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Systemic inflammation induces a profound long term
brain cell injury in rats
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The long term impact of neuroflammation induced by systemic inflammation on astroglial transcription factor nuclear factor
(NF)-kB activation in the sub-region of hippocampus as well as its’ association with the ultra-structural changes in brain cells
are yet unknow. In this study, rats received 10 mg/kg of lipopolysaccharide (LPS, ip injection) and NF-«kBp65 expression on
the astroglia as well as the neuronal and astroglial ultra-structural changes and/or death and microvasculature damage were
assessed with immunofluorescence and transmission electron microscopy respectively up to 16 days after treatment. The
results showed that in the CA1 and CA3 region of the hippocampus, the fluorescence intensity of NF-kBp65 was increased
from day 1 after LPS injection, reaching a peak at day 3, and stayed at higher level when compared to the control up to 16
days after LPS treatment (P<0.05). Electron microscopy studies revealed sustainable substructural alterations, injury or even
death of astrocytes, neurons and capillaries even after 16 days post LPS injection. Our study demonstrated that long-term
sustainable activation of astroglial NF-kB following systemic inflammation was associated with brain cell and
microvasculature injury in the sub-region of the hippocampus which ultimately likely results in brain functional

impairment.
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INTRODUCTION

Sepsis, with an increasing incidence in recent years,
has been considered as a leading cause of non-cardiac
mortality in intensive care units (Iwashyna et al. 2010).
It has been recognized that sepsis causes not only
acute but also chronic brain dysfunction (Barichello et
al. 2005, Semmler et al. 2007, 2012, Streck et al. 2008,
Chavan et al. 2012). Indeed sepsis survivors often pres-
ent with serious long-term cognitive impairment that
can affect as many as 70% of septic patients after dis-
charge from hospitals (Czapski et al. 2010). The impact
of sepsis on the pathophysiological alterations of the
brain began to receive attention recently but the under-
lying molecular mechanisms remain unknown
(Semmler et al. 2007). Accumulating evidence sug-
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gests that systemic inflammation following sepsis in
turn results in neuroinflammation which ultimately
causes neuron loss and cognitive impairment (Brambilla
et al. 2005, Qin et al. 2007, Lee et al. 2008, Weberpals
et al. 2009, Zhou et al. 2012, Kaizaki et al. 2013). In
fact, a close association between the peripheral inflam-
mation and neurodegeneration diseases such as
Multiple sclerosis (MS), Alzheimer’s (AD), and
Parkinson’s disease (PD) was well documented in the
literature (Collins et al. 2012, Eikelenboom et al. 2012,
Franks and Slansky 2012, Lee et al. 2013). Systemic
inflammation, following a sustained sepsis induced
neuroinflammatory response, may be responsible for
worsening CNS function but the cellular ultra-struc-
tural changes in the brain still needs to be deter-
mined.

Astrocytes are the most abundant cell type in the
central nervous system (CNS) and in response to
injury, reactive astrocytes are the prominent source of
inflammatory mediators (e.g. cytokines, chemokines,
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and adhesion molecules) (Fan et al. 2013). These are
closely associated with neuroinflammation (Combes
et al. 2012, Orellana et al. 2012, Bade et al. 2013).
Previous studies suggested that sustained overactiva-
tion of astrocytes via the transcription factor NF-kB
are closely related with the neuroinflammatory pro-
cess, worsening traumatic spinal cord injury.
Conversely selective inhibition of astroglial NF-xB
activation results in a reduction of inflammatory
injury and improves the neuronal regeneration and
functional recovery of the spinal cord (Bethea et al.
1998, Brambilla et al. 2005, 2009b). Furthermore,
transgenic inactivation of astroglial NF-xB leads to a
protective effect (Brambilla et al. 2009a,b). Taken
together, it is likely that NF-xB activation in astro-
cytes, following neuroinflammation from systemic
sepsis, plays a key role in the pathophysiology of the
development of the CNS disorder. However, the long-
term effects of astroglial NF-xB activation following
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sepsis on hippocampal astroglial, neuronal and vascu-
lar ultrastructure remain unknown. The aim of the
present study was to investigate the impact of astro-
glia NF-xB activation on astroglial, neuronal and
vascular cell ultrastructural from the early to late
stages of systemic inflammation induced by lipopoly-
saccharide (LPS) injection in rats.

METHODS
Animals

After obtained approval from the animal use com-
mittee of Capital Medical University, Male Wistar rats,
weighing 250-300 g (provided by Capital Medical
University), were housed 2-3 per cage under standard
conditions at a room temperature of 22°C (£1°C) and
with a 12-h light-dark cycle. Food and water were
freely accessed ad libitum.
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Fig. 1. Activation of astroglial NF-kB(65) in the CA1 and CA3 region of hippocampus in septic rats. (A) Activated astroglia
NF-kBp65 against a time-course in the CA1 region of hippocampus after lipopolysaccharide injection. Nuclei were stained
with Hoechst 33342 (blue fluorescence), and NF-kBp65 expression was labeled in green fluorescence, and glial fibrillary
acidic protein (GFAP), a marker of active astrocyte, was labeled in red and then triple labels were merged. (B) Mean data of
activated astroglia NF-kBp65 in the CA1 region. (C) Mean data of activated astroglial NF-kBp65 in the CA3 region. Results
are mean+SEM (n=5); *P<0.05 vs. control, #P<0.05 vs. 3 day. Scale bar is 100 um.
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Experimental design

Rats received 10 mg/kg of lipopolysaccharide (LPS)
(0127:B8, E. coli; Sigma, St. Louis, MO, USA) dis-
solved in 1 ml sodium chloride (0.9%) intraperitone-
ally. The dose of LPS was chosen from previous
reports (Semmler et al. 2005, Weberpals et al. 2009) in
which systemic inflammation was clearly evident.
Rats (n=4) only receiving 0.9% saline injection served
as controls. They were killed by an over dose of thio-
pentone (50 mg/kg; ip) and perfused with chilled 0.1 M
phosphate buffer (pH 7.4) and 4% paraformaldehyde.

The brains from rats treated with LPS post-treat-
ment day 1, 3, 7 and 16 (n=8) were harvested together
with the naive controls (n=4). Among those brains, 4
brains in each time point were used for immunofluo-

A CA1

CA3

Control
15t Day [N
3rd

7th

16th

rescence staining and electron microscopy examina-
tion respectively.

Immunofluorescence

Tissues were mounted in OCT compound and
frozen at —18 °C. Coronal brain sections (25 pum)
were cut using a cryostat (CMI1850, Leica,
Mannheim, Germany). The studied tissue sections
were selected according to anatomical landmarks
corresponding to the atlas of Paxinos and Watson
between Bregma —2.30 and Bregma —3.60 for
immunofluorescence staining. The triple-expres-
sion of NF-kB, GFAP and nuclear morphology was
evaluated on adjacent tissue sections. For each
stained marker, sections from all time points were
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Fig. 2. Cell apoptosis in the CA1 and CA3 region of hippocampus in septic rats. (A) Hoechst 33342-stained nuclei display-
ing pyknosis in the CA1 and CA3 region indicating the wide spread of apoptotic cells. (B) Mean number of apoptotic cells
in the CA1 region. (C) Mean number of apoptotic cells in the CA3 region. Results are mean+SEM (n=5); *P<0.05 vs. con-

trol, #P<0.05 vs. 3" day. Scale bar is 200 pm.



stained simultaneously to ensure the identifical
conditions for subsequent quantitative analysis.

Sections were washed three times (10 min each) with
1x PBS, blocked in 0.1 M PBS containing 5% horse
serum, and 0.3% Triton X-100 for 1 h at room tempera-
ture and then incubated for 24 h at 4°C with first pri-
mary antibody: NF-xB (p65 active form; 1:200;
CHEMICON, Reutlingen, Germany) and GFAP (1:500;
Sigma, Saint Louis, MI). After thorough washing, sec-
tions were incubated with Alexa Fluor 488-conjugat-
ed goat anti-rabbit IgG (1:500; Molecular Probes,
Eugene, OR, USA) or Alexa Fluor 594-conjugated
goat anti-mouse IgG (1:500; Molecula Probes, Eugene,
OR, USA) for 2 hours at room temperature. Control sec-
tions in which primary antibodies or secondary antibod-
ies were omitted showed no labeled cells. All sections
were counterstained with Hoechst 33342 (1:1000; Roche,
Shanghai, China) for 10 min.

Cell counts

Areas of interest, the CAl and CA3 region of the
hippocampus, were observed with a Leica fluores-
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cence microscope (DM 5000 B, Leica Gmbh, Wetzlar,
Germany) with excitation and emission wavelengths of
470 and 525 (AlexaFluorl 488), 590 and 617 nm (Alexa
Fluor 594), and 340 nm (Hoechst 33342), respectively.
Micrographs were captured and processed with Adobe
Photoshop 7.0 in a blinded manner. The number of
triple-colocalization of NF-kBp65/GFAP/ Hoechst in
the all groups was counted in the CA1 and CA3 region
in random 10 sections/animal/time point. For Hoechst
33342 staining alone, stained nuclei displaying pykno-
sis were counted. The average of cell counts from 10
sections was normalized with cell counts from control
and then expressed as a % of control.

Transmission electron microscopy (TEM)

The hippocampal tissue blocks (2x2x2 mm) were
further post-fixed in glutaraldehyde solution (2.5%) for
2 h, followed by being embedded in the epoxy resin.
Then the embedded tissues were cut into ultra-thin sec-
tions with an ultramicrotome using the diamond knife
and mounted on 150 mesh copper grids. After being
stained with uranylacetate and lead citrate, the speci-

Fig. 3. Electron micrographs of astrocyte, surrounding capillary and neuron in the hippocampus. (A) Naive control: (ast)
normal astrocyte; (neu) neuron; (cap) capillary. (B) 1st day after lipopolysaccharide (LPS) administration (ip), swollen astro-
cyte end feet and compressed capillary lumen were readily seen. (C) 3rd day after LPS (ip), necrotic neurons and astrocyte.
(D) 7th day after LPS (ip), swollen astrocyte and compressed capillary lumen. (E) 16th day after LPS (ip), swollen astrocyte
end feet and compressed capillary lumen still can been found. (saef) swollen astrocyte end feet surrounding capillary lumen;
(na) necrotic astrocyte; (sac) swollen astrocyte cytoplasm; (nns) necrotic neuron surrounding with swollen astrocyte; (cl)

capillary lumen. Scale bar is 10 pm
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Fig. 4. Electron micrographs of astrocyte in different time
point after lipopolysaccharide (LPS) injection. (A) Ist day
after LPS injection, swollen astrocyte; (B) 3rd day after LPS
injection, necrotic astrocyte; (C) 7th day after LPS injection,
swollen astrocyte with swollen mitochondria; (D) 16th day
after LPS injection, mild swollen astrocyte. (Sac) Swollen
astroglia cytoplasm; (sm) swollen mitochondria; (an) astro-
glial nuclei. Scale bar is 5 pm.

Fig 5. Electron micrographs of capillary in different time
point after LPS injection. (A) 1st day after LPS injection;
(B) 7th day after LPS injection; (C) 16th day after LPS
injection. (ast) swollen astrocyte end feet; (cap) com-
pressed capillary lumen; (mit) swollen mitochondria. Scale
bar is 10 um

mens were observed with a transmission electron
microscopy (HITACHI-7650, Hitachi High-Technologies
Corporation, Shanghai, China) (Ku et al. 2010).

Statistical analysis

All results are expressed as mean+=SEM. Data were
analyzed with one-way ANOVA followed by post-hoc
Student-Newman-Keuls or Kruskal-Wallis test for
multiple comparisons where appropriate. A level of
P<0.05 was considered to be statistically significant.
Correlation analyses were performed using Pearson’s
correlation coefficient. All statistical analyses were
carried out using SPSS software (Ver. 11.5, IBM,
Chicago, IL, USA).

RESULTS

Astroglial NF- kBp65 activation in the CA1 and
CA3 region of hippocampus after LPS injection

NF-kBp65 is expressed at a relative lower level
when astrocytes are in the rest state (Fig. 1A,B).
However, under a stress challenge, e.g. in the case of
systemic inflammatory response induced by LPS ip
injection, active astroglial NF-kBp65 overexpression
occurred and in the CAl region of hippocampus, the
fluorescence intensity of active astroglial NF-xBp65
was increased 1 day after LPS injection, reaching a
peak at the post-treatment day 3, and was maintained
above baseline level 16 days after LPS injection (Fig.
1A). When triple-localization of GFAP, NF-xB and
nuclei were counted, it was increased by 90% and
100% relative to control 1 and 3 day after LPS injec-
tion respectively (P<0.05). It was declined at 7 and 16
days after LPS administration but still significant
higher than baseline (Fig. 1B). Similar pattern changes
were also found in the CA3 region (Fig. 1C).

Apoptotic cells in the CA1 and CA3 region of
hippocampus

Hoechst 33342 is a cell fluorescent permeable dye
with an affinity for DNA. It allows a detailed analysis
of nuclear morphology for evaluation of cell death.
Hoechst 33342-stained nuclei displaying pyknosis can
be considered as apoptotic cells. In the region CA1 of
hippocampus, the number of apoptotic cells was
increased by 220% at day 1 after LPS injection and



reached an increase of 250% at day 3 when compared
to that of the control group (P<0.05). This level then
decreased slightly but still stayed at a significant
higher level up to 16 days after LPS injection (P<0.05)
(Fig. 2A,B). In the CA3 region, the number of apop-
totic cells changed similarly to the trend in CA1 except
that it returned to near the normal level 16 day after
LPS injection (Fig. 2A,C). When the correlation
between apoptotic cell number (Fig. 2) and triple-ex-
pression of GFAP, NF-kB and Hoechst 33342 nuclei
number (Fig. 1) was made, there was clearly a positive
correlation found in the CA1 (*=0.516; P=0.008) and
CA3 (r*=0.698; P=0.0001) region, respectively.

Ultrastructural changes of astrocytes and
neuron under electron microscopy

After clarifying the inflammatory response (Fig. 1)
and apoptotic cells (Fig. 2), we then focused on the ultra-
structure changes of astrocytes and the surrounding
neuron. When compared to the normal control (Fig. 3A),
the morphological changes that can be readily seen were
the presence of swollen astrocytes and karyopyknosis
neuron from day 1 (Fig. 3B) to day 16 (Fig. 3E) after LPS
injection. The most severe cell death was found in day 3
(Fig. 3C) after LPS injection. These changes were more
evident with higher magnification images (Fig. 4), in
particular the swollen astroglia with heavily injured
mitochondria can be seen clearly (Fig. 4C).

The ultrastructural changes of microvessels

Compressed capillary lumen and swollen astrocyte
end feet are the most common changes in all time
points. In swollen astrocytes, astrocytic end feet adja-
cent to the vascular basement membrane covered an
increased surface and contained swollen mitochondria
in an empty-looking cytoplasm characterized by a low
electron density (Fig. 5).

DISCUSSION

The present study found sustained astroglial
NF«Bp65 activation in the CA1 and CA3 region of hip-
pocampus up to 16 days after LPS injection in rats.
Astroglial NF«kB positive cells are well correlated with
the apoptotic cells in the hippocampus indicating that
LPS induced systemic inflammation in turn resulted in
neuroinflammtion mediated by NFxB which ultimately
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caused cell death. Cellular ultra-structural changes of
astrocytes, neurons, and surrounding vessels and even
cell death were readily detected throughout the whole
study period. All these findings may give solid patho-
logical foundation to why sepsis survivors often pres-
ent with serious long-term cognitive impairment.

Sepsis often invokes severe systemic inflammation
and subsequently results in multi-organ dysfunction
including the brain. However, the impact of systemic
inflammation on the central nervous system and
underlying mechanisms remain elusive (Czapski et al.
2010). Lipopolysaccharide (LPS), a bacteria endotoxin,
is a potent inflammatory agent (Reyes et al. 2003) and
has been used to stimulate the host response (Meltzer
et al. 2003). In fact, intraperitoneal injection of LPS
exerts a myriad of effects in rats including cognitive
dysfunction, electrophysiological, metabolic and mor-
phological changes in the brain (Semmler et al. 2007,
2008). A question to how is the LPS-signal mediated
inflammation systemically reaching to the brain even-
tually reminds not fully elusive. However, a series of
studies proved that LPS can damage brain blood bar-
rier directly (Ghosh et al. 2014) and can cause leuco-
cytes infiltrating into the brain matter (Pieper et al.
2013). All but for more than these changes can induce
brain inflammation via several pathways (Fung et al.
2012) for systemic cytokines induced by LPS directly
moving into the brain and then causing glial activation.
The latter in turn generates more cytokines and finally
cause cognitive impairment (Vasconcelos et al. 2014)
via various mechanisms per se (Lyman et al. 2014).

It is noted that a relatively short-term (mainly 2—4 day
after LPS injection) morphological changes in neurons
and microglia was reported previously. In this study, we
have determined such changes last more than two
weeks. Surprisingly, the sustained pathological changes
in astrocytes, neurons and microvessels in the hip-
pocampus were for the first time found in our study.
Such changes may ultimately result in brain functional
impairment including cognition dysfunction as reported
previously (Weberpals et al. 2009, Terrando et al. 2012)

Evidence points to the primary role of astrocytes in
the pathogenesis of the CNS disorders related to neuro-
inflammation, including migraine, epilepsy, inflam-
matory demyelinating diseases, metabolic disorders,
metal intoxications, neurodegenerative disorders, and
schizophrenia (De Keyser et al. 2008, Kovacs et al.
2012, Phatnani et al. 2013, Wagner et al. 2013). NFxB
is a pleiotropic transcription factor, which regulates the
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expression of hundred genes, including many cytok-
ines, chemokines, and adhesion molecules involved in
inflammatory processes (Memet 2006, Ashall et al.
2009). Our data demonstrated that in our model of
septic CNS injury, elevated expression of activated
astroglial NFkBp65 in rats is related to apoptosis in the
hippocampus. These results were further evidence
showing that hippocampal-specific astroglial NFxBp65
activation is involved in neuronal damage and associ-
ated with neurological dysfunction including cognitive
impairment following sepsis.

Electron microscopy studies revealed sustained sub-
structural alterations of astrocyte and the surrounding
neuron and capillaries even 16 days after LPS injection.
It has been reported that NFkB activation induced the
concomitant increase in expression of COX-2 and iNOS
genes (Huang et al. 2006, Olajide et al. 2013), which may
lead to the formation of a superoxide anion (O2¢—) and
nitric oxide (NOe) that can form peroxynitrite (Kim et
al. 2005), a very potent oxidising agent. Swollen mito-
chondria distributed widely in astrocyte may indicate an
energy deficit, and abundant astroglial NFkB activation
may lead to secondary oxidative stress, which may ulti-
mately damage neurons; the damage having clearly been
shown in our study (Fig. 3). Furthermore, we also found
that although the ultra-structural changes of astrocytes
are earlier than those of neurons, neuronal structural
changes are more serious and irreversible towards death
at the late stage (Fig. 3C). Whether this implies that the
normal astroglial function is essential for neurons to
survive or neurons are more vulnerable than astrocytes
warrants further study. In addition, combining specific
neuronal marker and GFAP for double immuno-staining
to see how both neurons and glia interacts in a long term
run after sepsis is needed in further study as well.

CONCLUSION

In summary, our data indicates that the neuroin-
flammatory responses induced by the systemic admin-
istration of LPS evokes a time-dependent alteration in
astroglia NFxB in the hippocampus as well as brain
cell ultrastructural changes and death together with
microvascular injury. This ultimately results in a func-
tional impairment of the brain. A better understanding
of active NF«B signaling pathways in astrocytes in
acute systemic inflammation may provide a preventive
ortherapeuticstrategy ofmodulatingneuroinflammation
and brain cell injury in various brain disorders.
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