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Abstract

Background: Neuroinflammation triggered by infection or
trauma is the cause of central nervous system dysfunction.
High-mobility group box 1 protein (HMGB1), released from
stressed and dying brain cells, is a potent neuroinflamma-
tory mediator. The proinflammatory functions of HMGB1 are
tightly regulated by post-translational redox modifications,
and we here investigated detailed neuroinflammatory re-
sponses induced by the individual redox isoforms. Methods:
Male Dark Agouti rats received a stereotactic injection of sa-
line, lipopolysaccharide, disulfide HMGB1, or fully reduced
HMGB1, and were accessed for blood-brain barrier modifica-
tions using magnetic resonance imaging (MRI) and inflam-
matory responses by immunohistochemistry. Results and
Conclusions: Significant blood-brain barrier disruption ap-
peared 24 h after injection of lipopolysaccharide, disulfide
HMGBT1, or fully reduced HMGB1 compared to controls, as

assessed in post-gadolinium T1-weighted MRI images and
confirmed by increased uptake of FITC-conjugated dextran.
Immunohistochemistry revealed that both HMIGB1 isoforms
also induced a local production of IL-1f. Additionally, disul-
fide HMGB1 increased major histocompatibility complex
class Il expression and apoptosis. Together, the results dem-
onstrate that extracellular, cerebral HMGB1 causes signifi-
cant blood-brain barrier disruption in a redox-independent
manner and activates several components of neuroinflam-
mation. Blocking HMGB1 might potentially improve clinical
outcome in conditions such as stroke and traumatic brain

injury. © 2018 S. Karger AG, Basel

Introduction

It is increasingly recognised that immune responses in
the central nervous system (CNS) contribute significant-
ly to the pathogenesis of both neuroinflammatory and
neurodegenerative disorders. Neuroinflammation, in-
volving the activation of glia cells and the production of
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proinflammatory mediators, occurs in response to infec-
tion or trauma, including ischemia. An early event in
neuro-immune responses is the release of endogenous
danger signals or damage-associated molecular pattern
molecules (DAMPs) from dying cells. Several molecules
belonging to the DAMP family have been identified as
possible pathogenic proinflammatory mediators in the
CNS, including the high-mobility group box 1 (HMGBI)
protein, heat shock proteins, proteins of the peroxiredox-
in family, nucleotides, carbohydrates, and lipids [1, 2].

HMGB] is a highly conserved nuclear DNA-binding
protein re-discovered as an endogenous inflammatory
mediator involved in the pathogenesis of inflammatory
and infectious diseases in the late 1990s [3]. Structurally,
HMGBI1 comprises 215 residues organised into two
DNA-binding domains (boxes A and B) and a highly re-
petitive, negatively charged C-terminal tail. Release of
HMGBI, either passively or by active secretion, occurs
during cell death or in response to an inflammatory stim-
ulus [3]. Extracellular HMGBI is reported to interact with
several pathogen recognition receptors to promote cell
migration and cytokine production. The best character-
ised of these include toll-like receptor 4 (TLR4) and the
receptor for advanced glycation end products (RAGE) [4,
5]. The ability of HMGBI to interact with multiple unre-
lated receptors to induce diverse functions is tightly regu-
lated by post-translational redox modification of the
three cysteine residues at positions 23, 45, and 106 in the
box A and B domains [4, 6]. Three different redox iso-
forms, with distinct functions, have been detected in vivo:
(1) fully reduced HMGBI1 (fr-HMGB1), with a thiol
group present on each of the cysteine residues, induces
cell migration, (2) disulfidle HMGB1 (ds-HMGB1), con-
taining a disulfide bridge between C23 and C45 and a re-
duced C106 residue, is a TLR4 ligand, and (3) sulphonyl
HMGBI1 (ox-HMGB1), where all cysteine residues are
terminally oxidised, appears to have lost proinflamma-
tory features and cannot induce cell migration or cyto-
kine production. Additionally, HMGB1 is able to act syn-
ergistically with endogenous and exogenous ligands, in-
cluding CXCL12, IL-1, DNA, and lipopolysaccharide
(LPS), to promote inflammation [7, 8]. The formation of
a heterocomplex between fr-HMGB1 and CXCLI12 has
been detected in vitro using NMR and surface plasmon
resonance analysis and in vivo after muscle tissue injury.
fr-HMGB1-CXCLI12 complexes interact with the chemo-
kine receptor CXCR4 to promote cell migration in a
TLR4- and RAGE-independent manner [6, 8].

HMGBI released from neurons and astrocytes induc-
es the production of several inflammatory mediators, in-
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cluding TNF-a, IL-6, and IL-1PB [9-11]. The HMGBI1-
RAGE axis has been shown to contribute to brain injury-
induced sickness behaviour in animals [12]. HMGBI1
present in the CNS has also been demonstrated to medi-
ate stress-induced neuroinflammatory priming via an
NLRP3 inflammasome-dependent mechanism [13]. We-
ber et al. [13] found that hippocampal ds-HMGBI re-
leased during stress in rats may prime microglia, thereby
enhancing proinflammatory responses to subsequent
LPS exposure. This effect is inhibited using box A as an
antagonist of full-length HMGBI1. Peripheral ds- and fr-
HMGBI1 also induce hyperalgesia via TLR4 and RAGE,
respectively [14], and ds-HMGBI1 has been reported to
regulate pain in collagen antibody-induced experimental
arthritis [15]. In addition, ds-HMGB1 potentiates
NMDA-induced Ca®* influx via TLR4 in hippocampal
neurons, increasing the frequency and duration of kain-
ate-induced seizures in mice [16].

HMGBI is expressed in all cells, including neurons
and glial cells. Overexpression of extracellular HMGB1
has been demonstrated in several models of neuroinflam-
mation, including stroke and traumatic brain injury [17-
19]. Moreover, extracellular HMGB1 has been identified
in both serum and brain tissue samples from stroke pa-
tients at 2 and 24 h after ischemia [12]. HMGBI is rap-
idly released from dying cells after an ischemic event in
the brain and later actively secreted in the subacute and
chronic phase by local and infiltrating myeloid cells [19-
21]. HMGB1-blocking therapies have proven to be high-
ly beneficial, providing significant neuroprotection in
neuroinflammation models [17-19, 22]. Neutralising
HMGBI therapy after stroke has, however, produced
conflicting findings. Administration of HMGBI1 box A, a
full-length HMGB1 antagonist in many inflammatory
models, mediates beneficial treatment effects [18]. Addi-
tionally, therapy with an anti-HMGB1 monoclonal anti-
body recognising an epitope in the C-terminal tail or
short hairpin RNA-mediated HMGB1 downregulation,
reduces infarction, inhibits blood-brain barrier (BBB)
disruption, decreases microglia activation, and diminish-
es cytokine production after middle cerebral artery occlu-
sion in rats [19, 22, 23]. However, another experimental
stroke study, using a separate anti-HMGB1 monoclonal
antibody (2G7) recognising an epitope in the box A do-
main, did not reduce the infarct volume and did not im-
prove the neurological outcome, although the treatment
alleviated sickness behaviour induced by peripheral im-
mune responses [12].

The aim of this study was to dissect the specific contri-
bution of HMGBI in its various redox isoforms for the
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development of neuroinflammation in the absence of
other DAMPs. We injected individual redox isoforms of
HMGBI directly into the cerebral cortex and monitored
the developing neuroinflammatory response using mag-
netic resonance imaging (MRI) and immunohistochem-
istry (IHC). MRI after injection of a gadolinium-contain-
ing contrast agent is the most common non-invasive
technique used clinically and in pre-clinical models to
measure BBB disruption. Using MRI, we observed that
both ds- and fr-HMGBI induced BBB disruption 24 h
after HMGBI injection. ds- and fr-HMGB1 also promot-
ed a local inflammatory response characterised by en-
hanced IL-1P expression, and ds-HMGBI significantly
enhanced major histocompatibility complex (MHC)
class II expression and apoptosis.

Materials and Methods

Preparation of Recombinant Proteins

Endotoxin-free (<0.003 EU/ug of protein) recombinant
HMGBI was expressed and purified from BL21 (DE3) cells as pre-
viously described [24]. Briefly, HMGB1 DNA was subcloned into
the pCAL/n vector with a calmodulin-binding protein tag. The
plasmid was transformed into Escherichia coli BL21 (DE3) cells
and cultured in 2-YT media. Protein expression was induced with
the addition of 1 mM IPTG. HMGB1 was purified using calmodu-
lin sepharose 4B resin (GE Healthcare). DNase I was added to re-
move any contaminating DNA, confirmed by GelRed staining of
an agarose gel. Protein purity was verified by SDS-PAGE gel anal-
ysis with Coomassie Blue staining and was above 90%. For the re-
moval of contaminating endotoxin, the protein was incubated
with 1% Triton X114 at 4°C for 30 min, incubated for a further 10
min at 37 °C, and centrifuged at 18,300 g at 25°C for 10 min. En-
dotoxin levels were measured using the limulus amoebocyte lysate
assay at the Clinical Laboratory, Karolinska University Hospital,
Stockholm, Sweden. Purified HMGB1 was in the disulfide isoform
and induced cytokine production in PBMCs. To generate the fully
reduced isoform, rHMGBI1 was exposed to 2.5 mM dithiothreitol
(DTT) for 2 h at room temperature.

Animals

In vivo experiments were performed using protocols approved
by the Stockholm North Ethics Committee, Sweden. Adult male
Dark Agouti rats were purchased from Harlan and weighed 200-
300 g at the time of the experiment. The animals were housed in
cages of 4 at specific pathogen-free facilities at the Karolinska Uni-
versity Hospital (Stockholm, Sweden). Throughout the experi-
ment the animals had free access to food and water. A 12-h light/
dark cycle was maintained at all times.

Stereotaxic Surgery

For intracerebral injection of saline (negative control), LPS, or
HMGBI the animals were anaesthetised with 4% isoflurane (main-
tained at 2% during the surgery) and secured into a stereotaxic
frame. The scalp was swabbed with 70% ethanol, 0.2 mL bupiva-
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caine hydrochloride was applied subcutaneously, and an incision
was made at the sagittal midline exposing the skull. Under micro-
scopic guidance, a craniotomy was drilled into the cerebral cortex:
2.5 mm posterior and 2.5 mm lateral to the bregma in the right
hemisphere at a depth of 2 mm from the brain surface. A 5-pL in-
jection of saline, LPS (1 ug/pL), ds-HMGBL1 (1.5 pg/uL), or fr-
HMGBI (1.5 ug/uL) diluted in PBS pH 7.2 was administered using
a 10-uL Hamilton syringe at a rate of 1 pL/min. The doses of LPS
and HMGB1 were chosen based on previous studies and practical
considerations (e.g., the maximum amount that could be given
within the injection volume before protein precipitation). The
needle was left in position for a further 5 min before being slowly
withdrawn. The wound was then sutured and the animals were al-
lowed to recover.

MRI Acquisition

MRI experiments were performed 24 h after stereotaxic surgery
in a horizontal 9.4-T magnet (Varian, Yarnton, UK). The whole
procedure took between 45 and 75 min for each animal. A volume
coil with 72-mm inner diameter and a 4-channel phased array sur-
face coil, designed for the rat head, were employed for excitation
and detection, respectively (Rapid Biomed, Wiirzburg, Germany).
An actively tuned arterial spin labelling (ASL) coil (Rapid Biomed)
was placed under the neck of the rats.

The animals were anaesthetised using 4% isoflurane and placed
in a prone position in the MR-compatible bed (Rapid Biomed).
Before the bed was placed into the magnet an intravenous line was
placed into the tail vein for the administration of Magnevist or
fluorescein isothiocyanate (FITC)-conjugated dextran to access
BBB permeability as described later. Core body temperature was
maintained at 37 °C during scanning using a warm air system (SA
Instruments, Stony Brook, NY, USA). The respiration rate was
monitored (SA Instruments) and the isoflurane level was adjusted
such that the respiration rate was approximately 60 inspirations
per minute, i.e., in the range of 1.5-2%.

The scanning protocol included fluid attenuated inversion re-
covery (FLAIR), T1-weighted, T2-weighted, ASL, and diffusion-
weighted images. A slice package of 16 contiguous slices of 0.7-mm
thickness each with a field of view of 30 x 24 mm? and covering the
midbrain was studied with each sequence.

The FLAIR images were realised through a fast spin echo se-
quence preceded by an inversion pulse (TR =5, ETL = 8, kzero =4,
matrix = 256 x 128, TT = 800 ms, 2 averages, scan time 2 min 50 s).
T1-weighted images were acquired using a spin echo sequence
(TR=700ms, TE = 11.86 ms, matrix = 192 x 128, scan time 3 min).
ASL data were acquired using continuous ASL with a gradient
echo echo-planar imaging readout module (TR = 7.5 s, TE =
7.12 ms, matrix 48 x 32, tag duration = 3 s, inflow time 250 ms).
The interleaved tagged and non-tagged images were repeated 20
times with a total scan time of 10 min. ASL images were calculated
as pixelwise (non-tagged-tagged/non-tagged) intensities. When
the ASL scan was complete the rats were removed from the magnet
and given a bolus of 0.5 mL Magnevist (contrast agent; Bayer Phar-
ma AG, Berlin, Germany) through the tail vein.

Diffusion-weighted images were acquired using single-shot
spin echo echo-planar imaging (TR =3 s, TE = 36.8 ms, 4 averages,
matrix = 64 x 64, diffusion encoding and decoding gradients of
2.6-ms duration separated by 6.9 ms). The diffusion gradients were
applied in 12 different directions with 40 Gs/cm, resulting in b =
1,000 mm?/s. Reference images where the diffusion gradient am-
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plitudes were set to zero were repeated twice. For each diffusion-
weighted image the full sequence was repeated with the inverted
polarity of the readout gradient train to enable Nyquist ghost
correction. The scan time for the diffusion-weighted data was
6 min 7 s. The integrity of the BBB was assessed by repeating
the FLAIR and the T1-weighted images after the completion of
the diffusion-weighted images, i.e., 7 and 10 min after the bolus
administration.

Assessment of BBB Permeability using FITC-Conjugated

Dextran Leakage

To further assess BBB permeability changes, a subgroup of an-
imals were treated with 70 kDa FITC-conjugated dextran (1 mL
IV; 50 mg/mL). The dextran was administered immediately after
the MRI experiments through the tail vein and the animals were
sacrificed 20 min after the injection using CO,. Sections were pre-
pared as described below. Slides were immediately counterstained
with DAPI-containing Prolong Gold anti-fade medium (Life
Technologies) and viewed on a Leica TCS SP5 confocal micro-
scope.

Preparation of Brain Tissue

The animals were sacrificed using CO, and perfused with saline
and 4% PFA. After decapitation the brains were dissected, post-
fixed in 4% PFA overnight and cryoprotected in 20% sucrose. Tis-
sues were frozen using a mixture of dry ice and isopentane and
stored at —-80 °C prior to sectioning.

To ensure consistent processing of all samples the sectioning
strategy was as follows: the brain was cut into three blocks and sec-
tions were cut from the middle block which contained the area
where the intracerebral injection had been made. When section-
ing, the start and end of the injection site was confirmed by hae-
matoxylin and eosin staining in every animal. Coronal brain sec-
tions of 12 pM were cut on a cryostat, mounted on glass slides, and
dried at room temperature for 30 min.

Immunohistochemistry

For THC staining, PBS was used as a washing buffer. To inacti-
vate endogenous peroxidase activity, sections were treated with 3%
hydrogen peroxide diluted in PBS for 30 min. After washing, en-
dogenous biotin was quenched using an Avidin/Biotin Blocking
Kit (Vector Laboratories) according the manufacturer’s instruc-
tions. Sections were washed and blocked for 1 h with 2% normal
horse serum. Primary antibodies for IL-1 (R and D, AF-501-NA,
2 pg/mL diluted in PBS, 0.3% Triton X100) and MHC class 1I
(OX-6; the hybridoma for OX-6, originally obtained from ATCC,
was cultured and purified in our laboratory: 1 pug/mL diluted in
PBS containing 2% normal rat serum) were added overnight at
4°C. To check for unspecific binding, sections were also stained
using the appropriate isotype control antibody: goat IgG (Sigma,
15256) or mouse IgG1 (Dako, X0931). For secondary detection,
biotinylated antibodies were added for 1 h (IL-1p: horse anti-goat,
BA-9500, 1/1,000 and OX-6: horse anti-mouse, BA-2001, 1/1,000;
Vector Laboratories). Sections were then incubated for 30 min
with Vectastain Elite ABC reagent (Vector laboratories) followed
by DAB solution for 2 min. Sections were counterstained using
Mayer’s haematoxylin solution for 2 min, covered with mounting
medium, and viewed on a light microscope (Reichert Polyvar 2
type 302001; Leica).
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Immunofluorescent Staining

To prevent non-specific binding, sections were blocked with 5%
normal donkey serum for 1 h at room temperature. After washing
with PBS, sections were incubated overnight at 4 °C with primary
antibodies for CD68 (ED1; AbD Serotec, MCA341R, 0.5 ug/mL) or
Iba-1 (Abcam, ab107159 1 pg/mL) diluted in PBS, 0.3% Triton
X100. For secondary detection, Alexa Fluor® 594-conjugated don-
key anti-goat antibody was added for 1 h (Invitrogen; A-11058, di-
luted 1/1,000 in PBS). Immunolabelled sections were counterstained
with Prolong Gold anti-fade medium with DAPI and examined on
a Reichert Polyvar 2 microscope (Leica). Images were obtained on a
Zeiss LSM 700 confocal microscope (Zeiss, Germany).

TUNEL Staining

Brain sections were stained using the TACS®2 TdT in situ DAB
kit (Tevigen) according to the manufacturer’s instructions. Sec-
tions were counterstained with methyl green and examined on a
Reichert Polyvar 2 type 302001 microscope.

MRI Analysis

Volumetric measurements were performed on gadolinium-en-
hanced MRI data using OsiriX imaging software (OsiriX Founda-
tion, Geneva, Switzerland) [25]. Volumes were approximated by
manual tracing of the gadolinium-enhanced T1 lesion perimeter.
Manual tracing was performed in section intervals of 1 mm; the final
volume was established through software interpolation and volume
calculation. Volumetric measurements were also calculated for the
gadolinium-enhanced FLAIR images. MRI analysis was performed
by an independent assessor blinded to the treatment groups.

Evaluation of IHC and Immunofluorescent Staining

Expression of MHC II was analyzed on a Polyvar II microscope
(Leica Microsystems, Wetzlar, Germany) by an assessor blinded to
the treatment groups. The percentage of positive staining in the
ipsilateral hemisphere was estimated and assigned a score on the
scale of 1-3: 1, less than 1%; 2, 10-20%; 3, more than 20% MHC+
cells present along the injection site.

Quantitative analysis was performed for IL-13, CD68, and
TUNEL staining. Sections were analyzed on a Leica DM RXA2
microscope using Leica QWin V3 software (Leica Microsystems).
The number of positive cells was counted in 12 fields along the in-
jection trajectory using a 200x magnification and expressed as a
percentage of the total cells (For IHC staining the total cells were
counted as haematoxylin+ and for immunofluorescent staining as
DAPI+). In addition, for the CD68 staining the total area in the
ipsilateral hemisphere containing positive cells was measured us-
ing the Leica QWin V3 software.

ELISA

Serum a;-acid glycoprotein (AGP) concentrations were deter-
mined by ELISA according to the manufacturer’s instructions
(Life Diagnostics Ltd, UK).

Statistical Analysis

All statistical analyses was performed using GraphPad Prism,
V6.01. Data are expressed as median + interquartile range (IQR).
The data were first analyzed for normality. p values were calcu-
lated using a non-parametric Kruskal-Wallis test with Dunn’s
multiple comparison correction. Differences were considered to
be significant when p < 0.05.
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Fig. 1. Intracerebral injection of HMGBI induces blood-brain bar-
rier leakage and neuroinflammation. HMGBI, high-mobility
group box 1; LPS, lipopolysaccharide; ds, disulfide; fr, fully re-
duced. a Representative T1-weighted, FLAIR, and ASL images
(non-tagged-tagged/non-tagged) collected after ds-HMGB1 injec-
tion (animal identified by a red triangle in b). T1-weighted and
FLAIR images were collected after gadolinium. b Quantification
of the volume of inflammation in gadolinium-enhanced T1-
weighted images. LPS, ds-HMGBI, and fr-HMGBI significantly

Results

A total of 34 animals were included in the study; saline
(n=28),LPS (n=10),ds-HMGBI (n = 8), and fr-HMGB1
(n=8). One animal, treated with fr-HMGB1, was exclud-
ed from the MRI analysis due to technical problems with
the intravenous line, but was included in the IHC and im-
munofluorescence studies.

Extracellular HMGBI Initiates CNS
Inflammation

increased gadolinium uptake compared to the saline controls (sa-
line vs. LPS, p = 0.0413; saline vs. ds-HMGBL, p = 0.0002; saline vs.
fr-HMGBI, p = 0.0076). Data are expressed as median + IQR.
p values were calculated using a Kruskal-Wallis test corrected for
multiple comparisons using the Dunn test (n = 7-10 rats/group).
*p <0.05,**p <0.01,*** p < 0.001. c Representative images show-
ing extravasation of 70 kDa FITC-conjugated dextran. Dashed line
indicates the location of the injection site (n = 3-4 rats/group).
Scale bar, 100 um.

The BBB is open 24 h after reperfusion injury and
again after 3-4 days. In this study we chose to investi-
gate the 24-h time point as we wanted to characterise
the direct effects of HMGB1, which has a relatively short
half-life, and not those triggered by the activation of
subsequent downstream signalling cascades. We decid-
ed to perform the experiment in only one gender to
maximise the number of animals we could include in
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each group. We chose to use male rats as they have been
used previously in studies of neuroinflammation and
stroke.

MRI and Immunofluorescence Studies to Investigate

HMGBI-Induced BBB Damage

MRI studies were performed to investigate the effect of
extracellular intracerebral HMGB1 on BBB permeability
and brain oedema formation. Representative images
from one animal are shown in Figure la. Increased sig-
nals, indicative of BBB damage, were detected in the gad-
olinium-enhanced T1-weighted images and volumes
were quantified by manual tracing. Animals treated with
LPS (2.5 +0.9 mm?), ds-HMGB1 (7.2 + 6.2 mm?), and fr-
HMGBI (5.0 + 6.0 mm?®) had significantly increased gad-
olinium extravasation, a marker for BBB damage, com-
pared to the control group (0.7 + 0.6 mm?; Fig. 1b). We
did not detect any statistical differences between the ani-
mals injected with ds- or fr-HMGBI1 and LPS. A strong
agreement of high signal in the FLAIR sequence with the
volumes manually traced in the gadolinium-enhanced
T1-weighted images was observed. These findings further
strengthened the indications of ongoing inflammation in
the area of BBB damage. The results could also be identi-
fied in the T2-weighted images (data not shown). Addi-
tional data were collected from ASL and diffusion exper-
iments; however, no significant changes were detected in
these images at the 24-h time point (data not shown).

A subgroup of animals (n = 19) received an intravenous
injection of 70 kDa FITC-conjugated dextran after the MRI
imaging to further evaluate the BBB permeability changes
observed by MRI. Consistent with the MRI results, in-
creased FITC dextran extravasation was observed along the
injection site following exposure to ds- or fr-HMGBI1 com-
pared to the vehicle control (Fig. 1c). Increased extravasa-
tion of FITC-conjugated dextran was also apparent after
LPS injection, although the intensity of the staining was
much lower compared to the HMGBI1-treated animals.

Taken together, the results from the MRI and immu-
nofluorescence studies demonstrated that intracerebral
injection of ds- and fr-HM GBI increased BBB permeabil-
ity via a redox-independent mechanism.

Characterisation of the Inflammatory Response

Induced by Intracerebral Injection of HM GBI

To analyze the inflammatory response induced by
HMGBI, sections from a subgroup of animals (n = 16)
were stained with an antibody recognising the Iba-1 pro-
tein, which is expressed on both resting and activated
monocytes and microglia cells. Iba-1+ cells in the contra-

6 J Innate Immun
DOI: 10.1159/000487056

lateral hemisphere expressed a ramified morphology
consistent with a resting state (data not shown). In con-
trast, the majority of Iba-1+ cells located directly along
the injection site in all of the groups expressed a rounded
or activated morphology with only a few ramified cells
(online suppl. Fig. S1; for all online suppl. material, see
www.karger.com/doi/10.1159/000487056).

To quantify the number of activated cells, sections
were stained with a monoclonal antibody (ED1) binding
to the CD68 antigen, which is a molecule upregulated on
phagocytic macrophages and microglia but not resting
cells. To start, we quantified the number of CD68+ cells
present directly at the injection site (Fig. 2a, b). CD68+
cells were detected in all of the fields studied in all ani-
mals. No significant differences were detected between
the groups, although there was a slight trend towards a
higher number of phagocytic cells in the HMGB1-inject-
ed animals.

We observed that CD68-expressing cells were also
present in regions outside the injection site in the cerebral
cortex and we subsequently measured the total area con-
taining positive cells in the ipsilateral hemisphere
(Fig. 2d). On average, 5.6 + 3.4% of the tissue stained pos-
itive for CD68+ cells in the saline group. In the animals
treated with ds- or fr-HMGB1 there was a tendency to-
wards higher CD68 protein levels with 10.6 + 2.8 and
12.5 +9.0% of the tissue staining positive, respectively. In
contrast, there was a statistically significant increase in
CD68 expression in the LPS-exposed animals (13.8 +
8.0%, p = 0.01).

MHC class II synthesis and cell surface expression can
be upregulated in response to inflammatory stimuli. We
used the OX-6 antibody to evaluate MHC class II protein
levelsin the CNS after injections of saline, LPS, or HMGBI1.
Only ds-HMGBI (2.0 = 1.0), but not LPS (2 £ 2) or
fr-HMGBI (1.5 £ 1.75), significantly increased MHC class
IT levels compared to the saline-injected group (1.0 + 0;
Fig. 3a, b).

Previous studies have established that ds-HMGB1 in-
duces cytokine production via TLR4/MD?2 signalling [4].
Sections were stained using an antibody against IL-1p to
examine proinflammatory cytokine production in the
CNS (Fig. 4a). IL-1p levels were significantly increased
after cerebral injection of LPS (8.9 + 11.7%), ds-(12.1 +
9.1%), or fr-HMGBI (6.7 £ 9.8%) compared to the con-
trol rats (1.8 + 3.0%); (Fig. 4b). IL-1p+ cells were predom-
inantly located in the area directly along the injection tra-
jectory. A few scattered cells appeared in the ipsilateral
hemisphere, while no positive cells were observed in the
contralateral hemisphere.

Aucott et al.
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Fig. 2. CD68 protein levels are increased in response to cerebral
LPS but not HMGBI. Representative sections showing the level of
CD68 protein present at the injection site and in the ipsilateral
hemisphere. See legend to Fig. 1 for abbreviations. a High-magni-
fication images showing CD68+ staining at the injection site. Scale
bar, 25 um. b Quantification of CD68+ cells at the injection site.
No significant differences were detected between the groups. ¢ Low
magnification image illustrating the distribution of CD68+ cells in
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the cerebral cortex of the ipsilateral hemisphere. Scale bar, 200 pm.
d Total area positive for CD68 cells in the ipsilateral hemisphere.
Rats injected with LPS had increased CD68 protein levels com-
pared to the saline controls (p = 0.0116). The difference in the
HMGBI1-treated animals was not significant. Data are expressed as
median + IQR. p values were calculated using a Kruskal-Wallis test
corrected for multiple comparisons using the Dunn test (n = 8-10
rats/group). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Taken together, the results demonstrated that ds-
HMGBI induced inflammation, characterised by in-
creased MHC class II expression and cytokine produc-

. JS;’ S : s — wr. | tion 24 h after the injection. fr-HMGBI also generated
(G W iw ooiawW s o2 x| inflammation reflected by IL-1B but not significant MHC
Sy Ry ‘ A ey g

i
s class II production.

ds-HMGBI-Induced Apoptosis in the CNS

DNA fragmentation was measured using the TUNEL
staining assay to investigate possible cytotoxic effects in-
duced by HMGBI (Fig. 5a). Scattered apoptotic cells were
detected along the injection pathway in the saline-inject-
ed animals (1.7 + 1.1%). Intracerebral injection of ds-
HMGBI induced a 7-fold increase in the number of
TUNEL+ cells (12.2 + 13.8%, p = 0.01; Fig. 5b). The cells
were observed directly along the injection trajectory and
were not detected outside the cortex or in the contralat-
eral hemisphere. A non-significant increase was observed
in the animals receiving LPS (1.8 + 9.4%, p = >0.99) or
fr-HMGBI (6.2 £ 12.0%, p = 0.16).

ds-HMGB1
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A Single Intracerebral Injection of LPS Caused a

Systemic Immune Response in Contrast to HMGBI

Serum levels of the human and rat acute phase reactant
AGP (orosomucoid) increase during inflammation [26].
To examine the systemic immune response to intracere-
bral injections of saline, LPS, or HMGBI, serum AGP
concentrations were measured by ELISA. Serum AGP
levels after injections of saline, ds-HMGB1, or fr-HMGB1

A were similar to pre-injection control samples (118.7 +

a 117.6, 135.0 £ 63.2, or 166.9 = 274.5 pg/mL vs. 105.3 £
25.0 pg/mL, respectively; Fig. 6). In contrast, LPS-injected
3- = vy animals expressed significantly increased serum AGP
= concentrations (322.1 + 377.0 ug/mL, p = 0.003).

21 @ HE viv Discussion

—_ The release of HMGB1 from stressed and dying brain
cells is an early event occurring after a trauma. It is be-
1@ N A W coming increasingly clear that different types of stressors

MHC class II score (1-3)

Fig. 3. ds-HMGBI upregulates major histocompatibility complex
0 T T T T (MHC) class II expression in the CNS. a Representative MHC class
& &L @(gb\’ @&"’ II staining in coronal brain sections. b Scoring of MHC class 11

SN levels in the ipsilateral hemisphere. Scale bar, 50 pm. Data are ex-
b & <« pressed as median + IQR. p values were calculated using a Kruskal-
Wallis test corrected for multiple comparisons using the Dunn test
(n = 8-10 rats/group). * p < 0.05, ** p < 0.01, *** p < 0.001. See
legend to Fig. 1 for abbreviations.
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and cell death modes release different redox isoforms of
HMGBI into the extracellular environment [27]. Recent-
ly, it has been shown that post-translational oxidative
modifications of the three cysteine residues present in
HMGBI generate different redox isoforms that have the
ability to interact with multiple diverse receptors, mediat-
ing separate inflammatory functions. In the present study
we aimed to dissect the contribution of extracellular, ce-
rebral HMGBI, in its disulfide or fully reduced redox
form, to neuroinflammation. We did not include ox-
HMGBI1 as to date this redox form has not been found to
mediate any pro-inflammatory function in vivo [4, 6].
Our results clearly demonstrate that ds- and fr-HMGB1
function as pro-inflammatory mediators in the CNS, pro-
moting BBB disruption and cytokine production. Addi-
tionally, ds-HMGBI activates antigen-presenting cells
and mediates cytotoxicity.

The BBB, the physical interface that restricts the move-
ment of plasma components including neurotoxic sub-
stances between the blood and CNS, may become leaky
during inflammation. Accumulating evidence indicates
that BBB dysfunction is an important pathogenic mecha-
nism in several neuroinflammatory and neurodegenera-
tive diseases where extracellular HMGBI1 levels are known
to be elevated. By the use of MRI and immunofluores-
cence experiments our study clearly demonstrates that
extracellular HMGBI1 present in brain tissue mediates
BBB disruption. The comprised permeability to blood
borne substances was reflected by significantly enhanced
extravasation of gadolinium (Fig. 1b) and FITC-conju-
gated dextran (Fig. 1c) in both groups of HMGBI-inject-
ed animals compared to the saline controls. Moreover,
ds- and fr-HMGBI induced a similar degree of BBB dis-
ruption, suggesting that the mechanisms regulating
HMGBI-induced BBB modifications occur indepen-
dently of the redox status of the cysteine residues, which
have been shown to regulate multiple HMGB1-induced
inflammatory functions [4, 8, 24].

Fig. 4. Intracerebral extracellular HMGB1 and LPS induce proin-
flammatory cytokine production. a Representative sections stained
using an anti-IL-1f antibody. Arrows indicate examples of positive
cells. Scale bar, 50 um. b Quantification of IL-1p-expressing cells
along the injection site. Positive cells were IL-1B+/haematoxylin+.
Cytokine levels were significantly increased in rats treated with
LPS, ds-HMGBI, or fr-HMGB1 compared to the saline controls
(p = 0.0271, 0.0055, and 0.0293, respectively). Data are expressed
as median + IQR. p values were calculated using a Kruskal-Wallis
test corrected for multiple comparisons using the Dunn test (n =
8-10 rats/group). * p < 0.05, ** p < 0.01, *** p < 0.001. See legend
to Fig. 1 for abbreviations.
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Protection against BBB disruption in ischemic and
neurodegenerative models using monoclonal anti-
HMGBI antibodies neutralising all redox isoforms has
previously been reported [17, 28]. In addition, Zhang et
al. [22] have demonstrated that HMGB1 with no specified
redox state acts directly on vascular endothelial cells and
pericytes to induce morphological changes, thus increas-
ing BBB permeability.

CD68 is an activation marker for monocytes and tis-
sue-resident macrophages, such as microglia cells. Im-
munofluorescence studies confirmed that CD68+ cells
were present at the injection site in all animals including
the saline controls, indicating that the injection alone
induced some microglia/monocyte activation (Fig. 2b).
We did not detect changes in the other markers of in-
flammation or increased BBB disruption in the control
group. There was a tendency towards a higher number
of positive cells in both HMGB1 groups; however, this
did not reach statistical significance. Microglia cells can
become primed by ageing, traumatic brain injury, or in
neurodegenerative diseases [29]. It is possible that mi-
croglia cells primed by the injection may have exhibited
an enhanced response to the HMGBI isoforms. Extra-
cellular release of HMGB1 occurs after cell death or cell
activation caused by an injury/trauma, thus it could be
expected that some cells will be primed when encounter-
ing HMGBI in vivo.

Apart from modifying BBB integrity, ds-HMGB1
also induced a local inflammatory response character-
ised by significantly increased MHC class II expression
(Fig. 3b), IL-1p production (Fig. 4b), and cytotoxicity
(Fig. 5b). fr-HMGBI1 promoted a similar increase in IL-
1B to ds-HMGBI1 but did not significantly upregulate
MHC class II expression or apoptosis, possibly suggest-
ing that these effects are a consequence of HMGBI1-
TLR4 interactions, which require an intramolecular di-
sulfide bond and a reduced C106 residue for ligation and
signalling [4, 24]. TLR4 has been proposed to have a

Fig. 5. Extracellular intracerebral ds-HMGBI1 induces cell death.
a Representative sections stained for DNA fragmentation using
the TUNEL assay. Arrows indicate examples of positive cells. Scale
bar, 50 um (20 um in the high-magnification image). b Percentage
of TUNEL+ cells present along the injection site in each animal.
Rats injected with ds-HMGB1 had significantly more TUNEL+
cells present at the injection site (p = 0.01 vs. saline). Data are ex-
pressed as median + IQR. p values were calculated using a Kruskal-
Wallis corrected for multiple comparisons using the Dunn test
(n = 8-10 rats/group). * p < 0.05, ** p < 0.01, *** p < 0.001. See
legend to Fig. 1 for abbreviations.
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pathogenic function in several models of neuroinflam-
mation [30, 31]. Upregulation of IL-1p mRNA expres-
sion by HMGBI1 during ethanol-induced neuro-im-
mune signalling is TLR4 dependent and is reduced in
the presence of specific receptor antagonists or using
TLR4-specific siRNA [11]. Cerebroventricular ds-
HMGBI and to a lesser extent fr-HMGBI also increase
TNEF-a production [32]. Recently, Frank etal. [33] found
that ds-HMGBI injected into the cisterna magna in-
creases NF-kBla mRNA, NLRP3 mRNA, and IL-1p pro-
tein expression in the hippocampus within 2 h. In con-
trast to our study, no cytokine production was detected
after fr-HMGB1 exposure; this may be due to differenc-
es in the redox state in different brain regions which af-
fect the modification of the protein in vivo. IL-1p has
been previously established to exert a central role in the
inflammatory response to trauma in the CNS. Holmin
and Mathiesen [34] demonstrated that cerebral IL-1f
causes a widespread inflammatory response character-
ised by infiltration of inflammatory cells, apoptosis of
resident brain cells along with infiltrating cells, BBB
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Fig. 6. Intracerebral LPS induces systemic inflammation serum a;-
acid glycoprotein (AGP) concentrations, as determined by ELISA.
Significantly increased AGP levels were detected in LPS-treated
animals, but not in HMGBI-treated animals (LPS vs. pre-op, p =
0.003; LPS vs. saline, p = 0.0129). Data are expressed as median +
IQR. p values were calculated using a Kruskal-Wallis test corrected
for multiple comparisons using the Dunn test (n = 8-12 rats/
group). * p < 0.05, ** p < 0.01, *** p < 0.001. See legend to Fig. 1
for abbreviations.
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leakage, and brain oedema. Moreover, mice lacking IL-1
experience reduced brain damage after middle cerebral
artery occlusion [35], and IL-1 inhibition using recom-
binant IL-1 receptor antagonist or an anti-IL-1f anti-
body protects against ischemic injury [36].

The degree of BBB disruption and inflammation var-
ied between animals within the HMGBI1-treated groups.
It is likely that this variation was caused by modification
of the redox status of the recombinant HMGB1 after the
injection was performed, induced by the oxidative envi-
ronment in the extracellular brain tissue. fr- and ds-
HMGBI are interconvertible, while terminal oxidation of
the cysteine residues to sulphonyl groups is an irrevers-
ible process. Thus, fr-HMGB1 may be susceptible to
ROS-mediated oxidation and conversion to ds-HMGBI1
in vivo. Indeed, fr-HMGBI has a relatively short half-life
(~17 min) in biological fluids such as serum and saliva
[37]. Other studies support this hypothesis and our find-
ings are in agreement with these investigations [6, 16, 32,
38]. Lian et al. [32] observed similar cytokine production
and depressive-like behaviour after intracerebroventricu-
lar injection of either ds- or fr-HMGBI, and these effects
were mediated via TLR4 and not RAGE or CXCL12, the
receptors for fr-HMGBI1. Furthermore, Balosso et al. [16]
reported that ds- and fr-HMGB1 enhanced NMAD-in-
duced Ca?* influx equally well, and the frequency and du-
ration of kainic acid induced seizures in mice. These ef-
fects were not observed with an HMGB1 mutant protein
resistant to oxidation and additionally, were inhibited us-
ing TLR4-specific antagonists. Moreover, Venereau et al.
(6, 38] have proposed that fr-HMGBI released from ne-
crotic cells can be oxidised to ds-HMGB1 extracellularly,
and together with ds-HMGBI released from infiltrating
leukocytes enhances the pro-inflammatory response after
peripheral tissue injury.

Previous studies have found that increased levels of
HMGBI also induce behavioural changes. Agalave et al.
[15] found that ds-HMGB], but not the fully reduced or
oxidised isoforms, mediates TLR4-dependent mechani-
cal hypersensitivity. In addition, intracerebroventricular
ds- and fr-HMGB1 induce depressive behaviour [32], and
elevated HMGBI levels are associated with the develop-
ment of systemic sickness syndrome and cognitive dys-
function [12].

Emerging evidence indicates that HMGB1 may act as
a mediator that links systemic and CNS immune re-
sponses. It has recently been shown that the HMGB1-
RAGE axis is involved in modulating post-brain injury
systemic immune alterations in trauma and post-oper-
ative patients [12]. These changes are characterised by

] Innate Immun 11

DOI 10,1159/000487056


http://dx.doi.org/10.1159%2F000487056

an initial over-activation of immune responses followed
by immune suppression and increased susceptibility to
infections. In addition, increased systemic HMGBI lev-
els following surgery or critical illness have been associ-
ated with cognitive dysfunction in experimental studies
[39]. To test whether HMGBI injected intracerebrally
initiated alterations in the production of systemic in-
flammatory mediators in our study, we measured levels
of the acute phase protein AGP which is produced in the
liver in response to inflammation. No changes were de-
tected in serum AGP levels in the animals injected with
ds- or fr-HMGBI1 compared to the control group; how-
ever, LPS caused more than a 3-fold increase in AGP
serum levels (Fig. 6). Itisinteresting to note that HMGB1
had a tendency to induce a higher BBB leakage than LPS,
while LPS induced a systemic inflammatory response
not observed in the HMGB1-exposed group. However,
it is difficult to compare the AGP levels in the LPS and
HMGBI groups since the time course of AGP release is
likely to vary between the treatments. HMGBI is a late
mediator of LPS-induced inflammation, released more
than 8 h after LPS treatment [3], and thus direct injec-
tion of HMGB1 may have caused peak AGP elevations
at an earlier time point not investigated in these experi-
ments. It is well known that systemic LPS can activate
local inflammation in the CNS, including activation of
microglia and TNF production [40]. Our results con-
firm that cerebral LPS also activates systemic inflamma-
tion.
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Conclusions

The results from this study demonstrate that HMGB1
initiates inflammation in the CNS, inducing BBB disrup-
tion and a local inflammatory response. Our findings sug-
gest that fr-HMGBI released from dying cells in response
to a trauma induces significant BBB leakage, potentially
allowing an influx of circulating cells. In the extracellular
environment fr-HMGB1 may be converted to ds-HMGB],
an isoform also released from activated cells to induce pro-
inflammatory cytokine production, upregulation of anti-
gen-presenting molecules, and apoptosis. Thus, this study
delineates the contribution of the different HMGBI1 redox
isoforms to the inflammatory process resulting from tissue
trauma. It also indicates that HMGB1 blockade might be
beneficial in conditions involving exaggerated neuroin-
flammation such as after stroke and CNS trauma.
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