
TNF is a key mediator of Septic Encephalopathy acting through
its receptor, TNF Receptor-1

Jessy J. Alexander, Alexander Jacob, Patrick Cunningham, Lauren Hensley, and Richard J.
Quigg
Department of Medicine, University of Chicago, Chicago, IL 60637

Abstract
In this study, we demonstrate that mice deficient in TNFR1 (TNFR1-/-) were resistant to LPS-
induced encephalopathy. Systemic administration of lipopolysaccharide (LPS) induces a
widespread inflammatory response similar to that observed in sepsis. Following LPS
administration TNFR1-/- mice had less caspase-dependent apoptosis in brain cells and fewer
neutrophils infiltrating the brain (p<0.039), compared to control C57Bl6 (TNFR1+/+) mice.
TNFR1-dependent increase in aquaporin (AQP)-4 mRNA and protein expression was observed
with a concomitant increase in water content, in brain (18% increase in C57Bl6 mice treated with
LPS vs those treated with saline), similar to cerebral edema observed in sepsis. Furthermore,
absence of TNFR1 partially but significantly reduced the activation of astrocytes, as shown by
immunofluorescence and markedly inhibited iNOS mRNA expression (p<0.01).

Septic Encephalopathy is a devastating complication of sepsis. Although, considerable work has
been done to identify the mechanism causing the pathological alterations in this setting, the culprit
still remains an enigma. Our results demonstrate for the first time that endotoxemia leads to
inflammation in brain, with alteration in blood-brain barrier, up-regulation of AQP4 and
associated edema, neutrophil infiltration, astrocytosis, as well as apoptotic cellular death, all of
which appear to be mediated by TNF-α signaling through TNFR1.
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Sepsis is a condition characterized by uncontrolled infection and affects many organs
including brain (Green et al., 2004), with an attendant high mortality rate. Administration of
bacterial endotoxin (LPS), a cell wall component of gram-negative bacteria, to mice cause
pathogenesis, mimicking what occurs in clinical sepsis (Gardenfors et al., 2002;Radzivil et
al., 1990). Septic encephalopathy could be due to multiple factors including inflammatory
cells and their mediators, reduced cerebral blood flow, disruption of the blood-brain barrier
(BBB), cerebral edema and inflammation (Papadopoulos et al., 2000). One of the mediators
of inflammation that play a key role in sepsis, tumor necrosis factor (TNF-α), is increased in
circulation following LPS administration (Tsao et al., 2001;Merrill and Benveniste, 1996).
Serum TNF-α is an acute phase response and does not correlate with the alterations in brain,
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during stroke (Intiso et al., 2004). On the other hand, TNF-α is also produced in brain, by
microglia and astrocytes, both of which are activated by LPS. LPS disrupts the BBB (Tsao
et al., 2001;Gurney et al., 2006), which leads to increased infiltration of blood cells into
brain. TNF-α has also been shown to stimulate the oxidative burst of neutrophils (Granert et
al., 1994;Wispelwey et al., 1989) and to up-regulate the expression of adhesion molecules
(Amrani et al., 2000;Marshall et al., 2003;Schafers et al., 2002;Yang et al., 2005) that
mediate neutrophil recruitment to tissues following an inflammatory stimulus. TNF-α
participates in many pathophysiological conditions in the central nervous system (CNS)
(Pan et al., 1997b), including neurodegenerative diseases (Alexander et al., 2005;Alexander
et al., 2007). The significance of TNF-α in these neuropathological conditions is not totally
understood, since it has potentially both detrimental and beneficial roles in the CNS. The
role of TNF-α is manifold and range from apoptosis and astrogliosis, a prominent feature of
inflammation in brain, to the regulation of iNOS synthesis and edema. On the other hand,
several lines of evidence show that TNF-α can also exhibit regenerating or neuroprotective
effects (Loddick and Rothwell, 1999;Allan and Rothwell, 2001). TNF-α acts through two
distinct receptors: TNFR1, which mediates most of the inflammatory actions of TNF-α, and
TNFR2, which has been proposed to have an anti-inflammatory role (Dopp et al., 1997).
Although both TNF-α receptors occur in brain, TNFR1 seems to be abundantly expressed in
the brain and shows constitutive expression in astrocytes (Dopp et al., 1997) and the
microvasculature (Nadeau and Rivest, 1999), while TNFR2 is observed only on stimulation
in brain.

Astrocytes are the major glial cell population within the CNS and play important
physiological roles in brain functions. Astrocytes react to various neurodegenerative insults
and diseases, leading to vigorous astrogliosis (Eng et al., 1992). On activation, astrocytes
express an enhanced level of glial fibrillary acidic protein (GFAP) proportional to the
severity of astroglial activation (Eng et al., 2000;Eng and Ghirnikar, 1994;Eng et al., 1992).
However, the mechanism by which astroglial expression of GFAP is increased in
neurodegenerative CNS remains unclear (Norenberg, 1996;Norenberg, 1998). Several lines
of evidence demonstrate that NO plays a key role in regulating the expression of GFAP in
astrocytes (Askalan et al., 2006;Enkhbaatar et al., 2006;Hawkins et al., 1998). On the other
hand activated astrocytes express inducible nitric oxide (NO) synthase (iNOS) leading to an
excessive amount of NO, a molecule implicated in many neurodegenerative and
neuroinflammatory conditions (Lee et al., 2004;Choi et al., 2005;Kubes et al., 1993). NO
could induce apoptosis in astrocytes by p-53 and Bax-dependent mechanisms (Yung et al.,
2004). Furthermore, aquaporin (AQP) 4, the most abundant water channel in the CNS is
present on the astrocytes (Vizuete et al., 1999;Rao et al., 2003) and plays a crucial role in
brain edema formation observed after CNS insults or in disease (Manley et al., 2004;Badaut
et al., 2002;Alexander et al., 2003). Edema could lead to increased intracranial pressure,
resulting in brain herniation and finally death (Norenberg et al., 2005).

Septic encephalopathy although common and devastating, the role of the different
mechanisms behind this occurrence, still remains unclear. Although cytokines such as TNF-
α are key mediators of sepsis (Lucas et al., 1997), knowledge as to their effects in brain is
still being investigated, in the setting of endotoxemia. As many of the central consequences
of TNF-α are mediated by the TNFR1 receptor (Gimenez et al., 2004b;Yin et al., 2004a), the
present investigation attempts to gain further insights into the role of this receptor in
endotoxin induced toxicity, in brain.
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Experimental Procedures
Animals

Mice with targeted deletion of TNFR1 (TNFR1-/-) were obtained from The Jackson
Laboratory (Bar Harbor, ME) and used for experiments at 8 wk of age. Because these mice
are on a C57BL/6 background, age-matched C57BL/6 mice were used as controls. The
animals were maintained with 12 h light and dark cycles with free access to food and water.
One group was given LPS (from Escherichia coli, serotype 055:B55, Sigma Aldrich, St.
Louis, MO., Lot # 127H4097) as a single injection of 0.15 mg i.p. and another group
received the saline vehicle as control. The mice were sacrificed 8 h later and their brains
harvested. The animals were maintained and experiments were performed in accordance
with the guidelines set by the University of Chicago Institutional Animal Care and Use
Committee.

Tissue processing
Brains were isolated from animals immediately upon sacrifice. Cerebellum and brain stem
were discarded. The anterior region of the cerebral cortex was snap frozen for
immunofluorescence (IF) microscopy, and the rest were processed for RNA and genomic
DNA isolation. For immunohistochemistry, 4-μm brain cryostat sections were fixed with
ether/ethanol, incubated with 0.3% H2O2 for 30 min, and blocked with dilute horse serum.
Sections were stained for neutrophils by sequential incubation with rat anti-mouse
neutrophil (mAb 7/4; Serotec, Raleigh, NC) at a 1/60 dilution for 30 min followed by HRP-
conjugated rabbit anti-rat IgG (Sigma-Aldrich) at a 1/60 dilution for 30 min and
diaminobenzidine reagent (Vector Laboratories, Burlingame, CA) for 10 min. A blinded
observer counted the number of neutrophils per high-power field and recorded the average
of 10 fields for each sample.

LM-PCR
Brains were harvested and immediately frozen at -80°C. Later, a small piece was thawed,
from which DNA was purified (DNeasy DNA purification system; Qiagen, Valencia, CA).
The extent of DNA laddering was amplified and detected by ligase-mediated (LM)-PCR
(Clontech Laboratories, Palo Alto, CA) according to the manufacturer's instructions, as
follows. DNA isolated from each animal was incubated with the supplied primer targets and
T4 DNA ligase for 18 h at 16°C. Twenty micrograms of this ligated DNA was then used as
the substrate for PCR, using supplied primers and Advantage DNA polymerase (Clontech
Laboratories) for 23 cycles of 94°C for 1 min and at 72°C for 3 min. The reaction product
for each animal was run on a 1.3% agarose gel, and ethidium bromide-stained bands were
detected with UV light illumination.

Assay of caspase-3 activity
Brains were homogenized in cell lysis buffer (25 mM HEPES pH 7.4, 2 mM DTT, 5 mM
EDTA, and 10 mM digitonin). Lysates were then incubated on ice for 15 min and
centrifuged at 10,000 g for 10 min at 4°C and protein concentrations were determined using
a BCA assay. Lysates (soluble supernatants) were used immediately or stored at -80°C.
Aliquots of protein (50μg) were incubated at 37°C with assay buffer (50 mm HEPES pH
7.4, 100 mm NaCl, 0.1% CHAPS, 10 mm dithiothreitol, 1 mM EDTA, 10% glycerol) and
200 mM Ac-DEVD-pNA (Biomol). Hydrolysis of the DEVD-AFC substrate was followed
for 15 min by fluorimetry of the released AFC (excitation 400 nm, emission 505 nm) and
activity calculated from the slope.
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Brain water content
We determined the brain water content in normal and LPS-treated mice. The brains were
removed, weighed immediately and then kept at 300°C for 48 h. The brains were weighed
during this process at 24 h and then again at 48 h to make sure they had reached a consistent
weight. The percentage of brain water in the tissue was calculated as (wet wt – dry wt) *
100/wet wt.

Blood-Brain barrier integrity
The BBB integrity was determined in normal, LPS-treated C57Bl6 and TNFR1-deficient
mice. 1% Evans blue in saline was injected through the tail vein and the mice were
sacrificed 5 min later. The brains were removed, snap frozen. Cryosections (4μm thickness)
were obtained and observed using a Zeiss microscope at 40×.

IF microscopy
Cryostat sections (4μm) were fixed with ethanol:ether and ethanol and IF microscopy was
done using hamster anti-mouse TNFR1 (BD PharMingen, San Diego, CA), rabbit anti-rat
AQP4 (Chemicon International, Temecula, CA) and rabbit anti-cow GFAP (Dako) at
dilutions of 1:60. The staining was detected using FITC-labeled anti-hamster or anti-rabbit
antibody at a dilution of 1:100. No staining was observed in controls slides treated with a rat
or rabbit IgG followed by FITC-labeled anti-rabbit antibody. Sections were observed using a
Zeiss microscope at 400×. The slides were scored in a blinded fashion from 0-4 (0 indicating
no staining and 4 the most intense staining).

Quantitative (q) RT-PCR
RNA from brains was isolated using TriZol reagent (Life Technologies, Grand Island, NY).
cDNA was prepared in an analogous fashion from brains of mice (TNFR1-/- and TNFR1+/+)
sacrificed 8 h after LPS injection and compared with C57Bl6 mice treated with saline (n = 6
per group). Real-time RT-PCR was performed for iNOS, and AQP4 as follows. A portion of
brain from each mouse was frozen at -80°C, from which total RNA was purified using the
RNeasy Mini RNA purification kit (Qiagen). To remove all traces of genomic DNA,
samples were then treated with RNase-free RQ1 DNase (1 U per 4 μg RNA; Promega,
Madison, WI) in 10 μl reaction buffer (final concentration, 40 mM Tris-HCl, 10 mM
MgSO4, and 1 mM CaCl2 (pH 8)) at 37°C for 30 min. This was followed by addition of 1 μl
20 mM EGTA (pH 8) to stop the reaction and incubation at 65°C for 10 min to inactivate the
DNase. cDNA was generated from RNA using random hexamers as primers with the
SuperScript first-strand synthesis kit (Life Technologies), according to the manufacturer's
instructions. Real-time PCR was performed using a Smart Cycler (Cepheid, Sunnyvale,
CA). For iNOS and GAPDH measurements, probes were labeled at the 5′ end with the
reporter dye molecule FAM (6-carboxyfluorescein; emission λmax = 518 nm) and at the 3′
end with the quencher dye molecule TAMRA (6-carboxytetramethyl-rhodamine; emission
λmax = 582 nm). Each reaction was conducted in a total volume of 25 μl with l× TaqMan
Master Mix (PE Applied Biosystems, Foster City, CA), 3 μl sample or standard cDNA,
primers at 200 nM each, and probe at 100 nM. PCR was conducted with a hot start at 95°C
(5 min), followed by 45 cycles of 95°C for 15 s and 60°C for 30 s. For each sample, the
number of cycles required to generate a given threshold signal (Ct) was recorded. Using a
standard curve generated from serial dilutions of splenic cDNA, the ratio of iNOS
expression relative to GAPDH expression was calculated for each experimental animal and
normalized relative to an average of ratios from TNFR1+/+ brain unexposed to LPS.
Measurements of TNF-α TNFR1 and AQP4 mRNA expression relative to GAPDH were
performed in an analogous fashion, but using the SybrGreen intercalating dye method with
HotStar DNA polymerase (PE Applied Biosystems) instead of labeled probes. Reaction
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conditions were according to the manufacturer's instructions. The reaction temperature
profiles for TNF-α, TNFR1 and AQP4 were as described above, except that the annealing
temperature was 58°C.

Statistics
Data were analyzed with Minitab software (State College, PA). Unless noted otherwise, data
are given as the mean ± SEM. Groups were compared by two-sample t test. A value of p
≤0.05 was considered significant.

Results
TNF-α mediates septic encephalopathy by acting on its receptor, TNFR1 in brain

TNF-α is released systemically into circulation after LPS administration (Fig 1). TNF-α
could mediate LPS-induced septic encephalopathy, either indirectly by stimulating the
release of other proinflammatory cytokines or by acting directly on its receptor, TNFR1 in
brain (Schafers et al., 2002;Merrill and Benveniste, 1996). Therefore, to determine the role
of TNF-α and its receptor, TNFR1 as mediators in septic encephalopathy, it was important
to know whether their expression was altered in endotoxemia. Using real-time RT-PCR, we
found both TNF-α and TNFR1 mRNA to be increased in brain by a factor of 6 and 3 after
LPS administration compared to saline-treated controls (n = 6 per group; p < 0.001) (Fig 2).
Furthermore, by IF, TNFR1 expression was significantly elevated in endotoxin treated mice,
especially in the hippocampal region (Fig 3 A). TNFR1-/- brain sections served as negative
controls. As reported earlier, TNFR1 is expressed on the surface of the astrocytes (Fig 3 B).
Shown is immunofluorescence (IF) micrographs of paraformaldehyde-fixed cortical sections
stained with (A) GFAP or (B) TNFR1 and (C) merge.

TNFR1 mediates LPS-induced neutrophil infiltration in the brain
Neutrophils have been implicated in the pathogenesis of LPS-induced injury of the brain.
TNFR1 was shown to be a major factor involved in the recruitment of inflammatory cells.
We confirmed that neutrophils infiltrated the brain following LPS administration, but to a
significantly lesser extent in TNFR1-/- mice compared with TNFR1+/+ controls (Fig 4) (2.15
± 1.3 vs 6.6 ± 1.9 neutrophils per high-power field in TNFR1-/- and TNFR1+/+ mice,
respectively; p < 0.01). C57Bl6 mice treated with saline had very few neutrophils in brain
(0.65 ± 0.6). This supports a role for TNF-mediated neutrophil recruitment in the
pathogenesis of LPS-induced septic shock.

LPS causes up-regulation of TNFR1 dependent iNOS expression
iNOS has been shown to be strongly up-regulated in a wide variety of tissues, including the
brain, after administration of LPS (Brown and Bal-Price, 2003;Lee et al., 1995;Lee et al.,
2004). Previous studies have reported that iNOS activation requires autocrine stimulation by
TNF-α (Bi et al., 2005;Marcus et al., 2003). By real-time qRT-PCR, expression of iNOS
mRNA in the brain was markedly up-regulated in TNFR1+/+ mice given LPS compared with
the saline-treated C57Bl6 mice, (1.2 ± 0.19- and 3.2 ± 0.74-fold increases in control and
TNFR1+/+ mice, respectively; p <0.01) and remained closer to normal in the TNFR1-/- mice
(Fig 5). Our results indicate that TNF-α induced increased expression of iNOS through its
receptor, TNFR1.

Absence of TNFR1 partially abrogates LPS-induced astrocytosis
Activation of astroglia, also known as astrocytosis, occurs in many neurodegenerative
diseases and in response to CNS insults. To determine the role of TNF-α in this CNS
response, we assessed GFAP expression in mice sufficient (Fig 6B) and deficient in TNFR1
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(Fig 6C) treated with endotoxin and compared them to control C57Bl6 treated with saline
(Fig 6A). GFAP expression was significantly increased in mice treated with endotoxin
compared to the saline-treated controls. The absence of TNFR1 reduced the increase in
GFAP expression but did not prevent it completely indicating that TNF-α may be one of the
factors that induce astrogliosis through its receptor, TNFR1.

Mice deficient in TNFR1 are protected against apoptosis that occurs in endotoxin-induced
encephalopathy

NO and other cytokines induce apoptosis in neurons which are remarkably sensitive. In
endotoxemic mice, there were an increased number of cells in the hippocampus that were
shrunken and had condensed cellular structure consistent with ongoing apoptosis (Fig 7). To
examine whether TNFR1 regulates apoptosis in brain and to quantify the extent of apoptosis
in the brain after systemic LPS administration, LM-PCR was performed to amplify
fragmented DNA from brains of C57Bl6 mice treated with saline and C57Bl6 and TNFR1-/-
mice treated with endotoxin (Fig 8). Apoptosis was significantly increased in brains from
mice treated with endotoxin compared to the saline-treated controls. TNFR1-/- mice were
resistant to LPS-induced apoptosis (n = 6 per group). Concomitant with these results, in
response to systemic LPS administration caspase-3, the “destroyer enzyme” common to both
extrinsic and intrinsic apoptotic pathways was increased 4 fold in brain compared to the
saline-treated controls (p<0.01). This increase was significantly attenuated in the absence of
TNFR1 (Fig. 9). Therefore, TNF-α, acting through TNFR1, is a key mediator of LPS-
induced encephalopathy.

Endotoxemia increases brain AQP4 expression and water content
Cerebral edema can occur as a result of a number of factors that include the increased
expression of TNF-α. To determine whether edema occurred in brains of mice administered
LPS, we measured water content in brains of control and LPS-treated mice. Water content in
brain was increased, by approximately 18% in wild-type mice treated with LPS compared to
those controls treated with saline (Fig. 10). Edema could be due to both vasogenic and
cytotoxic changes. To gain insight into this possibility, we assessed the BBB integrity.
Evans blue was observed to leak out of the microcapillaries in the LPS-treated mice forming
a halo, indicating that the BBB was compromised (Fig. 11 B) compared to controls (Fig. 11
A) and TNFR1-deficient mice (Fig. 11 C). Since AQP4 is the main water channel protein in
brain, we studied its expression in endotoxemic mice. AQP4 expression as determined at the
mRNA level by qRT-PCR and at the protein level by IF were significantly increased in LPS-
treated mice compared to control mice treated with saline (Fig. 12). The absence of TNFR1
prevented the LPS induced increase in AQP4 expression in brain. Of importance is that the
mRNA and protein expression of AQP4 were concordant in all experimental groups.

Discussion
Encephalopathy is a common feature in sepsis occurring in ∼25% of patients often before
failure of other organ systems. Patients with septic encephalopathy have a higher mortality
rate compared to those without brain involvement, likely reflecting the severity of disease
and the direct adverse effects of brain involvement. Given the complexity of sepsis,
pathogenesis of septic encephalopathy is multifactorial and includes circulatory and
metabolic derangements (Papadopoulos et al., 2000), inflammation (Green et al., 2004), and
infections of the brain. Although it has been established that TNF-α is a key mediator in
sepsis and the role of TNF-α in LPS-induced encephalopathy has been examined, the exact
mechanism still remains an enigma.
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TNF-α can induce apoptosis directly through its receptor, TNFR1 that is abundantly present
in brain or indirectly through stimulating glial cells to produce neurotoxins such as
excitatory amino acids. There are different possible mechanisms by which TNF-α acts
through TNFR1 leading to the pathological alterations observed during sepsis, in brain.
Activation of TNFR1 could increase permeability of the BBB (Pan et al., 1997a), induce
expression of cell adhesion molecules in endothelial cells and astrocytes (Yin et al.,
2004b;Gimenez et al., 2004a;Henninger et al., 1997a), thereby favoring leukocyte
infiltration and inflammatory brain damage, and can play an important role in inducing
apoptosis. After systemic administration of LPS, a profound systemic up regulation of TNF-
α was observed, similar to earlier studies (Cunningham et al., 2002). Systemic TNF-α could
affect areas with no BBB such as the CVO and in areas where the BBB is breached as a
result of LPS-treatment. In addition, TNF-α produced in situ could cause pathological
changes. In accord with the results observed in rat brain (Nadeau and Rivest, 1999), mRNA
expression of both TNF-α and TNFR1 in our studies were unregulated by i.p. LPS. TNF-α
signaling through TNFR1 causes apoptosis via the extrinsic (death receptor) pathway,
leading to caspase-8 activation and subsequently the activation of caspase-3 (Hengartner,
2000;Yuan and Yankner, 2000). Our results demonstrate that apoptosis in brains of LPS-
treated mice was significantly increased compared to saline-treated controls while little to no
apoptosis over baseline occurred in TNFR1-/- mice given LPS. These results indicate, that in
this setting of endotoxemia, apoptosis in the brain occurred through the extrinsic pathway in
a TNFR1-dependent fashion, possibly in glial cells (Jellinger and Stadelmann,
2000b;Jellinger and Stadelmann, 2000a). However, other known triggers of apoptosis, such
as NO, or reactive oxygen intermediates, the latter perhaps derived from infiltrating
neutrophils, could be relevant as well. This is an important aspect, since we observed
definite disruption of the BBB especially around the microcapillaries, which could alter the
movement of circulating cells and water into the brain. Experiments to understand the
precise apoptotic pathways involved in LPS-induced encephalopathy, is the subject of
ongoing work.

TNF-α, on induction increases the expression of adhesion molecules, ICAM-1 and VCAM
and alters the BBB integrity (Henninger et al., 1997b). Since increased expression of
ICAM-1 on endothelial cells mediates the infiltration of blood-borne cells into the brain, this
could explain the observed increased infiltration of neutrophils into the brain. Infiltration of
neutrophils (polymorphonuclear leukocytes) into brain parenchyma could induce activation
of astrocytes and promote cerebral inflammation. Activated astrocytes could produce and
release TNF-α, and nitric oxide (NO). Furthermore, TNF-α was shown to induce production
of NO through TNFR1, in cultured glial cells (Romero et al., 1996;Dong and Benveniste,
2001). iNOS, the protein that catalyzes the formation of NO in injured brain regulates
neurodegeneration and cellular apoptosis (Gahm et al., 2006). iNOS mRNA expression was
observed to correlate with clinical severity in experimental animals such as models of herpes
simplex virus type 1 and experimental allergic encephalitis, suggesting that locally produced
NO may play an important pathophysiological role during infection and inflammation of the
central nervous system. Consequently, treatments that control the activation of astroglia may
be effective at diminishing the severity of LPS-induced encephalopathy.

Astrocytes are an integral part of the blood–brain barrier (BBB), which maintains the
internal milieu constant (Davies, 2002;Davson H et al., 1993;Davson H and Segal MB,
1995). Increased expression of the important water channel protein, AQP4 on astrocytes and
endothelial cells could lead to the increased water content (Alexander et al., 2003;Badaut et
al., 2002;Manley et al., 2004) observed in LPS-induced brains, in our study, similar to
edema seen in clinical patients(Papadopoulos et al., 2000). Furthermore, in our study, an
18% increase in brain water content was found in mice that were treated with LPS compared
to mice receiving saline, which was reduced in LPS-treated TNFR1-/- mice. Although the
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increase is significant but not substantial, the brain is located in a defined space and an
alteration in the internal milieu could lead to traumatic consequences. In clinical patients
with septic encephalopathy the integrity of the BBB is altered with associated edema.
Edema is a significant source of morbidity and mortality in several brain disorders and
therefore an understanding of its pathophysiology is an important step towards designing
therapeutic strategies not only in sepsis but in other CNS diseases too.

In summary, our results demonstrate that TNFR1-mediated signaling is a key mechanism
involved in restricting or resolving, the LPS-induced inflammatory response. Absence of the
TNF-α/TNFR1 pathway could alleviate apoptosis, reduce neutrophil infiltration, astrogliosis
and edema in LPS-induced brain. Additional experiments need to be designed and
conducted to understand the extent to which these mechanisms individually contribute to
LPS-induced encephalopathy and the extent to which these processes are interrelated.
Furthermore, our future studies will address the issue of which populations of cells are dying
of apoptosis in this setting. This will lead to a better understanding of the pathophysiology
of septic encephalopathy and thereby the designing of more effective therapeutic strategies.
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FIGURE 1. TNF-α is significantly increased in circulation by LPS-treatment
Serum TNF-α was determined by ELISA. At baseline, circulating levels of TNF-α were
undetectable using a sensitive ELISA technique. Two h after LPS injection, there was a
profound (25 fold) increase in serum TNF-α. n = 6 per group. *p < 0.001 vs saline-treated.
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FIGURE 2. Upregulated brain mRNA expression of TNF-α and its receptor, TNFR1 in
endotoxemia
mRNA expression of TNF-α and TNFR1 were quantified by qRT-PCR and normalized to
expression of GAPDH. Systemic administration of LPS caused a significant increase in
expression of TNF- α (7 fold) and TNFR1 (4 fold), n = 6 per group. *p < 0.01 vs. saline-
treated.
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FIGURE 3.
FIGURE 3A. LPS administration significantly up regulates TNFR1 expression, by
immunofluorescence.
Representative sections immunostained with anti-TNFR1 followed by FITC-labeled anti-
hamster antibody show increased expression of TNFR1 mainly in the hippocampus and
cortex of LPS-treated mice (B). Reduced TNFR1 expression was observed in mice receiving
saline (A). No TNFR1 expression is apparent in LPS-induced TNFR1-/- mice (C). n=6 in
each group. Magnification = 20×. Setting of the microscope was kept strictly unaltered
while examining the different groups. The stained sections were scored from 0-4 and the
results are given in (D).
FIGURE 3B. Dual staining for GFAP (A) and TNFR1 (B) and merge (C) indicate
colocalization. TNFR1 is present on the surface of the astrocytes. Magnification, 40× under
oil.
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FIGURE 4. Neutrophil accumulation in the LPS-induced brain is TNFR1-dependent
(A) Few neutrophils are present in C57Bl6 brain at baseline (0.65±0.6). (B) Following
injection of LPS, marked neutrophil accumulation was found in the brains of C57Bl6 mice,
primarily in the cerebral cortex, which is shown (6.6±1.9). (C) TNFR1-/- mice had
significantly less number of neutrophils in the brain after LPS injection (2.5±1.3).
Magnification, ×200.
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FIGURE 5. Expression of iNOS in LPS-induced brain is regulated by TNFR1
mRNA expression of the inflammatory mediator, iNOS, was quantified by qRT-PCR and
normalized to expression of GAPDH (n=6 per group). Significant increase in expression of
iNOS (*p < 0.01) was observed in LPS-treated C57Bl6 mice compared to their saline-
treated counterparts. Absence of TNFR1 prevented the increase of iNOS expression in LPS-
treated brain. Each data point represents an individual animal.
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FIGURE 6. LPS causes activation of astrocytes partially through the actions of TNFR1
Representative brain sections immunostained with anti-GFAP show activated astrocytes in
the hippocampus and cortex of LPS-treated mice (B) while there were virtually no positive
cells in those receiving saline (A). Inset is an astrocyte at higher magnification. A marked
reduction of these activated cells is apparent in LPS-induced TNFR1-/- mice (C). n=6 in
each group. Magnification, 20×.
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FIGURE 7. Endotoxemia leads to histological changes in the hippocampus
Wild type mice were given saline (A, C) or LPS (B, D) and sacrificed 8 h later for
histological analyses. Shown are representative PAS stained sections, from the dentate gyrus
of individual mice. Control mice showed normal architecture, while LPS-treated mice had
evidence for cellular damage, as indicated by arrows. Magnifications, ×200 (A, C) and 400
(B, D).
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FIGURE 8. TNFR1 deficiency significantly reduces endotoxemia-induced apoptosis in brain
DNA was isolated from brains of C57BL/6 mice treated with saline or 0.15 mg LPS and
subjected to LM-PCR and apoptotic DNA laddering was studied. Significant apoptosis was
observed in brains of wildtype mice 8 h after LPS injection compared to the negligible
amount of apoptosis occurring at baseline (C57Bl6 brain not exposed to LPS). In contrast,
the amount of apoptosis after LPS was markedly reduced in the absence of TNFR1. Each
lane contains brain tissue harvested from an individual animal.
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FIGURE 9. TNFR1 regulates LPS-induced caspase-3 activation in brain
Caspase- 3 activity was assayed in brains of mice given saline or LPS and sacrificed 8 h
later, by means of a fluorogenic assay. LPS administration increased caspase-3 enzyme
activity significantly compared with saline-treated control mice. Results are expressed in
terms of mM AMC substrate liberated per minute per mg protein. The absence of TNFR1
significantly attenuated this increase, with caspase-3 activity remaining comparable to that
of saline-treated controls. Data shown are from individual mice. *p< 0.001 vs. other groups.
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FIGURE 10. Brain water content is increased in endotoxemia
Brain water content was measured as described in Methods. Water content of normal brain
was taken as 100%. Water content in brains of mice treated with LPS was 18% above the
controls. This increase in water was prevented in the absence of TNFR1, 97% of normal
mice. *p < 0.01 vs. saline-treated.
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FIGURE 11.
Representative sections of the cerebral cortex from mice perfused with Evans blue are
shown. Compared to the controls (A), diffusion of Evans blue from the microcapillaries was
observed in the LPS-treated mice (B), indicating possible disruption of the BBB. This
diffusion of Evans blue to the surrounding periphery was reduced in TNFR1-/- mice.
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FIGURE 12. Increased brain AQP4 expression in endotoxemia is prevented by TNFR1
deficiency
Representative sections of the cerebral cortex stained for AQP4 are shown. Compared to
controls given saline (A), there was significantly increased AQP4 expression in wildtype
mice given LPS (B). The increase in AQP4 protein was observed especially around the
small vessels as indicated by the arrows. This increase was prevented and AQP4 expression
remained comparable to saline-treated controls in TNFR1-/- (C) mice. The stained sections
were scored from 0-4 and the results are given in D along with mRNA expression quantified
by qRT-PCR (n=6 per group). *p < 0.01 vs. other groups.
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Table 1

Gene Forward primer
5′-------3′

Reverse primer
5′--------3′

Probe
5′-------3′

FAM/TAMRA dyes:

GAPDH GGCAAATTCAAGGCACAGT AGATGGTGATGGGCTTCCC GGCC GAGAATGGGAAGCTTGTCATC

iNOS CAGCTGGGCTGTACAAACCTT TGAATGTGATGTTTGCTTCGG CGGGCAGCCTGTGAGACCTTTGA

SYBR green incorporation:

TNF-α CCGATGGGTTGTACCTTGTC GTGGGTGAGGAGCACGTAGT

TNFR1 GACCGGGAGAAGAGGGATAG GTTCCTTTGTGGCACTTGGT

AQP4 AGGTGCCCTTTATGAGTATG CTTCCCTTCTTCTCTTCTCC

GAPDH GGCAAATTCAACGGCACAGT AGATGGTGATGGGCTTCCC
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