CD68 (U-X)) &d (B, F, J, N, R, V),
7d (C, G, K, O, S, W), and 21d (D, H, L, P, T, X) after a systemiltecitgge withSalmonella
typhimuriumSL3261 compared to naive non-infected mice (A, E, I, M, Q, U). Repatisent
images from the dorsal lateral geniculate nucleus of the thalaare shownPhenotype

analysis was carried out with n = 3 mice per time p@aale bar = 50 um.

Figure 4: MHCII expression in the brain after systemic SL3261linfection. Brains from
naive mice (A) and mice that were infected with SL3261, 7 daysquslyi (B) were cut
through the dorsal hippocampus and thalamus and analysed for MHClk®gpreThe
image of the naive brain was overlaid with an outline of the lanaghthe cell fields of the

dorsal hippocampus to aid the orientation within the image.

Figure 5. Immune marker expression in SCID mice after sysmic infection with

SL3261. Immune markers of the vascular endothelial cells and micfoglEophages
MHCII (A-B), MHCI (C-D), and CD11b (E-F) in BALB/c (A, C,¥or BALB/c SCID (B, D,

F) mice measured at day 5 after a systemic infection wi32&l. Due to more severe
clinical symptoms in the SCID mice following SL3261, mice wexerificed at day 5. Balb/c
wild type mice were analysed at the same time point for cosgpa The images are
representative examples of immune marker activation of n = Saéper group. Scale bar =

50 pm.
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Figure 6: Primed innate immune response Iin the brain fédwing a systemic bacterial
infection. Phenotypic changes after intracerebral injection of 100 pg of hRfaive mice
(A, B, E, F, I, J, M, N) or mice pre-treated with SL3261 (C, D, G,K L, O, P).
Representative images of immune marker expression (CD11c (BB®3 (E-H), MHCII (I-
L) in the injected hemisphere (B, D, F, H, J, L, N, P) or corteedasite are shown. Panels
M-P show a double immuno-fluorescent stain for MHCII (green) andhlanfred). n = 5

animals per group, black scale bar = 50 um, white scale bar = 75 pum.

Figure 7: Immune marker expression after intracerebral injection of LPS LPS was
injected intracerebrally into one hemisphere of naive mice oe thiat had been infected
with SL3261 4 weeks previously. The figure shows the fold increadeS&M of immune
marker expression over the naive uninjected section. Data wasehalytwo way ANOVA

and significant interaction is shown (p < 0.05 (*), p < 0.01 (**), n = 4-5).

Supplementary Table 1: ANOVA test run statistics.The table gives an overview on
statistics of all ANOVA test runs that have been performedhabyae the data presented in

this manuscript.
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