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Abstract

The non-obese diabetic (NOD) mouse, an established model
forautoimmune diabetes, shows an exaggerated reaction of
pancreas macrophages to inflammatory stimuli. NOD mice
also display anxiety when immune-stimulated. Chronic mild
brain inflammation and a pro-inflammatory microglial acti-
vation is critical in psychiatric behaviour. Objective: To ex-
plore brain/microglial activation and behaviour in NOD mice
at steady state and after systemic lipopolysaccharide (LPS)
injection. Methods: Affymetrix analysis on purified microglia
of pre-diabetic NOD mice (8-10 weeks) and control mice
(C57BL/6 and CD1 mice, the parental non-autoimmune
strain) at steady state and after systemic LPS (100 pg/kg) ad-
ministration. Quantitative PCR was performed on the hypo-
thalamus for immune activation markers (IL-13, IFNy and
TNFa) and growth factors (BDNF and PDGF). Behavioural
profiling of NOD, CD1, BALB/c and C57BL/6 mice at steady
state was conducted and sickness behaviour/anxiety in NOD
and CD1 mice was monitored before and after LPS injection.
Results: Genome analysis revealed cell cycle/cell death and

survival aberrancies of NOD microglia, substantiated as
higher proliferation on BrdU staining. Inflammation signs
were absent. NOD mice had a hyper-reactive response to
novel environments with some signs of anxiety. LPS injec-
tion induced a higher expression of microglial activation
markers, a higher brain pro-inflammatory set point (IFNy,
IDO) and a reduced expression of BDNF and PDGF after im-
mune stimulation in NOD mice. NOD mice displayed exag-
gerated and prolonged sickness behaviour after LPS admin-
istration. Conclusion: After stimulation with LPS, NOD mice
display an increased microglial proliferation and an exagger-
ated inflammatory brain response with reduced BDNF and
PDGF expression and increased sickness behaviour as com-

pared to controls. ©2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

The non-obese diabetic (NOD) mouse, derived from
the CD1 mouse, displays spontaneous development of
autoimmune thyroiditis and type 1 diabetes, similar to

what is observed in humans [1]. The autoimmune pheno-
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type found in NOD mice is mediated by T cell infiltration
of the endocrine glands and destruction of the endocrine
cells by these autoreactive lymphocytes [2]. Inborn and
pre-existing aberrancies in macrophages, dendritic cells
and their precursors present in the endocrine glands have
been shown to play a crucial role in the early stages of au-
toreactive T cell stimulation at the onset of endocrine au-
toimmune diseases [3-9]. These include an aberrant
growth rate and an aberrant differentiation of the cells
from precursors, leading to a progeny of cells with a re-
duced growth factor production for neighbouring endo-
crine cells [10] and a deficient capability to induce im-
mune tolerance to auto-antigens [8, 10, 11]. Moreover,
upon stimulation with an environmental or endogenous
inflammatory stimulus, such as lipopolysaccharide (LPS)
or apoptotic cells, these abnormally differentiated local
macrophages and dendritic cells show an exaggerated in-
flammatory response characterised by an increased secre-
tion of pro-inflammatory cytokines, such as TNFa, IL-1p
and iNOS [10, 12].

Interestingly, there is a higher prevalence of major
mood disorders in autoimmune thyroiditis and type 1
diabetes patients. Evidence suggests that patients with
autoimmune thyroiditis and type 1 diabetes are up to 3
times more likely to present with a major mood disorder
than the general population, and vice versa [13-18]. Of
note, there is also limited evidence in the NOD mouse
model that the increased diathesis of the animal for au-
toimmune thyroiditis/insulitis is associated with abnor-
mal behaviour, such as increased locomotion in the open
field and reduced social exploration, locomotion and
rearing after IL-1 injection. This behaviour can be con-
sidered as an anxiety response to immune stimulation
[19, 20].

While there is thus ample evidence that deregulated
interactions of local aberrant macrophages/dendritic
cells and T cells form the cornerstone of the immune
pathogenesis of autoimmune thyroiditis and type 1 dia-
betes, there is a lack of understanding of the immune
pathogenesis of major mood disorders. Nevertheless, in-
creasing evidence suggests that chronic mild inflamma-
tion of the brain may play a critical role in their develop-
ment. A link between pro-inflammatory monocyte acti-
vation, microglial activation and mood disorders has
been shown, at least in a subset of patients [21-25].

The question thus arises whether the NOD mouse -
apart from being a model of autoimmune thyroiditis/in-
sulitis — might also be an animal model for mood disor-
ders with inflammatory activated microglia and signs of
chronic mild inflammation in the brain.
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Here, we study the Affymetrix gene expression of
FACS-purified microglia of NOD mice, the gene expres-
sion of a set of inflammatory markers in the whole brain
(hypothalamus) of NOD mice and the behaviour of these
mice (using various behavioural paradigms) in compari-
son to CD1 mice (the non-autoimmune ancestral strain
of NOD mice) and in a set of experiments with C57BL/6
and Balb/C mice). We studied, in particular, the gene ex-
pression of a panel of well-known and undisputed pro-
inflammatory markers (TNFa, IL-1B, IL6, IFNy and
IDO) in the microglia and hypothalamus tissue of the
mice. We chose to study the hypothalamus of the mice as
a sample of whole-brain tissue for practical reasons, and
other parts of the brain were used for the purification of
microglia. Earlier extensive studies have been performed
on the hypothalamus in relation to inflammation [26, 27],
and immune stimulation is known to alter the expression
of stress related genes in the hypothalamus [28].

Pro-inflammatory activation of myeloid cells includ-
ing microglia is easily induced by LPS, with concomitant
rises in pro-inflammatory cytokines like IL-6, IL-1f and
TNFa. It has previously been reported that systemic ad-
ministration of LPS to experimental animals induces
transient, short-term sickness behaviour, followed by the
delayed (>24 h) presence of depressive behaviours which
persist in the absence of sickness behaviour [29]. Fur-
thermore, mice administered with LPS were reported to
have prolonged activated microglia for up to 3 days fol-
lowing treatment accompanied by depressive behaviours
[30].

Increases in pro-inflammatory cytokines, but also re-
ductions in growth factors such as BDNF, have been re-
ported in the brain of rodents systemically challenged
with LPS [31, 32]. Moreover, previous work by our group
in the maternal inflammation model showed that LPS in-
duced foetal microglial inflammatory activation, but also
pronounced reductions in foetal microglial genes in-
volved in nervous system development and function, par-
ticularly neurite growth and formation [33]. A role for
other growth factors in the pathogenesis of mood disor-
ders has also been suggested, including a role for PDGF,
which has been shown to be altered in the serum of psy-
chiatric patients [34]. We have reported on abnormal se-
rum levels of BDNF and PDGF in patients prone to mood
disorders and thyroid autoimmunity [35, 36].

The second aim of this study was to explore whether
there is LPS-induced, altered inflammatory and growth
factor pathway activation in the microglia and hypothala-
mus of NOD mice in comparison to the CD1 strain. We
explored the gene expression of a panel of pro-inflamma-
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tory markers (TNFa, IL-1p, IL6, IFNy and IDO) and the
2 important growth factors for neuron development re-
lated to psychiatric disease, BDNF and PDGF. We re-ex-
plored whether LPS induced altered behaviour in the
NOD mouse compared to the CD1 strain.

Methods

Animals

In the Affectis laboratory, studies focused on behavioural pro-
filing of multiple strains of mice, including male NOD/ShiLt]
(Eramsus MC), CD1 (Harlan), C57BL/6] (Harlan) and Balb/c
(Harlan) mice. Mice were studied at 10 weeks of age. In parallel
studies, microglial gene profiling and proliferation via BrdU stain-
ing were carried out at Erasmus MC in female NOD/ShiLtJ (Eras-
mus MC) and C57BL/6 (Charles River) 8-10 weeks of age.

In the Trinity laboratory, studies focused on LPS stimulation,
behaviour and microglial gene profiling before and after LPS ad-
ministration and markers of brain inflammation in the hypothala-
mus (in collaboration with Erasmus MC). For these studies, female
NOD/ShiLt] and CD-1 mice were obtained from Charles River
and Harlan, respectively, at 8—10 weeks of age.

All mice were group-housed and maintained on a 12-hour
light/dark cycle in a temperature-controlled room (22 + 2°C).
Food and water were available ad libitum. The experimental pro-
tocols were in compliance with the European Communities Coun-
cil directive (86/609/EEC).

NOD mice of the Erasmus MC and Charles River laboratories
have an incidence of diabetes at 20 weeks of age in 80% of females
and 40-60% of males, starting in females at about 12 weeks of age
and several weeks later in males.

However, it is important to note that all experiments were car-
ried out on the NOD mice in a pre-diabetic state. In the Results
section, the normal glucose levels in blood from 1 experiment are
shown but, in all instances, the mice in the experiments were nor-
moglycemic (both in the blood and urine tests).

LPS Administration

To evaluate the effect of LPS, NOD mice (Trinity, Erasmus
MC), CD1 mice (Trinity, Erasmus MC) and C57BL/6] (Erasmus
MC) received an intraperitoneal (i.p.) injection of LPS (100 pg/kg)
prepared from Escherichia coli (Sigma) or an i.p. injection of saline
4 h or 24 h before euthanisation.

Microglia Isolation

Microglia were isolated according to a modified version of
the method described previously [37]. In short, the mice were
perfused with PBS after blood sampling by cardiac puncture.
Subsequently, the brains were removed and stored in ice-cold 1x
Hank’s balanced salt solution (HBSS, Gibco), containing 15 mM
HEPES (Gibco) and 0.5% glucose (Sigma). The brains were cut
into small pieces, dissociated in a glass tissue homogenizer
(VWR, Amsterdam, The Netherlands) and tritruated by fire-
polished glass Pasteur pipettes (VWR). The single-cell suspen-
sion was first filtered with a 70-pm cell strainer (Becton Dickin-
son) and pelleted for 10 min at 200 g and 4°C. A 100% Percoll
stock (GE Healthcare) was made using 9 volumes of Percoll and
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Fig. 1. Use of the proliferation marker BrdU revealed a higher per-
centage of microglia in the DNA-replicating S-phase 3 days after
BrdU administration when compared to CD1 controls. Data ex-
pressed as mean + SEM, n = 3 per group. * p < 0.05, *** p < 0.001.

1 volume of HBSS 10x. The 100% Percoll stock was diluted by
adding 1x Dulbecco’s PBS (DPBS, Gibco) in order to obtain 75
and 25% Percoll stocks. The cell pellet was taken up in 10 ml 75%
Percoll stock and overlayed with 10 ml of 25% Percoll stock and
6 ml of DPBS (0% Percoll), respectively. The density gradient
was centrifuged in a swinging bucket rotor at 800 g (slow accel-
eration without brake) for 30 min at 4°C. After centrifugation, a
thick myelin-containing layer at the 0/25% Percoll interface was
discarded and the cells between the 25/75% interfaces were col-
lected and washed in 30 ml of ice-cold DPBS. The cells were re-
suspended in DPBS containing 0.1% BSA and labelled with
CD11b-APC (Becton Dickinson) and CD45-PB (Biolegend) an-
tibodies. Cells were washed and SSC'°*CD11b*CD45!°" microg-
lia were sorted in DPBS + 0.1% BSA on a MoFlo FACS sorter
(Dako). Re-analysis of the sorted cells indicated a purity of >99%.
Finally, cells were washed and lysed in extraction buffer and
stored at —80°C until RNA isolation.

Bromodeoxyuridine Investigation

Investigation into the amount of dividing microgliain CD1 and
NOD mice was carried out according to the manufacturer’s in-
structions (BD). In brief, 1 mg bromodeoxyuridine (BrdU) was
injected i.p. and the mice were euthanised 1, 2 and 3 days after
BrdU administration. The microglia were isolated as above. Any
BrdU present within these microglia was stained for with anti-
BrdU fluorescent labels and read via flow cytometry.
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RNA Isolation and Amplification, Affymetrix Microarrays and

Quantitative PCR

RNA was isolated with the PicoPure kit (Arcturus, Applied
Biosystems) according to the manufacturer’s protocol, including a
DNase I treatment (Qiagen, Venlo, The Netherlands) to remove
genomic DNA contamination. The RNA was reverse-transcribed,
amplified, biotinylated and fragmented with the Ovation Pico
WTA v2 and Encore Biotin Module (NuGEN Technologies, Leek,
The Netherlands) and subsequently hybridized on Mouse Genome
430 2.0 arrays (Affymetrix, High Wycombe, UK) according to the
manufacturer’s protocols.

Microarray Analysis

Quality analysis of the CEL data was assessed by running a stan-
dardized workflow developed at the BiGCaT department of Maas-
tricht University, The Netherlands (http://www.arrayanalysis.
org/). The expression data containing CEL files were imported and
processed further with BRB-Arraytools (R. Simon, http://linus.nci.
nih.gov/BRB-ArrayTools.html). Gene expression data were nor-
malized using RMA (Robust Multichip Average) [38]. A list of dif-
ferentially expressed genes in the 2 classes was identified by using
a multivariate permutation test, using the class comparison tool in
BRB-ArrayTools. Ingenuity pathway analysis (Ingenuity® Sys-
tems, www.ingenuity.com) was used for annotation and to sort
data relevant to fold changes. Gene expression was considered sta-
tistically significantly different when p < 0.05. Final fold-change
information provided by the program did not contain the standard
error of the mean, and so we did not include it; however, all data
pertain to groups of 3 mice. p < 0.05 was significant.

Analysis of Hypothalamic Gene Expression by Real-Time PCR

RNA was extracted from hypothalamic tissue using the Nu-
cleoSpin® RNA I total RNA isolation kit (Macherey-Nagel, Ger-
many). Genomic DNA contamination was removed by the addi-
tion of DNase to the samples. RNA was reverse-transcribed in-
to cDNA using a high-capacity cDNA archive kit (Applied Bio-
systems, Darmstadt, Germany). Real-time PCR was performed us-
ing an ABI Prism 7300 instrument (Applied Biosystems) as previ-
ously described [39]. Tagman Gene Expression Assays (Applied
Biosystems) containing forward and reverse primers and an
FAM-labelled MGB Tagman probe were used to quantify each
gene of interest. Assay IDs for the genes examined were as
follows: IL-1B (Mmo01336189_ml), IL-6 (Mm00446190_m1l),
TNFa (Mm00443258_m1l), IFNy (Mmo00801778_ml), IDO
(Mm00492586_m1), PDGF (Mm00440677_ml), = BDNF
(Mm04230607_m1) and FGF2 (Mm00433287_m1). PCR was per-
formed using Tagman® Universal PCR master mix and samples
were run in duplicate. The cycling conditions consisted of 90°C for
10 min and 40 cycles of 90°C for 15 s followed by 60°C for 1 min.
B-Actin was used as an endogenous control to normalize gene ex-
pression data. Relative gene expression was calculated using the
AACT method with Applied BioSystems RQ software (Applied
BioSystems, UK).

Behavioural Testing

Open-Field Test (Affectis, Trinity)

Mice were placed in the centre of a square arena (30 x 30 cm) in
a dimly lit room. Movement in the arena was monitored over a pe-
riod of 30 min, after which point, the mice were returned to the home
cage. The trials were conducted between 8:00 a.m. and 12:30 p.m.
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Modified Hole Board (Affectis)

As described before in detail [40], mice were habituated to oat
flakes prior to testing, with a piece of almond representing the
novel food. Mice were placed in the outer area of the test apparatus
facing the board. Movement, food consumption and exploration
were among the behaviours scored during a 5-min test period. The
trials were conducted between 8:00 a.m. and 12:30 p.m.

Long-Term Monitoring of Home Cage Activity (Affectis,

Trinity)

As previously described [41], mouse activity was monitored in
the home cage over a period of 24 h (t; = beginning of the dark
phase). Parameters such as locomotor activity, rearing and climb-
ing behaviours were determined in a side-view using small CCD
cameras and the ANY-maze software.

Novelty-Induced Hypophagia (Affectis)

Mice were presented with diluted, sweetened, condensed milk
(1:3 milk + water: 0.2% saccharin) for 30 min for 3 consecutive
days as part of a training regime in their home cage. On day 4, the
solution was presented again to the mice in their home cage, with
the total fluid consumption and latency to the first drink being
measured. On day 5, the mice were placed in a novel cage without
bedding and under a bright light and presented with the sweetened
milk again. Latency and total fluid intake were measured again.
The trials were conducted between 8:00 a.m. and 12:30 p.m.

Forced-Swim Test (Affectis)

As described in detail by Sillaber et al. [40], the mice were
placed in a beaker (12 cm in diameter and 24 cm in height) filled
with water (25-26°C) to a height of 12 cm. The animals were test-
ed for a period of 5 min and then removed, dried and returned to
their home cage for 24 h. They were then exposed for a second
time. Immobility time was calculated by a trained observer. The
trials were conducted between 8:00 a.m. and 12:30 p.m.

Tail Suspension Test (Trinity)

The tail suspension test (TST) is an inescapable stress that mea-
sures the presence of despair behaviour in the mice subjected to it.
Mice are attached by their tails to a wire affixed to the horizontal
bar of a retort stand so that they are suspended 25 cm above the
base of the stand. The mice are left in suspension upside down for
a period of 6 min, the last 5 min of which are scored for immobil-
ity. Their behaviour was scored by a trained, blinded observer.

Behavioural Tests before and after LPS Stimulation

In order to monitor the behavioural response of the mice to an
immune stimulus, the activity in a novel home cage was monitored
following LPS administration. These experiments were carried out
in the Trinity laboratory. Animals were individually placed in ac-
tivity monitor cages measuring 32 x 20 x 18 cm (length x width x
height). These cages were connected to an AM1051 data logger
(Benwick Electronics). Each cage contained 2 sets of horizontal
infrared beams, at 3 and 6 cm from the bottom of the cage, respec-
tively. Each set consisted of a 12 x 7 beam matrix, which formed a
grid of 66 x 2.54 cm? cells in each cage. Together, the beams and
data logger recorded activity and rearing. Activity was determined
by the number of times a beam was broken and was measured from
when the beam was first broken until no beam had been broken
for 5 s. Data were analysed using the total number of beam breaks
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over the 30-min trial. The trials were conducted between 10 a.m.
and 2 p.m. This protocol was carried out both before the immuno-
logical challenge (with LPS), in order to determine the baseline
levels of locomotor and rearing activity, and then 4 and 24 h after
LPS injection.

Statistical Analysis of Data

All values are expressed as mean * standard error of the mean
(SEM). Data were analysed using either a Student t test or a two-
way ANOVA followed by the Newman-Keuls post hoc test or the
Fisher LSD post hoc test (GB stat). A value of p < 0.05 was consid-
ered to be statistically significant.

Results

Analysis of Microglial Genome Point to an Abnormal
Cell Cycle and Proliferation at Steady State and after
LPS Administration

When examining the expressional profile of NOD,
C57BL/6 and CD1 mice, a non-biased approach was first
selected. Differentially expressed genes of isolated mi-
croglia were analysed via the Ingenuity software to iden-
tify the top-rated ‘Molecular and Cellular Functions’,
which revealed that cell death, cell survival, cell cycle and
gene expression listed in the top 5-most changed cell
functions in NOD microglial cells when compared to
both CD1 and C57BL/6 mice (see online suppl. table 1,
www.karger.com/doi/10.1159/000446370).

Since isolated microglia from NOD mice were showing
greater gene expression of molecules related to cell death,
cell survival and cell cycle compared to the 2 independent
strains of mice, Erasmus MC further investigated microg-
lial survival and proliferation within the brain in a set of
experiments in which the C5BL/6] mouse strain was used
as a control. Tests utilising the cell-dividing marker BrdU
revealed that NOD mice had a greater number of microg-
lia in the S-phase of the cell cycle on day 3 following BrdU
administration than the C5BL/6] mouse strain (fig. 1).

Ingenuity analysis of microglial Affymetrix genome
expression after LPS injection also revealed that the main
differences in cellular functions between NOD and con-
trol mice were related to cell cycle and cell survival (see
online suppl. table 1 for this comparison).

It is worthy of note that in the ingenuity analysis, func-
tions or pathways related to inflammation or a high im-
mune activity were not different in the NOD and the con-
trol strains.

Inflammatory Factor Profile and Response to LPS
Following on from the above non-biased observations,
a more focused approach was carried out to investigate

Excessive Responsiveness to LPS in the
Brain of NOD Mice

the inflammatory response of microglia and a sample of
whole-brain tissue (hypothalamus) in NOD versus CD1
mice.

Quantities of microglia cells were estimated by the
mRNA expression of the microglial markers CD68 and
CD11b in whole-brain tissue (i.e. the hypothalamus).
These markers did not differ between NOD and CD1
mice at steady state, but following LPS administration, a
2x higher level of these microglial markers was present in
both mouse strains (and did not differ between strains;
data not shown).

To examine the immune profile of NOD and the pa-
rental CD1 strain, expression levels of several pro-inflam-
matory cytokines/compounds were measured, including
TNFa, IL-1p, IL-6, IFNy and IDO. At steady state, differ-
ences in the expression levels of these inflammatory genes
were not found between NOD and CD1 mice in either
microglia (genome analysis) or whole-brain tissue (quan-
titative PCR, qPCR).

However, most of these inflammatory genes were in-
duced by LPS in the microglia and whole-brain tissue and
expression was often stronger in the NOD mice than in
the CD1 mice, although only 2 of them displayed signifi-
cant strain-dependent differences in expression levels af-
ter LPS injection. Firstly, in response to LPS, a significant
increase in IL-1{3 was found in the NOD mouse 4 h after
injection in the whole-brain tissue. While LPS did induce
an increase in IL-1 in the CD1 mice at this time point,
the post hoc analysis revealed that this increase was not
significant (fig. 2b). A large increase was also observed in
IL-1p mRNA expression in isolated microglia of both
strains. Secondly, when the expression of IFNy was mea-
sured, a significant effect of LPS was found in the NOD
mouse. While no effect of LPS was found in the CD1
mouse, a 14-fold increase in IFNy mRNA was found in
the NOD mouse at 4 h after LPS stimulation when com-
pared to its relative control (p < 0.05). Investigation of the
isolated microglia showed no expression of IFNy in the
CD1 mice whereas in NOD mice, it was actually in-
creased, though non-significantly, following LPS admin-
istration. The expression of IDO, a gene shown to be in-
duced by IFNy, also showed a greater increase in the
NOD mice following LPS administration when com-
pared to the CD1 strain (p < 0.05). However, primers for
this gene were not present on the microarray chip used
and, as such, IDO expression could not be investigated in
isolated microglia.

Further investigation of microglial activation in the
sample of whole-brain tissue revealed that NOD mice had
significantly higher elevations of the costimulatory mark-
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ers CD40 and CD86 when compared to CD1 mice (ta-
ble 1), supporting the view that immune cells are more
activated in the NOD mouse brain than in the controls
after LPS injection.

Growth Factor Profile and Response to LPS

Genes encoding the growth factors BDNF and PDGF
were additionally analysed in the isolated microglia and
hypothalamus of the NOD and CD1 mice. A significant
effect of LPS, which differed per strain, was found when
expression levels of BDNF and PDGF were measured in
the hypothalamus. While no effect of LPS was found in
the CD1 strain, a significant decrease in mRNA expres-
sion of both BDNF and PDGF was found in the NOD
mouse at 4 h after LPS when compared to its relative con-
trol (p < 0.05, fig. 3a, b). With regard to the microglia, no
significant treatment effects were observed in either the
NOD or CD1 microglia in PDGF expression, but only the
NOD microglia expressed BDNF.

Behavioural Profiling of NOD Mice at Steady State

In a first series of behavioural experiments, we tested
various paradigms (open-field test, modified hole board,
home cage activity monitoring and novelty-induced hy-

pophagia) comparing NOD mice to 3 other strains, i.e.
CD1, BALBc and C57BL/6 mice. Compared to the other
strains, NOD mice were hyperactive in a novel situation:
in the open-field and modified hole board tests, their ac-
tivity was markedly increased (fig. 4a, b). Interestingly, we
did not find marked differences in activity during long-
term home cage observation (fig. 4c). This set of experi-
ments suggests that NOD mice are hyper-reactive to nov-
el situations rather than hyper-active.

In terms of the consumption of sweetened solutions
(hedonia-related behaviour) the NOD mice did not
markedly differ from the other strains (data not shown).
Data obtained in the novelty-induced hypophagia test
might have reflected an augmented anxiety-related be-
haviour in the NOD mice compared to in the CDI1 and
Balb/c mice in this paradigm (fig. 4d). In the forced-swim
test, passive stress-coping (commonly interpreted as de-
pression-like behaviour) was least in the NOD mice dur-
ing a first exposure in this paradigm (fig. 4e). Thus, com-
parable to the test paradigms of unconditioned anxiety,
in the novel situation of the first forced-swim test, the
NOD mice were very active. However, they displayed the
strongest increase in passive stress-coping in a second
forced-swim test conducted 24 h after the first one. This

Table 1. Microglial activation markers CD40 and CD86 in NOD and CD1 mice after LPS stimulation

Gene Control 4 h after LPS 24 h after LPS

CD1 NOD CD1 NOD CD1 NOD
CD40 1+0.06 0.8+£0.04 3.1+0.5* 5.8+0.5* 1.2+0.1 0.86+0.03
CD86 1+£0.07 1.1+£0.04 2.9+0.43% 4.7+0.13* 1.7£0.11 01.8+0.1

Data expressed as mean + SEM, n = 5-6 per group. These immune activation markers were found to be increased 4 h after LPS ad-
ministration in the whole-brain tissue of both NOD and CD1 mice. NOD mice were found to have a significantly higher increase in both
markers when compared to CD1 mice. * p < 0.05, LPS vs. control, with underlined values indicating where the values were significant-
ly greater in NOD mice than in CD1 mice at the same time point (p < 0.05).

Fig. 2. Investigation of mRNA expression of inflammatory mark-
ers in whole-brain tissue and isolated microglia. For whole-brain
tissue, qPCR was used and data could be expressed as mean + SEM
(bars), n = 4-6 per group. * p < 0.05, LPS vs. control. * p < 0.05,
NOD vs CD1. For microglia, Affymetrix analysis data are given of
1 single experiment with pooled microglia. Four hours after LPS
administration, significant increases in whole-brain tissue mRNA
and microglial expression of TNFa (a), IL-1B (b) and IL-6 (c) were
reported in both NOD and CD1 mice. No obvious differences be-
tween the NOD and CD1 mice were evident, although NOD al-
ways scored slightly higher. Microglial expression followed these

Excessive Responsiveness to LPS in the
Brain of NOD Mice

patterns by and large, although IL-6 did not show significant in-
creases. Investigation of mRNA expression of IFNy (d) and IDO
(e) in whole-brain tissue revealed a significantly elevated expres-
sion in NOD mice following LPS administration when compared
to vehicle-treated controls (Veh). These increases were also sig-
nificantly greater than expression in the CD1 strain following LPS.
Investigation of isolated microglia revealed expression of IFNy
that was up-regulated after LPS only in NOD mice. A primer for
IDO was not present on the microarray chip used in this study, so
no information was available for isolated microglia.
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suggests that NOD mice developed a different strategy in
the forced-swim test that could be interpreted as an in-
creased development of behavioural despair.

In a second series of experiments conducted in anoth-
er laboratory (Trinity instead of Affectis), investigation of
the previously observed hyper-reactive phenotype did
not reveal the same traits when comparing NOD to CD1
mice. The open-field test did not reveal any difference in
total distance between strains [distance moved in the
open field, NOD: mean 5,634 cm (SD 2,389) and CD1:
mean 5,910 cm (SD 1,831)]. However, NOD mice dis-
played anxiety at steady state in the open-field arena [re-
duced distance in inner zone, NOD: mean 1,582 cm
(SD 444) and CD1: mean 1,884 cm (SD 479)] and elevat-
ed plus maze [more time spent in covered arms, NOD:
mean 167 s (SD 37) and CD1: mean 109 s (SD 18)] and a
depressive-like phenotype in the TST [a greater time

spent immobile, i.e. NOD (n = 11): mean time spent im-
mobile 143 s (SEM = 9.08) and CD1 (n = 12): mean time
spent immobile 102 s; SEM = 8.05) at steady state].

NOD Mice Have a Greater Increase in Weight Loss at

24 Hours after LPS Injection and Display Exaggerated

and Prolonged LPS-Induced Sickness Behaviour in the

Home Cage

Since LPS induced a stronger inflammatory response
(IL-1f and IFNYy) in the brain of NOD mice, we also stud-
ied weight loss and sickness behaviour in the NOD mouse
versus the CD1 mouse. To determine any differential be-
havioural response to LPS in the NOD mouse, activity
and rearing were monitored in the home cage activity
paradigm. A significant effect of both strain and LPS were
found when the activity of the mice was measured. While
both CD1 and NOD showed comparable home cage ac-
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Fig. 3. Investigation of mRNA expression of growth factors in
whole-brain tissue and isolated microglia. For whole-brain tissue,
qPCR was used and data could be expressed as mean + SEM (bars),
n = 4-6 per group. * p < 0.05, LPS vs. control. * p < 0.05, NOD vs.
CD1. For microglia, Affymetrix analysis data are given of 1 single
experiment with pooled microglia. Investigation of mRNA expres-

Fig. 4. Behaviour of male NOD (filled bars) in comparison to male
CD1, Balb/C and BL6 mice (all open bars) in various paradigms
under novel and home cage conditions in the absence of LPS stim-
ulation. NOD mice showed the highest activity in novel situations
such as the open-field (a) and modified hole board (b) tests. ¢ This
hyper-activity was not present in the home cage environment.
NOD mice had a shorter immobility time during initial exposure
to the forced-swim test (FST1, d); however, when re-exposed to the
FST 24 hlater (FST2), the change in the passive stress-coping strat-
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sion of growth factors in whole-brain tissue revealed different re-
sponses to LPS in the NOD and CD1 mice. NOD mice had a sig-
nificantly reduced expression of BDNF (a) and PDGF (b) in
whole-brain tissue following LPS administration. By and large, mi-
croglial expression followed this pattern for PDGF. Veh = Vehicle-
treated control.

egy (i.e. the time immobile in FST2 minus that in FST1) was high-
est in the NOD mice (e). f In the novelty-induced hypophagia test,
an anxiety test independent of locomotor behaviour, NOD mice
showed the highest latency to consume palatable liquid (i.e. laten-
cy in novel cage minus latency in home cage). g During the series
of testing of basal behaviour, all NOD mice were in a pre-diabetic
state as shown by the glucose levels determined in the blood drawn
after the last test. Data are expressed as mean + SEM, n = 10/strain;
*p < 0.05,** p < 0.01, ** p > 0.001.

(For figure see next page.)
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Fig. 5. Comparison of NOD (filled bars) with CD1 mice (open
bars) in various paradigms after LPS or saline (control) i.p. injec-
tion. In response to LPS, NOD mice showed an exaggerated and
prolonged behavioural response to LPS stimulation as indicated by
a strong reduction in body weight 24 h after LPS (a) which was

tivity at steady state and they both showed reduced activ-
ity at 4 h after LPS administration when compared to
their respective controls (p < 0.05 and p < 0.01, respec-
tively), this altered behaviour was more pronounced in
the NOD mice, with activity significantly reduced at 4 h
after LPS when compared to the CD1 mice at the same
time point (p < 0.01; fig. 5¢). Similarly, an effect of strain
and LPS on rearing behaviour in this paradigm was also
apparent. Once again, no difference was found in the be-
haviour of the 2 strains at steady state. Furthermore, both
strains showed comparable reductions in rearing 4 h after
LPS relative to their controls (p < 0.01). However, at 24 h,
while rearing in the CD1 mouse had returned to control
levels, it was still significantly reduced in the NOD mouse

146 Neuroimmunomodulation 2016;23:137-150
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independent of food intake (b), a more pronounced reduction in
home cage activity 4 h after LPS (c) and a reduction in rearing that
was maintained for at 24 h after LPS (d). Data expressed as mean
+ SEM, n = 5-6 per group. *** p < 0.001, ** p < 0.01, * p < 0.05,
LPS vs. control. ** p < 0.001, # p < 0.01, * p < 0.05, NOD vs. CD1.

(p < 0.05), suggesting a prolonged behavioural response
to LPS (fig. 5d).

Furthermore, when body weight was recorded at base-
line and then subsequently at 24 h after injection, a sig-
nificant effect of both strain and LPS were found. Post-
hoc analysis revealed that while no difference in body
weight was observed in the CD1 strain, a significant in-
crease in weight loss was found in NOD mice 24 h after
LPS when compared to saline-treated controls (p < 0.01,
tig. 5a). This was independent of strain differences in food
intake after LPS, where both CD1 and NOD mice showed
comparable, significant decreases in food intake 24 h after
LPS (fig. 5b).
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Table 2. Previously published results on NOD behaviour at steady state

First author Compared mouse strains Behaviour Activity
[ref.]
Moy [61] AKR/J, C57BL/6], C58/], DBA/2], VB/NJ, NOD/ open-field test 1
LtJ, NZB/BIN]J, PERA/Ei], PL/], SJL/J, SWR/] elevated plus maze T (highest total arm entries)
sociability and preference =
for social novelty
Bothe [62] 129P3, 12981, 12986, 129T2, 129X1, A, B6129F1,  open-field test T (high context and cue fear

B6J, BoNTac, BALB/c, C3H, DBA/2, FVB, SJL

—

fear conditioning conditioning)

Amrani [19] C57BL/6 (male and female)

open-field test 1

These reports show that NOD mice display a hyper-active phenotype when exposed to a novel environment.

Discussion

Our study has a number of limitations. First of all, the
experiments on isolated microglia are limited to only Af-
fymetrix analyses. The reason is the paucity of cells ob-
tained in the relatively laborious and difficult procedure
for microglial isolation. We were therefore unable to per-
form confirmative qPCR on isolated microglia, but we
did perform parallel qPCR studies on whole-brain (hypo-
thalamus) tissue.

Behavioural studies were carried out in 2 series of ex-
periments in different laboratories, using, in one instance,
3 contrast strains but only 1 (the parental CD1 strain) in
the other . Furthermore, owing to multiple experimental
locations and difficulty sourcing mice from the same
company, behavioural research was carried out on mice
from different sources, meaning that they cannot be con-
sidered to have undergone exactly the same treatment
prior to testing between different groups. At Affectis, be-
havioural profiling was conducted on male mice, while
the rest of the experiments were conducted using female
mice. This was done for economic reasons. Despite our
best efforts to minimise any potential variations, differ-
ences in delivery stress, housing conditions, diet and gut
microbiota could exist. Thus, from our behavioural ex-
periments, definite conclusions on NOD behaviour are
difficult to draw and so we will only draw limited conclu-
sions in relation to the existing literature; experiments
knocking in or out important microglial inflammatory
genes (like IFNy and IL-1) in the NOD strain would be
further steps to unravel immune-related behaviour in this
autoimmune strain.

Excessive Responsiveness to LPS in the
Brain of NOD Mice

Despite the limitations of the study, we are confident
that it shows that the Affymetrix genome profile and the
BrdU incorporation of NOD mouse microglia point to a
relatively high proliferation rate under steady state condi-
tions. In addition, 24 h after LPS injection, Affymetrix
genome analysis still indicated that the parameters cell
cycle and DNA replication were the most affected func-
tions (see online suppl. table 1). Interestingly, a high pro-
liferation rate, similarly high to microglia, was found for
the myeloid population in the pancreas of the NOD
mouse, which has, again similar to the microglia, its own
precursor cell population in its local micro-environment
(8, 10].

Signs of a high pro-inflammatory set point of microg-
lia and brain of the steady state NOD mouse could not be
detected, refuting the idea that this mouse is a model for
mood disorders based on a spontaneous high inflamma-
tory set point of its microglia/brain tissue. Indeed, in our
behaviour experiments (carried out at locations under
different conditions), we did not find consistent signs of
depressive behaviour of the steady state NOD mouse.
However, the behavioural experiments did reveal that the
steady state NOD mouse was hyper-reactive to novel en-
vironments in 1 series of experiments (Affectis) with
some signs of anxiety-related behaviour (novelty-induced
hypophagia test) and an increased development of behav-
ioural despair (second forced-swim test), while the other
series of experiments showed more anxious behaviour in
the open-field and elevated plus maze paradigm (Trinity).
Hyper-reactive behaviour of the NOD mouse to novel en-
vironments has been noticed before by 3 independent in-
vestigators comparing the NOD mouse to a series of con-
trol strains (table 2). Although our data are thus inconsis-

Neuroimmunomodulation 2016;23:137-150
DOI: 10.1159/000446370

147


http://dx.doi.org/10.1159%2F000446370

tent, we believe (with regard for the literature data) that
it is likely that the NOD mouse displays hyper-reactive
behaviour to novel environments (with some signs of
anxiety and despair), but further detailed studies are re-
quired. These experiments should also take into account
whether this behaviour is linked to the high proliferation
rate of NOD microglia because such a link cannot be de-
duced from our series of experiments.

For the pancreas, we have shown that the aberrant pro-
liferation of the local myeloid population leads to a high-
er sensitivity of the progeny cells to LPS reacting with a
heightened production of pro-inflammatory cytokines
[10]. We report here that the microglia and hypothala-
mus of the NOD mouse shows an exaggerated immune
activation and inflammatory response to systemic LPS in-
jection. Expression of CD40 and CD86 were enhanced in
the NOD mouse hypothalamus compared to the CD1
mouse 4 h after LPS exposure. CD40 is an important reg-
ulator of the activation of microglia and macrophages
and serves as an amplifier of pro-inflammatory responses
in the central nervous system [42]. CD86 is an activation
marker of myeloid cells and has been reported to be pres-
ent in activated microglia [43]. Although LPS-induced
expression of the pro-inflammatory cytokines TNFa and
IL-6 did not differ between strains, expression of IL-1f
was significantly enhanced in the NOD mouse whole-
brain tissue in response to LPS (and not in CD1 mice).
With regard to the purified microglia, stronger increases
of IL-1P to LPS were noted in the whole-genome analyses
(although not reaching statistical significance). Clearest,
however, was a very robust LPS-induced increase in IFNy
expression in the NOD brain when compared to the CD1
brain, further supporting a heightened brain inflamma-
tory response of the NOD mouse to LPS stimulation.
Again, the purified microglia showed a heightened IFNy
response to LPS (not significantly different between
strains). IFNy is one of the most potent inducers of the
kynurenine pathway enzyme, IDO [44, 45]. Accordingly,
alarge increase in the expression of IDO was found in the
NOD hypothalamus 4 h after LPS stimulation, and re-
mained elevated at 24 h. It has been hypothesised that the
delayed depressive behaviour observed in animal models
that occurs after the initial sickness behaviour induced by
LPS may be due to IDO and kynurenine pathway activa-
tion [46]. This is supported by the fact that LPS-induced
depressive behaviour can be blocked by the pharmaco-
logical inhibition of IDO [47].

Indeed, in our experiments, the NOD mouse showed
delayed and exaggerated sickness behaviour when ex-
posed to LPS, as indicated by excessive weight loss and an
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exaggerated reduction in rearing activity in the home
cage. Rearing is considered a measure of exploratory be-
haviour and reduced exploration can be indicative of anx-
iety in animals [48, 49]. Our findings are in agreement
with previous studies in which an excessive sickness- and
altered anxiety-behavioural phenotype was found when
NOD mice were exposed to an immune stimulus [19, 20].
We therefore conclude that it is likely that the NOD
mouse response to LPS stimulation is one of heightened
brain inflammation and increased sickness behaviour.
However, further experiments (e.g. blocking inflamma-
tion with anti-inflammatory drugs) are needed to caus-
ally link the 2 phenomena.

Not only was there an excessive inflammatory re-
sponse to LPS stimulation, there was also an indication of
a relative deficiency of 2 growth factor responses in the
NOD mouse brain. For PDGF, stronger decreases in lev-
els were found in whole-brain tissue and microglia of
NOD mice in response to LPS. PDGF is an important
growth factor for neuronal stem cells in the hypothala-
mus and mediates neurite outgrowth [50].

BDNF in the whole-brain tissue of NOD mice showed
a stronger and significant decrease in response to LPS in
comparison to a decrease in the CD1 mice; however, this
decrease could not be observed in the case of the microg-
lia. BDNF is a well-known growth factor for neuronal
cells and a deficiency of BDNF has been suggested as an
important factor in the development of mood disorders
in both preclinical [51-53] and clinical [54] reports.
Moreover, a decrease in the level of BDNF in the brain
due to inflammatory stimulation is a well-known phe-
nomenon, with IL-13 [55] and LPS [31, 56] previously
reported as reducing BDNF expression in the rodent
brain. We conclude that the sensitivity of the NOD mouse
for immune stimulation extends to inflammation-in-
duced decreases in neuronal growth factors. Interesting-
ly, the NOD mouse has indeed been shown to have im-
paired neurogenesis and reduced neuronal survival [57-
60].

In conclusion, despite study limitations, our data
demonstrate that, in response to LPS stimulation, pre-
diabetic NOD mice show a high microglia proliferation
rate, an increased brain inflammatory response, a rela-
tive deficiency in PDGF and BDNF, increased weight
loss and prolonged sickness behaviour. The NOD mouse
is therefore an interesting model for further study of the
relationship between an aberrant immune system, auto-
immunity and abnormal behaviour, with more emphasis
on the relevant brain regions like the hypothalamus and
amygdala.
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