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Preface

I have prepared my dissertation in accordance with the guidelines set forth by the
Graduate Program of the School of Medicine, Oregon Health and Science University.
My thesis is comprised of a general introduction, three chapters of original data, and a
final section consisting of summary, conclusions and perspectives. The references
throughout the entire thesis are listed together at the end of the manuscript and conform

to the style of Stroke.

Chapter 2 is a manuscript as it appears in the original paper published in the journal
Stroke. Chapter 3 is a manuscript as it has been prepared for publication and submission
to The Journal of Neuroscience. Chapter 4 pertains to data in preparation for a paper for
Brain Research. The appendix contains additional data regarding the neuroprotective
effects of LPS preconditioning in mice, including the effects of LPS preconditioning on

physiological parameters and on peripheral cellular changes.



Abstract

Treatment with a small dose of lipopolysaccharide (LPS) prior to stroke, termed LPS
preconditioning, induces marked neuroprotection against damage caused by subsequent
stroke. The cellular and molecular events involved in the neuroprotective effects of LPS
preconditioning remain poorly understood. Activation of inflammatory cascades and
production of cytokines such as tumor necrosis factor (TNFa) appear to be important in
the establishment of LPS-induced neuroprotection, although their roles have not been
well defined. Regulation of inflammatory responses during stroke could be a crucial
component of neuroprotection, as it has long been appreciated that excessive

inflammation triggered by stroke exacerbates ischemic brain damage. I hypothesized that

LPS preconditioning induces neuroprotection against stroke by suppression of injurious

inflammatory responses to ischemic injury.

To investigate this hypothesis, the optimal neuroprotective conditions of LPS
preconditioning were established in a mouse model of stroke. Neuroprotection in mice
that have been preconditioned by LPS occurred within one day of systemic LPS
administration and lasted for at least one week. LPS preconditioning resulted in
diminished peripheral cellular infiltration in the brain and decreased accumulation in the
blood following stroke. Furthermore, LPS preconditioning suppressed the cellular
activation of microglia in the brain and monocytes in the blood in response to stroke.

These findings indicate that attenuation of cellular inflammatory responses that would

xi



otherwise exacerbate ischemic brain damage could be involved in the neuroprotective

effects of LPS preconditioning.

TNFa, which exacerbates neuronal damage, is a prominent inflammatory cytokine
induced during stroke. Paradoxically, in the setting of preconditioning, TNFa plays a
neuroprotective role. This apparent discrepancy has hindered the formulation of a clear
understanding of the role of TNFo. in the neuroprotective effects of LPS preconditioning.
Thus, the role for TNFa in LPS-induced neuroprotection was further defined using
TNFo knock-out mice. TNFo knock-out mice preconditioned with LPS did not show
neuroprotection against stroke, which indicates that TNFo. plays an essential role in the
neuroprotective effects of LPS preconditioning. In contrast to the protective role for
TNFo in the establishment of neuroprotection by LPS preconditioning, Jollowing stroke
the cytotoxic effects of TNFo were reduced—a feature that could contribute to LPS-
induced neuroprotection. LPS preconditioning suppressed the production of TNFo and
neuronal expression of TNF-receptor (TNFR1) and the signaling mediator TNFR-
associated death domain (TRADD) following stroke. Moreover, LPS preconditioned
mice showed increased levels of soluble-TNFR1 following stroke, which could further
neutralize TNFo-mediated injury during ischemic injury. Finally, mice that were
preconditioned by LPS showed marked resistance to brain damage caused by intracranial
administration of exogenous TNFo following stroke. The capacity of LPS
preconditioning to diminish the neuronal sensitivity to TNFa-induced injury was also
evinced in studies in vitro, as cortical neuronal cultures preconditioned by LPS were

resistant to increasing cytotoxic doses of TNFo in the setting of ischemia. These studies

Xii



reveal dual functions for TNFo in the neuroprotective process of LPS preconditioning.
That is, TNFo mediates the establishment of LPS-induced neuroprotection, while also
mitigating TNFe-induced damage initiated by stroke. These studies advance the
hypothesis that LPS preconditioning confers neuroprotection against stroke by
suppression of injurious inflammatory responses that would otherwise exacerbate

ischemic brain damage.
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CHAPTER 1

INTRODUCTION



1. Significance and Rationale

Stroke is the third leading cause of death in developed countries and is our nation’s
leading cause of long-term disability. Of the 700,000 people who are afflicted by stroke
each year, 163,000 die annually. The actual number of strokes is predicted to increase to
over one million people per year by 2050. Moreover, 4.5 million survivors of stroke are
alive today and as many as 30% are permanently disabled and 20% require institutional

care. As such, health care costs for this disease exceed 57 billion dollars annually >

There is an obvious need for therapeutics for stroke, including neuroprotective therapy
prior to the ischemic event. For example, more than a third of patients who experience a
transient ischemic attack (TTA), which is a mini-stroke that does not produce any lasting
damage, will have a stroke within one year. This patient population comprises 30% of
the stroke incidence each year.? In addition, of the 336,000 patients that undergo coronary
artery bypass surgery each year 50% suffer permanent cognitive decline due to
intraoperative emboli that cause strokes.® Treating such high-risk patient populations

could reduce brain damage caused by stroke and is the motivation of this research.

The current therapeutic strategies for acute stroke offer little promise for the majority of
stroke victims. The only effective treatment is recombinant tissue plasminogen activator
or t-PA, also referred to as ‘clot buster’ which is a thrombolytic therapy that essentially
dissolves the clot and restores blood flow to the brain. However, t-PA treatment is only

cffective when administered within three hours of the occurrence of stroke.



Unfortunately, most stroke victims do not receive medical attention until much too late
and miss the window of therapeutic efficacy of t-PA. As such, this treatment is limited to

~3% of all stroke patients.

Many of the stroke therapies that have failed in clinical trials are known to target early
biochemical events in neuronal damage. These treatments include interventions that
modify calcium ion channel function, glutamate-mediated excitotoxicity or oxygen
radical effects to name a few.® ° The logic that underlies these interventions has been
questioned recently because patient treatment is most often initiated well after the
activation of these biochemical events that cause neuronal injury. There is a greater
emphasis placed on strategies that target biological events that occur later or have an

effective time window that spans greater periods of time.

Preconditioning the brain against ischemic injury is a strategy that offers new promise in
the prevention of damage from stroke. In the setting of preconditioning, the brain’s own
protective mechanisms are employed to limit ischemic injury and a state referred to as
tolerance is established. Tolerance to ischemia in the brain can be induced by various
preconditioning stimuli including brief ischemia, brief episodes of seizure, glutamate
excitotoxicity, exposure to anesthetic inhalants and endotoxin (lipopolysaccharide,
LPS).' The common theme of preconditioning is that a small dose of an otherwise
harmful stimulus induces neuroprotection against subsequent injurious ischemic
challenge. Understanding how preconditioning provides protection against ischemia may

lead to the identification of therapeutic targets. In addition, preconditioning as a means



of therapy offers potential treatment for those individuals in whom brain ischemia is

anticipated, such as during surgery of heart and brain or high-risk patient populations.

Preconditioning with LPS is a powerful means of protecting the brain against ischemic
injury and is the focus of this thesis research. LPS is a component of gram-negative
bacteria and is a potent immuno-modulator. Although inflammatory mediators such as
TNFo have been implicated in the induction of ischemic tolerance against stroke, their
roles are not defined. In my interest to understand how LPS preconditioning reduces
cerebral ischemic injury, I considered that a related model of LPS preconditioning exists
wherein tolerance to the otherwise toxic effects of endotoxin challenge can be induced by
a prior low dose treatment with LPS. This process, referred to as endotoxin tolerance, is
a protective state that is manifested by suppressed macrophage activation and a shift in‘
the balance between inflammatory and anti-inflammatory cytokine production.'" > Thus,
I reasoned that certain protective features of endotoxin tolerance might also contribute to
neuroprotection against stroke as a result of LPS preconditioning. In particular, I chose
to focus on the idea that LPS preconditioning has the capacity to suppress subsequent
injurious inflammatory responses to injury. Such an effect may be critical to
neuroprotection against stroke, as cerebral ischemia triggers an inflammatory response

that contributes to ischemic brain damage.



The hypothesis that underlies this thesis is that LPS preconditioning induces

neuroprotection against stroke by suppression of injurious inflammatory responses

to ischemic injury.

Based on this hypothesis, I postulated that LPS preconditioning might suppress two key
aspects of the inflammatory response during stroke that are known to be deleterious to

neuronal survival, as described below.

1) LPS preconditioning suppresses the cellular inflammatory response to
stroke. Resident brain macrophages, referred to as microglia, are the primary immune
cells of the brain and are rapidly activated by stroke. In addition, recruitment of
peripheral leukocytes such as neutrophils and monocytes in the ischemic brain occurs
following stroke. Such cellular inflammatory responses are thought to contribute to
ischemic brain damage due to their excessive production of inflammatory mediators that
are neurotoxic. Thus, LPS preconditioning may limit cellular activation and/or diminish
the composition of the cellular response in the brain and peripheral blood following

stroke, which would be expected to be neuroprotective.

2) LPS preconditioning suppresses the potential of TNF¢, a cytokine known to
mediate neuronal injury, to cause damage following stroke. TNFq has been referred
to as a double-edged sword. TNFq is known to be an essential component of LPS

preconditioning prior to MCAO for ischemic tolerance. However, numerous studies



have shown that TNFo during ischemic injury contributes to neuronal death. Thus, I
reasoned that the reduction in brain damage conferred by LPS preconditioning could
involve attenuation of the cytotoxic effects of TNFo: during stroke. I postulated that LPS
preconditioning might suppress the potential of TNFe to induce injury by producing a
state wherein neuronal cells are protected against TNFo-induced injury and/or by
impairing activation of the TNFa signaling pathway through modulation of proximal

signaling effectors, thereby providing neuroprotection in the setting of ischemia.



2. Cerebral Ischemic Injury

During stroke, cerebral ischemic injury occurs when local cerebral blood flow is
obstructed, in most cases as a result of cerebral artery occlusion by an embolus or focal
thrombosis. Restricted blood supply limits the delivery of oxygen and glucose and leads
to profound impairment of energy production that is essential for cellular homeostasis
and survival. With deﬁcilts in vital energy substrates, cells are no longer able to maintain
ionic gradients across the cell membrane and membrane depolarization ensues, which
leads to excitotoxic glutamate release and intracellular calcium overload. The
accumulation of intracellular calcium triggers calcium-activated proteases and pro-
oxidant enzymes that are cytotoxic. Additionally, loss of energy results in mitochondrial
dysfunction, release of free radicals, protein and DNA damage, generation of
inflammatory mediators and activation of caspase cascades that mediate cell death (refer

to more detailed reviews of the many mechanisms investigated in stroke'*"'%),

Two distinct regions of injury within the ischemic territory of an occluded blood vessel
are easily distinguished. In the center or core of the infarct, blood flow is severely
reduced to less than 20% of normal. Here, energy depletion and ionic disruption are
followed by cell death due to necrosis within hours. Between this terminally damaged
core and normal brain tissue‘is the penumbra, an area in which cells suffer milder
ischemic injury due to residual blood flow from collateral vessels. In this region, energy
production is partially preserved and cell death progresses over several days.'> '® The

delayed cell damage results from endogenous processes that are triggered in response to



the ischemic injury, such as inflammation and apoptosis. Thus, it is believed that
targeting such injurious events that transpire within this later time window could salvage

potentially viable cells within the penumbra.

3. The Cellular Inflammatory Response to Stroke

In general, inflammatory responses are designed to defend against toxic organisms and
are also important for tissue regeneration, repair, and restoration of homeostasis and
elimination of damaged cells following tissue damage. However, in the setting of stroke
the brain is especially vulnerable to damage that might be caused by the very means that
the immune system uses to promote tissue regeneration. The pronounced inflammatory
response in the brain that ensues following stroke is considered detrimental to
neurological function and viability. Thus, it is currently believed that targeting the
cascade of inflammatory events initiated by cerebral ischemia could be a new strategy to

spare ischemic brain damage caused by stroke.

Inflammatory cells and their production of mediators are impértant contributing factors to
ischemic brain injury. Peripheral cellular infiltration in the brain is a well-documented
inflammatory response to stroke. However, it is now become apparent thaf many
inflammatory responses induced rapidly within the brain also contribute to the

neuropathology of stroke. These include the activation of resident macrophages in the



brain, called microglia, and the expression and release of inflammatory mediators such as
acute-phase proteins, eicosanoids, complement factors and cytokines (refer to more
detailed reviews of inflammatory events involved in stroke'*?). The role of cytokines in
particular is a rapidly growing area of stroke research.?’ Cytokines such as TNFo. and IL-
1B are produced by activated microglia and stimulate expression of chemokines and
adhesion molecules that promote peripheral leukocyte infiltration. As such, alterations in
the activation state and/or composition of inflammatory cells in the brain and their
production of cytokines following stroke could influence the extent of ischemic brain
damage. For the purpose of testing my hypothesis, I chose to focus on the effects of LPS
preconditioning on microglia activation, peripheral cellular infiltration and the cytotoxic

effects of TNFa. following stroke.

3-1. The Role of Microglia in Stroke

Microglia, the resident macrophages of the brain, comprise approximately 20% of the
‘total number of cells in healthy brain tissue.** Microglia are the principle immune
effector cells of the central nervous system (CNS), where it is believed that they have
both neuroprotective and neurotoxic effects. In healthy brain tissue microglia reside in a
resting state, but in response to cerebral ischemic injury microglia become activated,

proliferate and migrate to the site of neuronal damage.24 2526



The response of microglia to cerebral ischemia has been particularly well-studied in
experimental models of stroke in rodents induced by middle cerebral artery occlusion
(MCAO), wherein the microglial activation process has been characterized by
morphological changes (amoeboid shape, hypertrophy), upregulation of the myeloid cell
surface markers (CD11b, CD45, MHC II) and acquisition of a phagocytic phenotype at
later phases.””*® This activation process is initiated rapidly by ischemia, prior to any
detectable neuronal death, and peaks between 18 and 24 hours following MCAQ.2% 2730
Although the process of microglial activation is well documented, the mechanisms
responsible for the initiation of microglial activation are still largely unknown. It has
been suggested that early events initiated by cerebral ischemia that cause neuronal
damage such as glutamate, cortical spreading depression (wave of membrane
depolarization that spreads across the cortex) and TNFo. could all be involved in

microglial activation.?'

As the predominant resident immune cell, microglia are viewed as key modulators of
inflammation within the CNS. Activated microglia possess the ability to produce
increased amounts of cytokines (TNFo, IL-1B, IL-6), chemokines (MCP-1, MIP-1¢,
MIP-2, MIP-1B), reactive oxygen and nitrogen species, enzymes (COX-2) and
proteases.”® **3¢ Thus, microglia are thought to contribute to ischemic damage through
their excessive production of neurotoxic inflammatory mediators. As such, activated
microglia play an important role in the immune responses during stroke that impact the

pathological events leading to neuronal death.
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Several lines of evidence support a pathological role for activated microglia in brain
damage following stroke. Studies in roden‘; models of stroke have shown that inhibition
of microglia activation by treatment with tetracyclines at the time of MCAO improves
stroke outcome.”’ This is consistent with studies iz vitro that also demonstrated inhibition
of microglia activation by treatment with tetracyclines reduces neuronal damage in the
setting of ischemia or glutamate toxicity.***° Other studies in vivo ‘have demonstrated the
correlative relationship between reduced activation of microglia and improved ischemic
outcome, as rodents made hypothermic showed decreased microglia activation and
reduced ischemic injury.*! In addition, stroke-prone spontaneously hypertensive rats
(SHR), which have a genetically determined increased sensitivity to cerebral ischemic
damage, show a significant increase in activated microglia in response to MCAO
compared to normal rat strains.*> Of note, naive SHR rats also show an increase in the
number of microglia compared to normal rats, Such an increase in microglia prior to
stroke also supports a contributory link between microglia and ischemic damage. Recent
studies #n vitro have further established the capacity for activated microglia to directly
mediate neuronal death, as medium from activated microglia is neurotoxic.*> ** The
upregulation of FasL and release of TNFa are known to be mediators of microglial-
induced neuronal death.***” Furthermore, activated microglia have recently been
implicated in the exacerbation of other types of neuronal insults such as glutamate-

mediated neurotoxicity.** *®

Although the deleterious role of activated microglia in stroke has attracted much

attention, some functions of activated microglia have been proposed to be beneficial to

11



neuronal survival following stroke. Microglia can produce anti-inflammatory cytokines
such as IL-10 and TGF-B that are known to be neuroprotective.*’>* Moreover, their
capacity for phagocytosis and removal of neuronal debris may promote the recovery
process following stroke. In addition to these more classical roles for microglia, it was
- recently suggested that microglia might also function as glutamate scavengers.’>** Qur
knowledge about the neuroprotective roles for microglia in ischemia and the factors that
may determine the nature of such microglial responses is still limited. However, this
dichotomy in microglial actions suggests that their strict regulation could be crucial to

stroke outcome.

3-2. The Role of Peripheral Leukocytes in Stroke

In addition to microglia, peripheral leukocytes are also an component of the post-
ischemic cellular inflammatory response. Peripheral leukocytes are not typically present
in the healthy brain but infiltrate the ischemically compromised brain tissue following
stroke, where they are thought to exacerbate neuronal damage. Leukocyte rolling,
adherence and transendothelial migration into brain tissue requires specific receptor-
ligand interactions between adhesion molecules expressed on the surfaces of leukocytes
and endothelial cells.”® ?! Once activated by stroke, leukocytes bind to adhesion
molecules, such as intracellular adhesion molecule-1 (ICAM-1) that are upregulated on
endothelial cells, through CD11/CD18 integrin interactions. Within ischemically

compromised brain tissue, leukocytes such as neutrophils and macrophages are thought to

12



directly participate in the ongoing neuronal pathogenesis through their production of
neurotoxic molecules, including reactive oxygen and nitrogen species, proteases,
cytokines and lipid-derived mediators, that are destructive to the compromised brain
tissue.”” In addition, leukocyte-endothelial interactions cause cerebral vasculature
damage and thereby contribute indirectly to the extent of ischemic brain damage.
Following stroke, activated neutrophils and monocytes in the blood form aggregates with
circulating platelets. These aggregates adhere to the cerebral vasculature and cause
capillary plugging, thrombosis and damage to the cerebral vasculature. This process
results in reduced post-ischemic blood flow, termed hypoperfusidn, and thereby

prolonged ischemic injury of potentially viable tissue.’® ¢ ¢!

Many laboratories, including ours, have evaluated the temporal pattern of the peripheral
cellular response in the brain following MCAO in rodents. The cellular response
involves a relatively early presence of neutrophils in the ischemic brain hemisphere,
which peaks between 24 and 48 hours following MCAQ.3% 3% 62 63 The appearance of
neutrophils in the brain parenchyma is preceded by adherence of neutrophils to the
cerebral vasculature as early as 1 hour following cerebral ischemia.’” ®" % Peripheral
monocytes also infiltrate into the ischemic brain tissue and appear to peak between two
and three days following MCAO.”>*® In the brain, the peripheral macrophage infiltrate is
indistinguishable from resident activated microglia and together this collective
“microglia-macrophage” population dominates the infarct region for weeks following
MCAO.®* T cells have also been shown to infiltrate the brain following stroke in a

delayed fashion beginning at 3 to 4 days following MCAO.”" ® However, T cells are

13



considered relatively minor constituents of the cellular inflammatory response to stroke

compared to the more well established role for neutrophils and monocytes.

Several lines of evidence support a deleterious role for peripheral leukocytes in ischemic
brain damage. For example, increased leukocyte infiltration correlates with greater
ischemic brain damage. Furthermore, depletion of leukocytes such as neutrophils at the
time of MCAO reduces infarct size in rodents.* ° More recent studies have shown that
inhibition of cellular infiltration at the time of MCAOQ improves stroke outcome. These
studies were performed by targeting chemokines (IL-8, CINC, MCP-1, MIP-1, MIP-2)%"
"' or adhesion molecules (ICAM-1, CDI11b, P-selectin, E-selectin)’®>""® by
pharmacological treatment with neutralizing antibodies or by the generation of knock—out
mice. Inhibition of such chemokines and adhesion molecules blocked cellular infiltration

in the brain following MCAO and reduced ischemic brain damage.

4. Cerebral Ischemic Tolerance

Ischemic tolerance has emerged as a powerful means of conferring neuroprotection
against stroke. Experimental studies have demonstrated that a brief insult to the brain,
that is not harmful by itself, results in an endogenous protective response in the brain
against the subsequent damaging effects of stroke. Thus far, ischemic tolerance has been

investigated in experimental models of stroke, however recent retrospective studies in

14



humans suggest that an analogous process occurs, wherein a previous transient ischemic
attack confers a more favorable prognosis on subsequent stroke.*> ®! Thus, it is believed
that elucidating the molecular mechanisms responsible for neuroprotection in ischemic
tolerance could lead to future discovery of therapeutic targets for acute treatment of

stroke as well as preventative therapy when ischemia to the brain is anticipated.

Tolerance to cerebral ischemia can be induced by exposure to a variety of
preconditioning stimuli, for example a brief episode of ischemia or epilepsy, cortical
spreading depression, excitotoxic glutamate, inhaled anesthetics and inflammation
- induced by endotoxin.®*” Ischemic tolerance induced by such diverse preconditioning
stimuli all share common underlying features. That is, ischemic tolerance induced by
various preconditioning stimuli develops over time (greater than 1 day) and involves de
novo synthesis of proteins thought to ultimately mediate the brain’s increased resistance
to the subsequent damaging effects of stroke. Although the mechanisms behind the
formation of tolerance induced by these different preconditioning stimuli are largely
unknown, a common theme is that a small dose of an otherwise harmful stimulus is
protective against cerebral ischemic injury (as reviewed'®). The reéearch focus of this
thesis was specifically on the neuroprotective effects induced by LPS preconditioning,

which are discussed in more detail below.
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S. Neuroprotection Induced by Endotoxin Preconditioning

LPS is a surface component of gram-negative bacteria and is a potent immuno-
modulator. LPS induces its effects through the receptor, Toll-like receptor 4 (TLR4),
which is expressed predominantly on immune cells throughout the periphery and CNS
(refer to Section 6 in Chapter 1 for further detail on LPS and TLR4). Treatment with
moderate to high doses of LPS stimulates a robust inflammatory response that can lead to
lethal septic shock. However, administration of a low dose of LPS prior to stroke confers

robust neuroprotection against ischemic brain damage.®

The underlying mechanisms of the tolerant effects of LPS preconditioning are poorly
understood, although de novo protein synthesis and inflammatory responses appear to
play beneficial roles. Using an experimental model of stroke, MCAOQ, it was shown that
a prior systemic treatment with LPS confers neuroprotection against MCAOQ-induced
injury in rats. LPS preconditioned rats showed a ~35% reduction in infarct compared to
saline pretreated controls.*® % These studies also demonstrated that LPS-induced
ischemic tolerance develops over several days and requires de novo protein synthesis, as
co-treatment with cyclohexamide (an inhibitor of translation) reversed LPS-induced
neuroprotection against MCAO.* Activation of inflammatory cascades prior to stroke
appear to play a central role in the establishment of tolerance. Treatment with anti-
inflammatory drugs (dexamethasone or indomethacin) at the time of LPS administration
blocks neuroprotection against MCAO in rats.®® These findings support a protective role

for LPS-induced inflammatory responses prior to stroke.

16



TNFa in particular has been identified as an important mediator of the protective
response initiated by LPS preconditioning. This is supported by the finding that systemic
administration of TNFo binding pfotein (chimeric form of the soluble TNFR1) given
concurrently with LPS treatment blocked the neuroprotective effects of LPS
preconditioning.®® In addition, TNFo or ceramide, its downstream signaling mediator,
can substitute for LPS preconditioning to induce tolerance to cerebral ischemia.’® ?!
Thus, proximél members of the TNFo pathway, such as TNFa and its receptors TNFR 1
(p55) and TNFRZ (p75), as well as sphingomyelin-based second messengers such as
ceramide, are likely mediators of the protective effects of LPS preconditioning.
Beneficial roles provided by NO and superoxide dismutase (SOD) further support the

critical involvement of inflammatory pathways in LPS preconditioning.** *>**

Despite the identification of certain inflammatory mediators that play a role in priming
the ischemic tolerant effect of LPS preconditioning, little is known about the cellular and
molecular events that mediate the neuroprotective state during ischemic injury, or
Jollowing stroke. The evidence to date suggests LPS preconditioning results in
cerebrovascular protective effects following MCAO, as ischemic-induced hypoperfusion
deficits as well as endothelial and smooth muscle dysfunction are diminished in LPS
preconditioned rats in a delayed manner following stroke.”> ** Improved vascular
function following stroke could contribute indirectly to the neuroprotective effects of
LPS preconditioning by restoring blood flow following stroke. Alternatively,
preconditioning induced by treatment with diphosphoryl lipid A (DPL), a derivative of

the lipid A moiety of LPS, increases SOD activity within the brain and decreased
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myeloperoxidase activity (marker for neutrophils and/or activated microglia) out to 24h
following MCAO in rats—a critical time window for the evolution of cell death
following stroke.”” This finding suggests that enhanced endogenous anti-oxidant defense
mechanisms and diminished inflammatory responses within the brain could be involved
in the neuroprotective effects of DPL preconditioning. Thus, it is reasonable to speculate
that the neuroprotective state induced by LPS preconditioning, like DPL preconditioning,

could involve modulation of the inflammatory response following stroke.

6. LPS-Induced Inflaimmatory Responses and Endotoxin Tolerance

In my interest to understand the mechanisms by which LPS preconditioning induces
tolerance to stroke, I considered that LPS preconditioning is even better known for its
ability to protect against the otherwise toxic effects of large dose LPS—a phenomenon
termed endotoxin tolerance. Thus, I reasoned that we might be able to improve our
comprehension of the mechanisms of LPS-induced neuroprotection by a closer
examination of how LPS modulates the immune system through activation of TLR4 and

the underlying mechanisms involved in endotoxin tolerance.
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6-1. Immune Recognition of Lipopolysaccharide

Lipopolysaccharide is an integral component of the outer membrane of gram-negative
bacteria. LPS is a highly complex molecule with three main structural regions: a lipid
(called lipid A), a core oligosaccharide and O-polysaccharide side chains of variable
lengths (Figure 1-1A). It is now known that the Lipid A portion of LPS (Figure 1-1B) is

responsible for the biological actions of endotoxin through activation of TLR4.96%

Immune recognition of pathogenic organisms represents an essential feature of host
defense and is mediated primarily through the pattern recognition receptors Toll-like
receptors (as reviewed”). Currently, eleven and thirteen TLR family members have been
identified in humans and mice, respectively. The TLRs share an extracellular leucine
rich repeat region and a common cytoplasmic Toll/interleukin-1 receptor (TIR)

'% The TLRs themselves have evolved with the capacity to distinguish different

domain.
structural motifs referred to as pathogen-associated molecular patterns, (PAMPs) from
bacterial, viral and fungal organisms. Recently, TLRs have also been implicated in
recognizing endogenous molecules related to host tissue injury such as heat shock
proteins and extracellular matrix molecules (as reviewed'®" 192 Activation of TLRs

triggers the initial innate immune response that ultimately leads to inflammatory gene

expression, elimination of the infectious agent and tissue repair.

TLR4 specifically responds to the LPS PAMP by triggering signaling pathways that lead

to activation of the transcription factor NF-xB and expression of numerous inflammatory
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genes. Although TLR4 is vital for the immune response to LPS, hyperactivation of TLR4
triggers excessive inflammation that causes adverse effects, such as septic shock. Thus, it

is important that inflammation triggered by LPS be kept under tight control.

6-2. Toll-like Receptor 4

Cellular expression of TLR4
TLR4 mediates the cellular response to LPS in a wide variety of cell types throughout the
periphery and brain. TLR4 is expressed predominantly on monocytes and macrophages
in the periphery, which are considered the primary cellular mediator of inflammatory
responses to systemically administered LPS. However, TLR4 is expressed on other

104 .
W, as well as non-classical

immune cells such as neutrophils and lymphocytes,
immune cells such as endothelial, smooth muscle and epithelial cells.!*>'% It has recently
become apparent that TLR4 is also expressed in the brain, where it localizes primarily to
the resident immune cells such as microglia and astrocytes. 911! 112, 113 Microglia and
astrocytes differ in endogenous TLR4 expression levels and functional response to LPS.
Microglia appear to have the highest levels of TLR4 and are more responsive to LPS than

astrocytes.”” " This is consistent with other studies that implicate microglia as the

major LPS-responsive cell within the CNS,'% 110 112, 113
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TLR4-induced signaling response
The signaling response initiated by TLR4 has been studied in great detail (please refer to
comprehensive reviews of the signaling pathways of TLR4''*!16). Complete TLR4
activation in response to LPS involves the association of LPS and LPS-binding protein in
the plasma and the subsequent interaction with the cofactor MD-2 and the glycoprotein
CD14 which form a “receptor complex” on the cell surface.!'” This association results in
TLR4 dimerization and recruitment of several adaptor molecules which couple TLR4

activation to downstream signaling cascades and activates transcription factors (Figure 1-

2).

Myeloid differentiation protein 88 (MyD88) is a crucial adaptor molecule which mediates
the most well established TLR4-induced signaling response that leads to activation of the
transcription factor NF-xB. Upon TLR4 activation, MyD88 is recruited to, and interacts
with, the TIR domain of TLR4. This interaction between MyD88 and TLR4 then allows
the subsequent association and activation of the downstream family of kinases called IL-1
receptor associated kinase (IRAK) 1, 2 and 4. The IRAK kinases interact with MyD88
through death domains common to both proteins and initiate a phosphorylation cascade
which involves the downstream kinases TNF-receptor associated factor (TRAF) 6,
transforming growth factor-B activated kinase (TAK-1) and IxB-kinase (IKK). The latter
phosphorylates IxB leading to its ubiquitination and proteolytic degradation which leads
to translocation of NF-«B into the nucleus, as reviewed.'® A well-described consequence
of NF-kB activation is the induction of numerous inflammatory genes, including

inflammatory cytokines (TNFo., IL-1B, IL-6), chemokines (IL-8, MCP-1, MIP-1a),
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adhesion molecules (E-selectin, ICAM-1) and oxidative enzymes (COX-2, iNOS).
Moreover, the MyD88-mediated signaling pathway has also been reported to involve
mitogen-activated protein kinase (MAPK) kinases, including c-Jun NH2-terminase
kinase (JNK) and p38 as well as activation of the transcription factor activator protein-1

(AP-1).

In addition to the core pathway for LPS signaling, which is mediated by MyD88, other
adaptor molecules also play a role in the initiation of TLR4 signal transduction pathways
(as reviewed"'?). These include the adaptor molecule Mal, which appears to contribute to
the MyD88-mediated signaling pathway and activation of NF-kB. Other adaptor
molecules include ToIl receptor-associated activator of interferon (TRIF) and TRIF-
related adaptor molecule (TRAM). TLR4 recruits and activates the adaptor molecules
TRIF and TRAM independently of MyD88/Mal in order to initiate a signaling pathway
leading to activation of the kinase, TRAF-family member associated NF-kB activator-
binding kinase 1 (TBK1) and the transcription factor interferon regulator factor 3 (IRF3).
IRF3 is known to participate in the transcriptional induction of IFNo, and IFNB. Thus,
recruitment of diverse adaptors molecules and activation of different signaling pathways
could mediate the array of inflammatory responses induced by activation of TLR4 in

response to LPS.
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6-3. Endotoxin Tolerance

Although activation of inflammatory responses through TLR4 is critical for host defense,
excessive production of inflammatory mediators can itself be maladaptive as in the case
of septic shock. A protective regulatory property of the immune response to LPS is the
induction of endotoxin tolerance, wherein a prior exposure to non-toxic, low dose of LPS
protects against re-exposure to an otherwise septic dose of LPS. The endotoxin tolerant
state protects against LPS-induced mortality and excessive production of inflammatory
cytokines (refer to more detailed reviews of endotoxin tolerance!> '2%). Thus, it is
believed that endotoxin tolerance represents an evolutionarily conserved protective

mechanism against the deleterious effects of sepsis or persistent bacterial infection.

The classic endotoxin tolerance paradigm is “homologous tolerance,” wherein LPS is
both the trigger of tolerance and the challenge. However, endotoxin tolerance can also be
induced by ligand-mediated activation of other TLRs by PAMPs distinct from LPS or by
treatment with cytokines (TNFa, IL-1f, TGF-B, IL-10 and NO)." Tolerance induced
through this latter process has been termed “cross-tolerance,” as the priming stimulus

differs from a subsequent challenge with LPS.'?!

Investigation of endotoxin tolerance modeled in macrophages in vitro has provided
insight into the cellular and molecular mechanisms involved in endotoxin tolerance.!?> 123
These studies demonstrate that diminished macrophage activation is likely protective

because, unlike naive macrophages, macrophages previously primed by a low dose of
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LPS do not produce inflammatory cytokines that would typically promote tissue damage
during sepsis (TNFa, I1.-6, IL-1B and IL-12) in response to subsequent LPS challenge.
The inhibition of inflammatory cytokine production in endotoxin tolerant macrophages
occurs at the transcriptional level and extends to other inflammatory genes such as

chemokines (IL-8, IP-10, MIP-10,, MCP-1, MIP-20, KC) and enzymes (COX-2).!1 123 124

Importantly, endotoxin tolerance is not merely a global suppression of macrophage
responsiveness, but rather a complex regulated response. This is supported by studies
that show in response to LPS challenge, macrophages rendered tolerant by a prior
exposure to a low dose of LPS produce increased amounts of anti-inflammatory
mediators that are protective against sepsis (IL-10, IL-1R-antagonist), s=TNFR1 and
suppressor of cytokine signaling 1 (SOCS-1)!" 12125 Ag such, priming with a low dose
of LPS changes the macrophage response to re-exposure to LPS with the outcome being a
shift in the balance of inflammatory and anti-inflammatory mediators. This specific and
adaptive protective response observed in endotoxin tolerance is called

“reprogramming.”""

The change in the macrophage response characteristic of endotoxin tolerance is thought
to arise secondary to alterations in the TLR4 signal transduction pathway. It has been
shown that diminished TLR4 signaling during endotoxin tolerance is achieved by
disruption of NF-xB and AP-1 activation and increased expression of negative regulators
of the TLR4 signaling pathway.'>> Attenuation of NF-xB and AP-1 is considered a

contributing factor to the inability of endotoxin tolerant macrophages to produce
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inflammatory cytokines. Several negative regulators of TLR4 have been identified that
inhibit proximal signaling events induced by LPS in a negative feedback fashion (refer to

126y To date, the negative

detailed review of negative regulators of TLR4 signaling
regulators identified as necessary effectors of endotoxin tolerance include ST2 (also
called T1 or DER4), IL-1R-associated kinase-M (IRAK-M), SOCS-1 and SH2-
containing inositol-5’-phosphatase 1 (SHIP1)."?"1*® A crucial role for these negative
feedback inhibitors in endotoxin tolerance is supported by studies in null mutant mice,
which exhibit hyper-responsiveness to LPS as evidenced by elevated inflammatory
cytokine production and increased mortality. Importantly, mice deficient in these crucial

negative regulators are not protected against sepsis by a prior treatment with low dose

LPS.

7. The Dual Role of TNFo in Stroke

In light of the pathological role of TNFO; in ischemic brain damage, I postulated that
LPS-induced neuroprotection could involve a reduction in the cytotoxic effects of TNFo
Jollowing stroke. Intriguingly, TNFo has also been shown to play an essential role in the
induction of tolerance to stroke by LPS preconditioning,*® which supports a
neuroprotective role for TNFo.. Thus, two contrasting roles have been proposed for
TNFao in cerebral ischemia. The effects of TNFa, in both of these different scenarios will

be discussed.
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7-1. TNFa and its Receptors

The dual role of TNFa in stroke is poorly understood perhaps due to the complexity of
the TNFo-signaling network that leads to diverse biological functions including
inflammatory processes, cell survival and induction of apoptosis. Thus, T first describe

the basic signaling events induced by TNF .

TNFa is a pleiotropic inflammatory cytokine that occurs as both a soluble protein,
representing the classical form of the cytokine, and as a type II transmembrane protein
(mTNFo). TNFo is initially synthesized as a transmembrane protein that can bind
directly to both receptors through cell-to-cell contact or it can be proteolytically cleaved
by the metalloproteinase TACE to act in its soluble form."" '** Although the membrane
form of TNFa exhibits biological activity, its functional role in TNF a-mediated
responses has not been clearly established. Indeed, the majority of the known biological

effects of TNFq are attributed to the soluble form of TNFa.

TNF o exerts its biological effects through the interaction with two distinct cell surface
receptors, TNFR1 (p55) and TNFR2 (p75). TNFRI is constitutively expressed on all
cell types, including those in the brain and is considered the predominant mediator of the
cellular response to soluble TNFc. In contrast, TNFR2 expression is limited principally
to immune cells and endothelial cells and is only fully activated by the transmembrane

form of TNFq, 2% 133

26



A common feature of both TNFo receptors is that their extracellular domains are
proteolytically cleaved from the cell membrane, giving rise to soluble forms of the
receptor.134’ i Shedding of the soluble forms of the receptors, s-TNFR1 and s-TNFR2, is
increased in response to TNFa and is thought to function as an important regulatory
mechanism to limit the signaling capacity of TNFa, as the s-TNFRs bind and neutralize
TNFq, 134 136-138 Thus, cleavage of the TNF-receptors could serve to desensitize the cell to
the action of TNFa by both decreasing the number of receptor molecules on the cell
surface and by increasing the number of soluble TNFRs that function as physiological

inhibitors of TNFo, activity.

7-2. TNFo-Induced Signal Transduction

Signal pathways initiated by TNFR1 lead to inflammatory and apoptotic cellular
responses and have been studied in great detail (refer to more detailed reviews of the
signaling pathways initiated by TNFq!** 3% 4%y, As shown in Figure 1-3, recruitment of
the adaptor molecule TNFR-associated death domain (TRADD) is essential for signal
transduction initiated by TNFRI1 activation. The TNFR1-TRADD interaction forms a
complex that serves as a central platform for the subsequent recruitment of other
signaling proteins that mediate the various downstream actions of TNFa..'*! Recruitment
of Fas-associated death domain (FADD) leads to activation of caspase-8, which initiates
downstream caspase cascades that results in apoptosis. Alternatively, recruitment of

receptor-interacting protein (RIP) and the TNFR-associating factor (TRAF) proteins 2, 4
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and 6 lead to NF-kB transcriptional response via the classical ubiquitin-mediated
degradation of its inhibitor IxB (as reviewed'*?). Other pathways initiated by TNFR1
involve activation of MAPKSs, involving JNK and p38, the lipid mediator ceramide'*® and

reactive oxygen species.'* 14

NF-kB is one of the most conserved components of TNFq signaling pathway and its
activation is thought to mediate many of the diverse effects of TNFo that have been
implicated in stroke. For example, TNFo-stimulation increases NF-xB-regulated genes
such as inflammatory cytokines (TNFa, IL-1p, IL-6, IL-12), chemokines (IL-8, MIP-1q,
MCP-1), adhesion molecules (ICAM-1, VCAM-1, E-selectin), reactive enzymes (COX-
2, iNOS, eNOS, NADPH) and apoptotic mediators, such as Fas. TNFa-induced
expression of such inflammatory mediators is thought to exacerbate ischemic brain
damage. However, TNFo. induction of NF-kB has also been reported to promote cell
survival through the upregulation of anti-apoptotic and neuroprotective proteins (Bcl-2,

Bel-x, MnSOD, A20) which could be beneficial in the setting of ischemic tolerance.'*

In contrast to TNFRI1, there is much less information regarding the molecular
mechanisms of the signal pathways and cellular responses solely initiated by TNFR2.
TNFR2 is only fully activated by the membrane form of TNFo.'*! and it is thought to
function in a localized signaling role during cell-cell interactions. TNFR2 lacks a
cytoplasmic death domain and is not thought to directly signal apoptosis. As such, it has
been postulated that TNFR2 antagonizes the apoptotic function of TNFR] . Indeed,

neuroprotective effects have been attributed to TNFR2."7 However, it has also been
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suggested that the two receptors act cooperatively to enhance the inflammatory and

apoptotic functions of TNFq. 4% 14

7-3. TNFais Damaging During Cerebral Ischemia

INFa is a prominent inflammatory cytokine that is increased in the brain following
cerebral ischemia. The temporal and cellular regulation of TNFo following stroke has
been particularly well documented in experimental models of stroke in rodents. TNFaq. is
induced in the brain rapidly following ischemia, well before neuronal death and remains
elevated for several days following stroke. 1**'*® There are several likely cellular sources
of TNFou in the brain following stroke including neurons and endothelial cells. However,
activated microglia-macrophages are considered the major pathophysiological source of
TNFo during ischemia. This has been demonstrated by studies that show TNFoe mRNA

and TNFo immunoreactivity occur predominately in microglia-macrophage cells.>* 1%

The information regarding the regulation of the TNF-receptors in the brain during
cerebral ischemia is limited to a few studies performed in rat and human brain tissue.!>>
%6 1t has been shown that cerebral ischemic injury results in increased expression of both
INF-receptors in the brain, where they are found upregulated on a variety of cell types
including neurons, activated microglia-macrophages and endothelial cells. Thus, it seems
possible that upregulation of TNF-receptors during ischemia may act to further sensitize

cells to the injurious actions of TNFo following stroke.
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Several lines of evidence support a deleterious role for TNFa in ischemic brain injury.
Studies in rodent models of stroke have shown that inhibition of TNFa activity during
MCAQO improves stroke outcome. These studies were performed by treatment with
neutralizing antibodies or TNFo-binding protein (chimeric form of s-TNFR1) either
systemically or intracranially at the time of MCAO. Blockade of TNFq in these cases
resulted in reduced ischemic infarct size, enhanced cerebral blood flow and improved
neurological outcome.'>’62 Conversely, exogenous administration of TNFa
intracranially in SHR rats prior to MCAO worsens ischemic injury.'®! Likewise, direct
treatment of organotypic brain slices with TNFa: following ischemia in vitro augments
neuronal cell death.'®" 1%* These pharmacological studies are supported by the finding
that TNFo. knock-out mice show increased resistance to ischemic brain damage.'** TNFo.
knock-out mice showed reduced infarct size, improved locomotor performance and
reduced peripheral cellular infiltration following MCAO. Furthermore, cortical neuronal
cultures prepared from TNFo knock-out mice also show reduced cell death following
ischemic injury in vitro. Less clear are the studies performed in TNF-receptor double
knock-out mice that showed enhanced ischemic injury after MCAOQ,'® én effect that is
mediated solely through the loss of TNFR1."*® This finding could suggest a protective
role for TNFR1 signaling against ischemic injury. An alternative interpretation could be
that lack of endogenous TNFR1-induced cell survival signals creates a disrupted state of
homeostasis and decreased expression of neuroprotective proteins such as MnSOD.'*
This may actually render TNF-receptor knockout mice more susceptible to cerebral

injury in the setting of ischemia.
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Due to its pleiotropic effects, TNFo is thought to play a role in several aspects of cerebral
ischemic injury. TNFq activates numerous inflammatory responses, as it stimulates
microglia-macrophages and the cerebrovasculature to produce inflammatory cytokines,
reactive oxygen and nitrogen species, chemokines, adhesion molecules and coagulation
factors (as described in section 7-2). As a result, TNFo exacerbates inflammation and
promotes cellular infiltration, thereby increasing brain damage (as reviewed'*’ W
Moreover, TNFR1-mediated signaling has the capacity to directly trigger neuronal
apoptosis (as described in section 7-2). In addition to such classical roles for TNFo, in
mediating inflammatory responses, recent studies suggest that TNFo, is a contributing
factor to early biochemical events initiated by stroke such as glutamate-toxicity and
oxidative stress.** 1187 Thys TNFq, may contribute to the initiation and progression of

ischemic brain damage following stroke.
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7-4 TNFa is Neuroprotective the Setting of Preconditioning Prior to Stroke.

In contrast to the deleterious role of TNFo in the progression of cerebral ischemic injury,
TNFo. prior to stroke has been shown to have a neuroprotective role. Low dose
treatment with TNFa, or its downstream signaling mediator, ceramide, prior to ischemia
confers neuroprotection against MCAO in rodents’® °! or against ischemic injury
modeled in vitro in cortical neuronal cultures. 19171 Moreover, TNFo has been shown to
play a beneficial role in the establishment of LPS-induced neuroprotection against

stroke.®®

The mechanisms by which TNFa pretreatment confers neuroprotection against ischemic
brain damage are largely unknown, however suppression of the cellular inflammatory
response appears to be involved. This is supported by a study wherein TNFo pretreated
mice, which are protected against ischemic brain damage caused by MCAO, showed
reduced microglia activation and neutrophil infiltration in the ischemic brain tissue.”
Other studies performed in neuronal cultures in vitro have shown that the neuroprotective
effects of TNFo, are mediated by activation of the transcription factor NF-kB and
increased expression of the anti-apoptotic proteins Bel-2 and Bel-x.!’? TNFaq
pretreatment has also been shown to directly increase expression of other NF-xB
regulated genes such as the anti-oxidant enzyme MnSOD and the calcium-binding
protein calbindin, which are known to be neuroprotective against cerebral ischemic Injury
and suppress elevation of intracellular calcium.'® ! TNFe pretreatment could also

provide neuroprotection by diminishing early events triggered by ischemia that cause
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neuronal damage, as cultured brain cells preconditioned by TNFa. are protected against

exitotoxic-glutamate,'” '* calcium ionophore toxicity and acidosis,"”® '™ as well as

TNFa itself, 6% 176
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RESEARCH DESIGN

The goal of my research was to test the hypothesis that LPS preconditioning induces

neuroprotection against stroke by suppression of injurious inflammatory responses

to ischemic injury. In order to test this hypothesis the neuroprotective conditions of LPS

preconditioning were first established in a mouse model system of stroke and in an in
vitro system of primary cortical neuronal cultures. I then proposed to test the two

postulates as described below.

Establish experimental models systems of LPS preconditioning and define the role of

INFo in the induction of ischemic tolerance: In order to test my hypothesis, the

neuroprotective conditions of LPS preconditioning were first established in a mouse
model of stroké, MCAQO (refer to Chapter 3, appendix). The basic properties of LPS
preconditioning were also defined in a novel model of LPS preconditioning in vitro in
primary cortical neuronal cultures exposed to oxygen-glucose-deprivation (OGD) (refer

to Chapters 3 and 4).

The development of these two different models systems of LPS preconditioning then
enabled me to define the role of TNFo in the induction of ischemic tolerance by LPS
preconditioning. TNFo production in response to LPS preconditioning was measured by
ELISA over time following LPS or saline treatment in mice. Induction of TNFo activity
following LPS ﬁreconditioning in primary cortical cultures in vifro was measured by

WEHI assay. I then tested whether TNFo is necessary for the neuroprotective effects of
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LPS preconditioning using TNFo knock-out mice. Stroke outcome was assessed in
TNFo knock-out mice that had been preconditioned with LPS or saline prior to MCAO.
The role for TNFo in LPS-induced neuronal resistance to ischemic injury in vitro was
also examined. The activity of soluble form of TNFo was inhibited at the time of LPS

preconditioning and the amount of cell death was the measured following exposure to

OGD.

Test postulate #1: L.PS preconditioning suppresses the cellular inflammatory response to

stroke (refer to Chapter 2).

1) The establishment of a mouse model of LPS preconditioning allowed me
to then determine whether LPS preconditioning alters activation of microglia and
monocyte populations in response to MCAO. The effect of LPS preconditioning
on microglia and monocyte responsiveness to stroke was quantified by flow
cytometry and immunoflorescence in the brain and blood. Differences were

compared to saline pretreated controls.

2) I also determined whether LPS preconditioning alters peripheral leukocyte
infiltration in the brain and blood following MCAO. The effect of LPS
preconditioning on peripheral cellular infiltration in the brain and blood was
quantified by flow cytometry following stroke in mice that had received a prior

LPS or saline treatment.
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Test postulate #2: LPS preconditioning diminishes the cvtotoxic effects of TNFq

following ischemia (refer to Chapter 3 and Chapter 4).

1) I determined whether LPS preconditioning attenuates the cytotoxic effects
of TNFou during ischemia through modulation of proximal mediators of th¢
TNFo-signaling pathway following MCAO in mice. The effects of LPS
preconditioning on the production of TNFa,, TNFR1, TNFR2, TRADD and s-
TNFR1 following MCAO in mice was measured over time by ELISA,

immunoflourescent staining and western blotting techniques.

2) I determined whether LPS preconditioning alters the potential of TNFa to
induce injury following cerebral ischemia. Mice that were preconditioned with
LPS or saline were administered an i.c.v. injection of TNFao. (or artificial cerebral
spinal fluid) following MCAO and stroke outcome was assessed. The capacity of
LPS preconditioning to alter the neuronal response to TNFa-induced injury was
also tested in the setting of ischemia in vifro in cortical neuronal cultures.
Following OGD, increasing concentrations of TNFo were added to cortical
cultures that had been preconditioned by LPS or media. The effect of TNFot on
OGD-induced death was then compared between LPS preconditioned and non-

preconditioned cultures.
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CHAPTER 2-Manuscript #1

Endotoxin Preconditioning Prevents the Cellular Inflammatory Response During

Ischemic Neuroprotection in Mice
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Chapter 2 is a manuscript as it appears in the original paper published in the journal
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Abstract

Background and Purpose—Tolerance to ischemic brain injury is induced by several
preconditioning stimuli, including lipopolysaccharide (LPS). A small dose of LPS given
systemically confers ischemic protection in the brain—a process that appears to involve
activation of an inflammatory response prior to ischemia. We postulated that LPS
preconditioning modulates the cellular inflammatory response following cerebral

ischemia resulting in neuroprotection.

Methods—Mice were treated with LPS (0.2 mg/kg) 48h prior to ischemia induced by
transient middle cerebral artery occlusion (MCAQ). The infarct was measured by 2,3,5-
triphenyltetrazolium chloride (TTC) staining. Microglia-macrophage responses
following MCAO were assessed by immunofluorescence and flow cytometry. The effect
of MCAO on white blood cells in the brain and peripheral circulation was measured by

flow cytometry 48h following MCAO.

Results—LPS preconditioning induced significant neuréprotection against MCAO.
Administration of low dose LPS prior to MCAO prevented the cellular inflammatory
response in the brain and blood. Specifically, LPS preconditioning suppressed neutrophil
infiltration into the brain and microglia-macrophage activation in the ischemic
hemisphere, which was paralleled by suppressed monocyte activation in the peripheral

blood.
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Conclusions— LPS preconditioning induces neuroprotection against ischemic brain
injury in a mouse model of stroke. LPS preconditioning suppresses the cellular
inflammatory response to ischemia in the brain and circulation. Diminished activation of
cellular inflammatory responses that ordinarily exacerbate ischemic injury may

contribute to neuroprotection induced by LPS preconditioning.
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Introduction

Tolerance to ischemic brain injury is induced by several distinct preconditioning stimuli
that confer neuroprotection including brief periods of ischemia, cortical spreading
depression, brief episodes of seizure, and exposure to anesthetic inhalants.> 857
Although the mechanisms that underlie the various forms of preconditioning are not well
understood they share a common link—small doses of an otherwise harmful stimulus

induce protection against subsequent injurious challenge.

Preconditioning with low doses of endotoxin (lipopolysaccharide, LPS) in the rat
provides protection against subsequent challenge with injurious focal ischemia in the
brain.*® The mechanisms involved in LPS preconditioning are incompletely understood,
however activation of inflammatory pathways appear to play arole. In particul.ar, LPS-
induced activation of tumor necrosis factor-o. (INFo) and its downstream signaling
mediator, ceramide are important for neuroprotection against ischemic injury.>% !
Beneficial roles provided by superoxide dismutase (SOD) and endothelial nitric oxide
synthase have also been postulated which supports the critical involvement of

inflammatory pathways in LPS preconditioning.®® ***°

Some evidence suggests that LPS preconditioning reduces ischemic injury without a
corresponding decrease in inflammatory cell infiltration. Pretreatment of rats with low
doses of LPS decreased ischemic infarct size despite increased numbers of inflammatory

cells in the ischemic hemisphere.'”” This is aradoxical, as it is generally accepted that
HEp P
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the degree of inflammatory infiltration corresponds with the extent of ischemic injury.>
' The observed reduction in ischemic injury, despite increased numbers of inflammatory
cells may reflect a condition in which the inflammatory cells exist in an altered state of
activation at the time of ischemia. Such altered activity occurs in macrophages primed
with a low dose of LPS, wherein they show reduced cytokine activity upon subsequent
challenge with LPS.!! We hypothesized that LPS preconditioning prior to ischemia

renders peripheral macrophages and microglia hypo-responsive to activation by ischemia.

We investigated the effect of LPS preconditioning on the cellular inflammatory response
following cerebral focal ischemia in mice. We report that LPS preconditioning induces
significant neuroprotection against focal ischemic injury. LPS preconditioning modulates
the cellular inflammatory response to ischemia in the brain and peripheral circulation and
leads to decreased cellular infiltration and suppressed microglia and monocyte activation,

which may contribute to neuroprotection.

Materials and Methods

Mice. Male C57Bl/6 mice (8-10 weeks, NCI) were housed in an AALAC approved
facility. Procedures were conducted according to Oregon Health & Science University,

IACUC and NIH guidelines. Mice were given free access to food and water.

LPS Treatment. Mice wereAgiven an intraperitoneal (i.p.) injection of saline or LPS (0.2

mg/kg, E coli serotype 055:B5, Sigma) 48h before MCAQ. Mice administered LPS
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showed no differences in body weights and glucose levels. Mean body temperature

fluctuate within a normal physiological range <37°C.

Ischemia Reperfusion Model. Mice were anesthetized with 4% halothane and subjected
to 60min of MCAO using the monofilament suture method described previously.*®
Cerebral blood flow was monitored throughout surgery by laser Doppler flowmetry.
Body temperature was maintained at 37°C with a thermostat-controlled heating pad

following surgery.

Infarct Evaluation. A coronal brain section (2mm) was removed at bregma and placed in
2% 2,3,5-triphenyltetrazolium chloride (TTC) in saline at 37°C, 30min."” Stained
sections were scanned and %area infarct was measured by a blind observer (NIH
Imagel.62). We have documented that infarct area of this coronal section correlates

highly (r* = 0.96) with infarct volume in this model.'*°

Preparation of WBCs from Brain Tissue. 48h following MCAO mice were transcardially
perfused with heparinized saline (2 U/ml heparin). A section was excised for infarct
analysis as abové, and cells were isolated from the ischemic and non-ischemic
hemispheres (excluding the olfactory bulb and cerebellum) as described.® Tissue was
dissociated (20 U/ml collagenase 1T and 25 U/ml Dnase I) and cells were purified on

Percoll gradients and counted using trypan blue exclusion.
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Preparation of WBCs from Blood. Mice were anesthetized 48h post MCAO with
isoflurane inhalant. For flow cytometry, blood was collected via the retro-orbital sinus
into tubes containing heparin (1,000 U/mL). Red blood cells were lysed in buffer (0.15
mol/L NH4Cl, 1.0 mmol/L KHO;, 0.1 mmol/L Na)EDTA) and resuspended in PBS
containing 3% FBS. For total WBC and platelet counts, truncal blood was collected into
EDTA-coated microtainer tubes. Cell counts were measured using an automated Cell

Dyne 3500R counter (Antech Labs).

Flow Cytometric Analysis. Antibody staining and flow cytometry were performed as
previously described.’® Samples were treated with Fc Block (anti-CD16/CD32) and
primary antibodies: anti-CD45 CyChrome-conjugated (WBCs), anti-CD11b R-
phycoerythrin (PE)-conjugated (monocytes, macrophages, microglia, neutrophils), anti-
CD45R/B220 fluorescein isothiocynate (FITC)-conjugated (B lymphocytes), anti-CD3
PE-conjugated (T lymphocytes), and anti-Ly6G (neutrophils). A FITC-conjugated
antibody was used to detect Ly6G. Antibodies were obtained from BD PharMingen,
except anti-Ly6G (gift from T. Malek).'®' Flow cytometry was performed with a
FACScan (Becton Dickinson); data were analyzed using Cell Quest software on equal

numbers of CD45" cells.

CD11b-Immunofluorescence on Brain Tissue. Brain tissue was prepared for
immunofluorescence as described.'®* Brain sections were treated with anti-CD11b (BD
PharMingen) and detected with an anti-FITC-conjugated antibody (Jackson Immuno

Research). Microglia were quantified from 10 randomly selected 40X fields of view
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within the cortex for each individual mouse. Images were collected using a Leica
microscope with an Optronics DEI-750 three-chip camera equipped with a BQ 8000

sVGA frame grabber and analyzed using Bioquant (Nashville, TN).

Statistical Analysis. Data are represented as mean + SEM and were analyzed using two-
factor (treatment and hemisphere) analysis of variance (ANOVA). Post hoc analyses
were performed using one-way ANOVA or student’s t test. Differences were considered

statistically significant when p<0.05.

Results

LPS Preconditioning is Neuroprotective Against Cerebral Ischemia in Mice. We
examined the effects of low doses of LPS on ischemic outcome in pilot studies to
determine the optimal dose of LPS that provides the most neuroprotection against
MCAO.'"® Based on these findings mice were pretreated systemically with 0.2 mg/kg
LPS 48h prior to MCAO. The extent of ischemic injury was assessed 48h following
MCAO. LPS preconditioning showed a 31%infact compared to saline controls (52%,
Figure 2-1). Thus LPS preconditioning provides a 40% reduction in infarct size induced

by MCAO.

LPS Preconditioning Attenuates Activation of Microglia Following MCAO.

Microglia are activated following ischemia and release inflammatory mediators that

exacerbate injury. We quantified microglia in the ischemic brains of LPS preconditioned
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mice using fluorescent immunocytochemistry to detect CD11b, a microglial/macrophage
marker. Following MCAO (24h) the number of microglia in the ischemic hemisphere
was reduced by prior LPS treatment (6.4 + 1.0), compared to that of control, saline-
treated mice (21.8 + 4.1, p<0.05, Table 2-1). LPS preconditioning alone did not alter the
number of microglia. Immunocytochemical staining of CD1 1b-positive microglia detects
activated microglia due to their high level of expression of CD11b, but does not casily
detect resting microglia. That LPS preconditioning reduces activation of microglia is
analogous to the effects of LPS preconditioning on macrophage activation, which results

in lack of macrophage responsiveness to subsequent LPS stimulation.!!

We have previously demonstrated maximal activation of microglia at 48h following
MCAO by flow cytometry.*® As flow cytometry is a more sensitive means of assessing
CD11b expression, we tested whether LPS preconditioning altered microglia activation
following MCAO. Microglia populations were quantified as activated (CD11b-hi) or
resting (CD11b-low). LPS preconditioning did not alter the total microglia population
(resting + activated) in the ischemic hemisphere following MCAO, Table 2-2. However,
LPS-treated mice showed a marked reduction in an activated microglia population that
ordinarily increases in response to MCAO (Figure 2-2A). The mean percentage of
activated microglia of the total microglia population in the ischemic hemisphere
increased significantly (57.2% + 5.3, p<0.05) following MCAO compared to the non-
ischemic hemisphere (25.2% + 3.0, dashed line, Figure 2-2B). In contrast, LPS
preconditioned mice showed no increase in the percentage of activated microglia in the

ischemic hemisphere (29.9% + 5.4) following MCAO compared to the non-ischemic
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hemisphere (29.0% + 4.6, dashed line). This indicates that a neuroprotective dose of LPS

reduces microglial activation following MCAO.

LPS Preconditioning Reduces Neutrophil Infiltration in the Brain following MCAO.
Inflammatory events can exacerbate injury following ischemia via recruitment of
activated microglia and circulating WBCs. Neutrophils and lymphocytes present in the
brain were quantified by flow cytometry 48h following MCAO to determine whether
LPS pretreatment alters infiltration of circulating WBCs. Comparisons of cell
populations were made between ischemic and non-ischemic hemispheres of each
individual mouse following MCAO as previously described.® Neutrophils in the brain
were assessed using expression of CD45 and CD11b, and diétinguished from microglia
by expression of Ly6G, a neutrophil-specific marker. Equal numbers of CD45" cells
were gated from each hemisphere of the brain and expressed as percentage of CD45"
cells. Neutrophils were significantly increased (14.7% + 2.1) in the ischemic hemisphere
compared to the non-ischemic hemisphere (8.3% + 1.4, p<0.05) in saline-pretreqted
controls (Table 2-2). In contrast, LPS preconditioned mice exhibited no increase in
neutrophils in the ischemic hemisphere following MCAO compared to the control, non-
ischemic hemisphere (9.6% + 1.6 and 9.4% + 2.3, respectively). Thus neuroprotection is
associated with reduced neutrophil recruitment following MCAO. B and T lymphocytes
were assessed by expression of CD45 and either CD45R/B220 or CD3 expression,

respectively and were not altered by prior LPS treatment.
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LPS Preconditioning Alters WBCs in the Blood F ollowing MCAO. Based on altered
peripheral cellular infiltration in ischemic brain in LPS preconditioned mice, we
postulated that LPS preconditioning modulates the response of circulating WBCs to
MCAO. MCAO resulted in a decrease in total WBCs and a modest increase in
platelets—effects that were not altered in LPS preconditioned mice (Table 2-3A).
However, LPS preconditioning did significantly alter the number of lymphocytes and
monocytes following MCAO. We further quantified the percentage of specific cell
populations by flow cytometry (Table 2-3B). LPS preconditioning reduced neutrophil
composition in the blood following MCAO compared to non-preconditioned controls
(13.3% + 2.2 versus control 21.3% + 2.9; p<0.05) which correlates with reduced
neutrophil numbers. The reduction of circulating neutrophils may contribute to reduced

infiltration in the ischemic brain following MCAO.

LPS Preconditioning Attenuates Monocyte Activation in Blood Following Ischemia.
- As the aforementioned studies do not distinguish resident microglia in the brain from
peripheral macrophages infiltrating from the circulation (although both cell types would
be expected to respond similarly to MCAO), we tested whether LPS preconditioning
modulates monocyte activation in the blood following MCAO by flow cytometry. We
found an activated population of monocytes identified as those CD45" cells with high
levels of CD11b expression present following MCAO (58 + 6.3%, Figure 2-3), but
reduced in LPS preconditioned mice (21.3% + 1.7%, p<0.05). This indicates that LPS
modulates cellular activation of peripheral monocytes in parallel to that of microglia

activation in the brain following cerebral ischemia.
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Discussion

We investigated the effect of LPS preconditioning on infarct size and the cellular
inflammatory response to ischemia. Administration of a low dose of LPS prior to MCAO
conferred marked neuroprotection against subsequent cerebral focal ischemia (40%
reduction in infarct size). LPS preconditioning prior to MCAO reduced neutrophils in the
blood and caused a corresponding reduction of neutrophil infiltration into the brain. In
addition, LPS preconditioning attenuated cellular activation of monocyte/macrophage

and microglial populations in the peripheral circulation and ischemic hemisphere,

Neutrophils are considered pathogenic in ischemic injury, due to their ability to release
inflammatory cytokines and free radicals that exacerbate tissue damage within the brain
parenchyma as well as the microvasculature.” '”® Here, LPS-induced neuroprotection is
associated with a significant reduction in neutrophil infiltration in the brain. Reduced
neutrophils in the ischemic hemisphere of LPS preconditioned mice may be due to a
corresponding decrease in neutrophils in the blood following MCAO. LPS
preconditioning may also suppress neutrophil activity and adherence following ischemia,
which would be consistent with the finding that LPS preconditioning promotes
preservation of microvascular perfusion in MCAQ.> Alternately, reduced infiltrate may
simply reflect reduced ischemic injury. It is difficult to distinguish between these
possibilities, particularly in vivo. Investigation of molecular mediators involved in
cellular recruitment induced prior to infarct development may indicate whether the

immune response is affected early, independent of neuronal injury.
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We show that LPS pretreatment caused a marked attenuation in microglial activation in
response to MCAO. This is noteworthy, as microglial activation may exacerbate
inflammatory injury in ischemia due to their participation in the inflammatory
response.'** Mice preconditioned with LPS showed ~ 30% of the microglia are activated
in the ischemic hemisphere following MCAQ, which is comparable to the non-ischemic
hemisphere. In contrast, saline controls showed robust microglial activation (60% of
microglia) in response to MCAO. Thus, the microglial response to LPS preconditioning

results in a state that is refractory to activation by ischemia.

Inhibition of microglial activation may be associated with improved ischemic outcome.
Rodents made hypothermic or preconditioned with TNFq show increased
neuroprotection that corresponded to decreased microglial activation in response to
MCAO.*" In addition, inhibition of microglia activation with minocyline reduces

7% Thus, a mechanism of LPS-induced neuroprotection may be

ischemic injury.
suppression of microglial activation during ischemia. Interestingly, monocytes in the
peripheral circulation of LPS preconditioned mice also showed reduced activation
following MCAO. This contrasts with larger doses of LPS that activate microglia and
have a negative impact on neuronal injury. High doses of LPS increase the severity of
neurodegeneration and attenuation of long-term potentiation associated with the

pathology of ALS and Alzheimer’s disease.'® '* Thus, both dose and timing of LPS

administration influence neurological outcome.
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Hypo-responsiveness in macrdphages occurs in endotoxin tolerance in which small doses
of LPS provide protection against greater doses of LPS. Endotoxin tolerance is
manifested by suppressed production of many inflammatory cytokines, e.g., TNFo, and
IL-12 however, other anti-inflammatory mediators, e.g. IL-10 and IL-1R antagonist are
not inhibited.!! Thus, endotoxin tolerance is not due solely to unresponsiveness of

macrophages but reflects a reprogramming of the cellular response to LPS signals.

Mechanisms that underlie endotoxin tolerance in macrophages may be similar to LPS-
induced ischemic neuroprotection. Pretreatment with low dose LPS may induce a similar
reprogramming in microglia that alters their responsiveness to a subsequent ischemic
insult. That LPS preconditioning renders microglia refractory to activation by ischemia
supports this notion. Similar to LPS-tolerant macrophages, microglia exposed to a low
dose of LPS may shift the balance between pro- and anti-inflammatory mediators
following ischemia. This scenario may also be envisioned for neutrophils given that
endotoxin-tolerance results in hypo-responsive neutrophil activity.®”  Such reduced
activity could extend to their ability to infiltrate the brain following MCAOQ in LPS
preconditioned mice. In addition to suppression of inflammatory responses, beneficial
antioxidant responses may be enhanced with endotoxin preconditioning. For example,
ischemic protection due to diphosphoryl lipid A pretreatment reduced neutrophil
infiltration and this reduction was accompanied by enhanced SOD activity.”> This
implicates both responses as potential mechanisms involved in the neuroprotective

process.
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It»is tempting to speculate that LPS preconditioning reprograms the cellular response to
ischemia via genomic changes that render the brain refractory to ischemic injury. This is
supported by our studies that suggest preconditioning by brief periods of non-injurious
ischemia reprograms the genomic response to subsequent injurious ischemia.!” Similar
studies to decipher the genomic response to LPS preconditioning are currently underway
in our laboratory and should prove informative regarding th¢ cellular and molecular

events responsible for LPS-induced ischemic neuroprotection.
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Table 2-1. Effect of LPS preconditioning on number of
CD11b" cells in ischemic brain tissue

SALINE LPS
Pre-MCAO 0.5+0.2 0.8+0.4
24 h Post-MCAO 21.844.1 6.4+1.0*

Values are mean number of CD11b microglia per 40X field
of view within the cortex (mean sum of ten different fields
of view for each mouse) + SEM; *p<0.05 versus saline
controls; n=6 mice/group.
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Table 2-2. Effect of LPS preconditioning on WBC infiltration in the brain following
MCAQO in mice ‘

SALINE LPS
Non-Ischemic Ischemic Non-Ischemic Ischemic
Total Microglia 55.243.8 60.843.9 56.5+8.8 68.9+4.1
Neutrophils 8.3+1.4 14.7+2.1% 9.4+2.3 9.6+1.6
- T lymphocytes 4.540.9 4.0+1.2 2.5+0.6 4.842.0
‘B lymphocytes 3.5+1.0 4.5+0.6 2.6+0.6 4.9+1.1

WBCs were quantified by flow cytometry 48 h following MCAO. Equal numbers of
CD45" cells per brain hemisphere were gated, and values are mean percent of CD45"
cells + SEM; * p<0.05 versus non-ischemic hemisphere within a treatment; n = 8-12
mice/group.
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Table 2-3. Effect of LPS preconditioning on circulating WBCs following MCAO

Saline control Saline/MCAO LPS control LPS/MCAO
A. CELL NUMBER
WBC (x10%ml) 3.5+0.31 2.240.45% 4.140.45 2.7+0.27*
Platelets (x106/ml) 992.6+66.20 1,204.57+87.72 851.2+69.44  1,051.88+83.95
Monocytes (x10°/ml) 104.5+18.8 96+23 .4 124.3+34.2 45.9+6%+
Neutrophils (x10*/ml)  877.6+138.7 1117+355.2 626.4+1054  517.3+58.4
Lymphocytes (x10¥%/ml)  2427+175 835.9+145.9* 33214482 1824.14320.4%+

B. % DIFFERNTIAL WBC POPULATIONS (Flow Cytometry)

Total Monocytes | 8.0+0.8 7.5+0.5 14.7+0.9* 8.6+1.0*
Neutrophils 4.210.6 21.342.9% 4.0+0.5 13.3+2 %%
T cells 24.0+1.9 15.5+1.3% 22.840.8 135.5%1,1%
B cells 53.4+1.6 33.2+4.1% 52.6+1.4 42.2+4.0*

Blood was collected 48 h following MCAO or 4 d following control injections for quantification of
WBC and platelet numbers (A). Quantification of distinct %WBC populations was performed by flow
cytometry (B). Values are mean + SEM; * p < 0.05 versus saline or LPS control; T p < 0.05 versus
saline/MCAOQ; n = 8-12 mice/group.
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Figure 2-1. Effect of LPS preconditioning on infarct size. Mice were pretreated
with LPS or saline 48h before MCAOQ. Infarcts were assessed 48h after MCAO and
quantified as percentage area of ischemic hemisphere. Values are mean + SEM,
*p<0.05 vs saline treatment, n = 12 mice/treatment group.
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Figure 2-2. Effect of LPS preconditioning on microglia activation in the brain after
MCAQO. Activated microglia populations were quantified by flow cytometry in the
ischemic and non-ischemic brain hemispheres (dashed line) 48h after MCAO in LPS
preconditioned mice. A) Representative flow cytometric plot of the ischemic hemisphere
of an individual mouse preconditioned by LPS or saline. Arrow indicates activated
microglia (CD45-hi and CDI11b-hi) present after MCAO but diminished in LPS
preconditioned mice. B) Values are mean percentage of activated microglia of total
population + SEM, *p<0.05 vs saline treated mice, n = 8-12 mice/treatment group.
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Figure 2-3. Effect of LPS preconditioning on monocyte activation in the blood after
MCAQ. Activated monocytes in the blood were quantified by flow cytometry 48h after
MCAQ in LPS preconditioned mice. A) Representative flow cytometric plots of blood
sample from an individual mouse preconditioned by LPS or saline. Arrow indicates
activated monocytes present after MCAO (CD11b-hi) but diminished in LPS
preconditioned mice. B) Values are mean percentage of activated monocytes of total
monocytes + SEM. *p<0.05 vs saline treated mice, n = 8-12 mice/treatment group.
Controls:  saline injection (39.3 + 4.3%) and LPS injection (25.3 + 4.3%) vs
saline/MCAO p<0.05.
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Abstract

Lipopolysaccharide (LPS) preconditioning provides neuroprotection against subsequent
cerebral ischemic injury. Tumor necrosis factor (TNFo) has been assigned a pivotal
neuroprotective role in LPS-induced preconditioning. Paradoxically, TNFo also
exacerbates neuronal injury in the setting of ischemia. Here, we defined the role of
TNFa in the development of LPS-induced ischemic tolerance in a murine model of
stroke and test whether LPS preconditioning attenuates the cytotoxic effects of TNFo
following ischemia. We show that LPS preconditioning increases TNFa, in mice prior to

stroke induced by (middle cerebral artery occlusion, MCAO). Further, we demdnstrate
that TNFa is required to establish subsequent neuroprotection against ischemia, as mice
lacking TNFo fail to be protected from ischemic injury by low dose LPS pretreatment.
Interestingly, following stroke, mice preconditioned with LPS have reduced levels of
TNFo and proximal TNFo signaling molecules, neuronal TNFR1 and TRADD. In
addition, levels of soluble-TNFRI1 were increased following stroke in mice
preconditioned with LPS. Incfeased soluble-TNFR1 may neutralize the effect of TNFo
and reduce TNFo-mediated injury in ischemia. Finally, mice preconditioned with LPS
showed marked resistance to brain damage caused by intracranial administration of
exogenous TNFa following stroke. Thus, our studies suggest that TNFq is a twin-edged
sword in the setting of stroke: TNFo upregulation is needed to establish LPS-induced
tolerance prior to ischemia while suppression of TNFo: signaling during ischemia seems
to be an important component of the neuroprotection process following LPS

preconditioning.
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Introduction

Endotoxin (lipopolysaccharide, LPS), a surface component of gram-negative bacteria, is
a potent modulator of the immune system that acts through activation of Toll-like
receptor 4 (TLR4). Administration of high doses qf LPS stimulates a robust
inflammatory response that can lead to lethal septic shock, whereas administration of low
doses of LPS induces a protective or tolerant state to subsequent doses injurious of LPS
that would ordinarily cause serious injury.’? Low dose exposure to LPS also induces
cross-tolerance wherein protection occurs against heterologous injury unrelated to LPS,
such as ischemia. This protective state known also as LPS preconditioning, is not well
understood although some evidence suggests that modulation of inflammatory responses
and release of cytokines, particularly tumor necrosis factor (TNFo), play an important

1 89
role. 88, 89,93,95

The role of TNFa is particularly intriguing because it is protective in the setting of

preconditioning,®® %

yet deleterious in ischemic brgin damage following
stroke.'®! Support for a beneficial effect of TNFo in preconditioning is underscored by
the finding that neutralization of TNFa in the systemic circulation at the time of LPS
preconditioning blocks neuroprotection against ischemic injury in rats®® and pretreatment
with either TNFa or its downstream signaling mediator ceramide, is neuroprotective

9.9 and in vitre % 170 In contrast to the aforementioned

against ischemia in vivo
beneficial effects of TNFao. prior to stroke injury, there is substantial evidence that TNFo

is induced in stroke and worsens ischemic damage. TNFa. is increased very early after
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151, 152 ; : . . i
> 1% and affects numerous inflammatory responses, including microglia and

stroke
vascular endothelial activation, coagulation cascades and up-regulation of enzymes such
as COX-2, all of which contribute to the pathogenesis of brain damage.'® In addition,
TNFa causes cell death directly by activating apoptotic signaling pathways mediated by
FADD and caspase-8.'*" A cytotoxic role for TNFo, in ischemic damage is evidenced by

studies demonstrating that systemic or intracranial inhibition of TNFq, at the time of

cerebral ischemia reduces infarct size in rodent models of stroke.!>"16!

The fact that TNFa plays a protective role in preconditioning by LPS and a damaging
role in ischemic injury led us to speculate that LPS primes the neuroprotective process
via TNFo production whose effect ultimately suppresses TNFo. pathway activation
following ischemic insult. We reasoned that the deleterious effects of TNFo in ischemia
may be reduced in LPS preconditioning by dampened TNFo. production and/or impaired

ability to signal following stroke.

Here, we examined the effects of LPS preconditioning on systemic TNFo. production
over time in a mouse model of stroke, middle cerebral artery occlusion (MCAOQO) and
assessed whether LPS preconditioning influences the proximal mediators involved in the
initiation of TNFa signaling. Specifically, we examined the type one receptor (TNFR1,
p55) and its intracellular adaptor molecule TRADD, which mediates the majority of the
biological effects attributed to TNFo.."*” ! We also examined the cleaved and soluble
form of TNFRI1, as it binds TNFo. and inhibits its signaling capacity. We went on to test

whether LPS preconditioning diminishes the deleterious effects of centrally administered
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TNFa on ischemic brain damage following MCAO. Our findings suggest that LPS
preconditioning changes the neuronal response to TNFg, following ischemia and
attenuates ischemic brain damage through suppressed ligand production and decreased

expression of proximal signaling molecules.
Materials and Methods

Mice. Age-matched male (8-10 wk) C57B1/6 mice, TNFao knock-out mice (B6129SF-tnf)
and the control strain (B6129F2/J) were obtained from Jackson Laboratories (Bar Harbor,
ME, USA) and housed in a facility approved by the Association for Assessment and
Accreditation of Laboratory Animal Care International. Procedures were conducted
according to National Institute of Health guidelines and Oregon Health and Sciences

University Institutional Animal Care and Use Committee.

LPS Preconditioning and Ischemia in mice. Mice were preconditioned with phenol-
extracted LPS from E. coli (Sigma, 1.-2880, L-2630) by an intraperitoneal (i.p.) injection
of 200ul volume 3d prior to challenge with MCAO. Control mice received an i.p.
injection of sterile saline. Due to differences in LPS purity and EU activity that exist
between batches of LPS, the optimal preconditioning dose was determined for each batch
of LPS. Mice were treated doses of LPS that ranged between 7,500 énd 25,000 EU. For
surgery, mice were anesthetized with 4% halothane and subjected to MCAO using the
monofilament suture method described previously.* Briefly, a silicone-coated 8-0

monofilament nylon surgical suture was threaded through the external carotid artery into
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the internal carotid artery in order to block the middle cerebral artery, and maintained
intraluminally for 60min (except for Figure 3-5, where mice received a shorter period of
MCAO to test the effect of TNFor). The suture was then removed to restore blood flow.

Regional cerebral blood flow was monitored throughout surgery by laser doppler
flowmetry throughout surgery. Body temperature was maintained at 35°C with a

thermostat-controlled heating pad.

Intracerebral Ventricular Injection of TNFa following MCAO. The effect of LPS
preconditiom’ng on central administration of recombinant mouse TNFq (Chemicon) was
studied in mice following 33min MCAO. At 25min post termination of MCAO, TNFa
(1.5ul volume/30ng) was injected into the right lateral ventricle as previously
described.'® A control group of animals received an injection of the same volume of
sterile, artificial cerebral spinal fluid (aCSF). Infarct volume was measured 24h

following stroke.

Infafct Measurement. Infarct measurements were assessed as described.!®® Briefly,
dissected fnouse brains (minus the olfactory bulb and cerebellum) were sliced into 7-
Imm coronal sections from the rostral end (Stoelting tissue slicer, Wood Dale, IL).
Sections were stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma, St.
Louis, MO) in saline (37°C, 15min) and fixed in 10% formalin. An observer blind to
treatment groups measured the area of infarct and ischemic hemisphere of each scanned
section using NIH Imagel.62. Infarct size (% volume) was determined by calculating the

area of each section by the section thickness (1Imm) and summed over the entire brain
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and calculated as: (infarct volume)/(ischemic hemisphere volume) x 106. In one
experiment (Figure 1B), % area infarct was calculated so that the remaining brain tissue
could be examined for immunohistochemistry and microglia activation as reported
previously." We have previously doc;umented that % area infarct of this coronal section

correlates highly (r* = 0.96) with infarct volume in our MCAO mode]'®

Physiological measurehzents. Mean arterial blood pressure and arterial blood gases were
measured via a femoral catheter made of PE-50 and micro-renathane tubing in
anesthetized mice (1.5% halothane). Blood pressure values were collected using a
Statham P23ID pressure transducer (Gould Inc., Oxnard, CA) in line with a Grass Model
7 polygraph (Grass Instruments, Quincy, MA) and expréssed as an average across 30min
of sampling (sampling rate of 100 Hz). Blood gases were measured using an Instrument-
Laboratory Synthesis 10 (Barcelona, Spain). Body temperature was measured by a rectal

probe.

LPS Preconditioning and Ischemia in vitro. Preparation of primary rat cortical neuronal
cultures and oxygen-glucose-deprivation (OGD) was performed according to our
previously published method.'” * Cultures were prepared from 1 to 2d old Sprague-
Dawley rat pups (Harlan). Cortices were dissected and dissociated with papain
(Worthington Biochemicals) and plated at a density of 1 x 10° cells/ml onto coverslips
coated with poly-D-lysine. Cells were cultured in Neurobasal-A media (supplemented
with Glutamax and B27, Invitrogen) for 7 days prior to each experiment. Cultures

consisted of 76.8 + 2.4% neurons as determined by staining for NeuN (n=8 separate
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cultures, 200 cells/culture examined). The remaining ~20% of the cortical cells was
comprised of glia (astrocytes, GFAP") and (microglia, CD11b"). Cortical neuronal
cultures were pretreated with LPS ( lug/ml, Sigma L-2880) for a 24h duration prior to
OGD. OGD was performed by removal of the culture medium and replacement with
PBS (supplemented with 0.5mM CaCl2, 1.0mM MgCl2, pH7.4), followed by incubation
in an anaerobic atmosphere of 85% N2, 5% H2, 10% CO2 for 2h at 35°C. The anaerobic
conditions within the chamber were confirmed by the use of Gaspack anaerobic indicator
strips (Forma Scientific). OGD was terminated by replacing the exposure medium with
Neurobasal-A, medium (supplemented with Glutamax) and the cells were returned to a

normoxic incubator.

Acidosis exposure. Acidosis was induced according to a previously published method.'®’
Cortical neuronal cultures were exposed to extracellular pH 6.0 for 1.5h during a 2h-
exposure of OGD. Exposure to acidosis and OGD was terminated by replacing the
medium with Neurobasal-A medium, pH 7.2 (supplemented with Glutamax) and

returning of the cells to a normoxic incubator.

Cell Death Evaluation in vitro, Cell death in vifro was examined 24h following OGD by
means of fluorescent, cell-permeable, DNA-binding dyes: propidium iodide (PI), as an
indicator of cell death, and 4’,6-diamidino-2-phenylindole (DAPI), as an indicator of the
total cell number. Coverslips were incubated with PI (1.5ug/ml, Sigma) for 2min,
washed with PBS and fixed with Vectashield mounting medium containing DAPI

(Vector labs). Stained cells were visualized with a fluorescent microscope (Leica
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GMBH) and analyzed using Bioquant software. The number of PI and DAPI stained
cells were counted in two random fields of view on each coverslip, and percent cell death
was calculated as mean (PI)/(DAPI) x 100 per field of view. Each treafment was
performed in duplicate coverslips within an experiment and the entire experiment was

repeated three or more times.

Western Blotting. Protein extraction was performed as described previously'®® with some
modifications. Briefly, tissue samples were dissected from the cortex or striatum of each
hemispheré and lysed in a buffer containing a protease inhibitor cocktail (Roche).

Protein concentrations were determined using a BCA kit (Pierce-Endogen). Protein
samples (50ug) were denatured in a gel-loading buffer (Bio-Rad, Labs) at 100°C for
5min and then loaded onto 12% Bis-Tris polyacrylamide gels (Bio-Rad Labs). Following
electrophoresis, proteins were transferred to polyvinylodene difluoride membranes (Bio-
Rad Labs) and incubated with anti-TNFR1 or TNF RZ antibodies (Santa Cruz
Biotechnology) at 4°C overnight. Membranes were then incubated with anti-mouse IgG
antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology) and detected
by chemiluminescence (NEN Life Science Products) and exposure to Kodak film
(Biomax). Tmages were captured using an Epson scanner and the densitometry of the gel
bands, including o-tubulin as a loading control, was analyzed using scanning integrated

optical density software (Imagel).

Immunofluorescence. Brain tissue was prepared for immunofluorescence as previously

described.! Brain sections were treated with anti-TNFR1 or anti-TRADD antibodies
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(Santa Cruz Biotechnology), which were detected with a Cy3-conjugated antibody
(Jackson ImmunoResearch, PA, USA). TNFRI and TRADD immunofluorescence was
quantified from 10 randomly selected fields of view at 20X within the cortex or striatum
of each individual mouse, and scored by a blinded observer on a scale of 0 to 3 (0 =no
staining (i.e. equivalent to background of negative control), 1 = light staining, 2 =
moderate staining and 3 = heavy staining). Cell phenotype was determined by
counterstaihing sections with a neuronal specific antibody (anti-NSE antibody,
Chemicon) and detected by an anti-fluorescein isothiocyanate-conjugated antibody
(Jackson ImmunoResearch). Co-localization of TNFR1 and TRADD with NSE was
quantified from 5 different fields of view at 40X and the mean count obtained. Images
were collected using a Leica microscope with an Optonics DEI-750 3-chip camera

equipped with a BQ 8000sVGA frame grabber and analyzed using Bioquant.

Soluble-TNFR1 measurement. Protein extraction and quantification was performed as
described above on tissue dissected from the cortex of each mouse brain hemisphere. s-
TNFR1 was measured with a commercial mouse s-TNFR1 ELISA kit (R&D Systems).
Equal amounts of protein (267ug) for each sample were added in duplicate wells, and

measured according to a standard curve.

INFa measurements. Plasma TNFo levels in mice were measured by a commercial
mouse TNFou ELISA kit (BD Pharmingen) from blood samples obtained via the retro-
orbital plexus. TNFa bioactivity in supernatants of cortical neuronal cultures in vitro

was determined using a cytotoxic bioassay with the TNFo-sensitive indicator cell line
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WEHI-164/clone-20'" derived from WEHI 164 (CRL-1751, American Type Culture
Collection, Manassas, VA). WEHI-164 cells were cultured in RPMI-1640 medium
(supplemented with 10% heat-inactivated fetal bovine serum, 50uM 2-mecaptoethanol,
2% penicillin/streptomycin/glutamine). For assessment of TNFq activity, WEHI cells
were plated at a density of 40,000 cells/well in 96-well plates and then sensitized with
LiCI2 and Actinomycin D (ZSmM and 2ug/ml respectively, Sigma) prior to adding
samples.. WEHI cells were then incubated overnight at 37°C and cell death was assessed
by reduction of Alamar Blue dye (BioSource) based on the absorbance at 570nm (for
reduced) and 600nm (for oxidized). TNFa levels were determined in duplicate compared

to a standard curve of known amounts of recombinant rat TNFo (Chemicon).

Reagents. Recombinant mouse or rat TNFo, was purchased from Chemicon. Rabbit anti-
TINFo neutralizing antibody (3ug/ml) was purchased from Pierce-Endogen, TAPI-1

(8uM) was purchased from Calbiochem and cyclohexamide was purchased from Sigma.
Statistical Analysis. Mean differences were analyzed using a one-way or two-way

ANOVA with Bonferroni’s post hoc test or student’s t test analysis. Data are represented

as mean + SEM and differences were considered statistically significant when p<0.05.
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Results

TNFo plays a necessary role in LPS preconditioning in mice. We investigated
whether TNFa played an essential role in LPS preconditioning in a mouse model of
stroke. Previous work in a rat model showed that neutralization of TNFq, at the time of
LPS administration blocked neuroprotection against subsequent stroke.*® Here we
examined whether TNFou knock-out mice could be given a low dose of LPS to induce
neuroprotection against subsequent stroke injury. We first established the optimal
neuroprotective conditions (dose and time) of LPS preconditioning in the mouse model of
MCAO. Mice were administered increasing doses of LPS systemically 72h prior to
MCAO and stroke outcome was assessed 24h later (Figure 3-1A). We found that mice
treated with doses of LPS between 0.05 and 0.2mg/kg showed significant protection
compared to saline-treated controls. To determine the duration of neuroprotection
induced by LPS treatment, mice were preconditioned with LPS for different time
intervals prior to MCAO (Figure 3-1B) and stroke outcome assessed. We found that
LPS-induced neuroprotection developed within one day following administration and
extended through day 7. Protection was no longer evident 14 days post treatment with
LPS. Importé.ntly, such neuroprotection by LPS preconditioning was not associated with
physiological differences between tfeatment groups in mean arterial blood pressure,
arterial blood gases, cerebral blood flow or body temperature at the time of MCAO (refer
to Appendix Table 1). These data define the specific dose response and time window of
LPS preconditioning in mice and allowed us to determine the effect of LPS

preconditioning in stroke outcome in genetically engineered mice that lacked TNFa.. We
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administered LPS to TNFo knock-out and wild-type (WT) control mice 72h prior to
MCAO and assessed stroke outcome. WT mice pretreated with LPS showed a significant
reduction in ischemic injury, however, TNFa”" mice were not protected by LPS
preconditioning (Figure 3-1C). This finding supports a critical role for TNFo in

mediating the neuroprotective effects of LPS preconditioning against ischemic injury.

TNFa production is suppressed in LPS-preconditioned mice following MCAQ. We
next tested whether production of TNFo. in response to stroke was altered in LPS
preconditioned mice. LPS preconditioned mice showed increased systemic TNFe levels
within 1h following LPS administration, which returned to baseline within 24h.
Following MCAO, systemic TNFo levels increased in LPS treated and untreated mice to
similar levels at 1.5h and 3h. However, by 24h post MCAO. TNFaq, levels were 3-fold

lower in mice preconditioned with LPS compared to those not so treated (Table 3-1).

LPS preconditioning modulates proximal mediators of the TNFo signaling pathway
following MCAO. We went on to assess whether LPS preconditioning alters proximal
mediators of TNFa signaling in addition to TNFo. (Figure 3-2). We first tested whether
TNFRI1 expression in the brain was altered by MCAO in ‘mice and found a marked
increase in TNFR1 as early as 1.5h post MCAO, which remained elevated 24h following
MCAO in the ischemic hemisphere of saline-treated control mice (Figure 3-2A). In
contrast, mice preconditioned with LPS showed very low induction of TNFR1 following

MCAO. Importantly, LPS-induced suppression of TNFR1 occurred in the cortex (region
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of protection) and striatum (core of infarct, region of damage) following MCAO (Figure
3-2B) which indicates that diminished TNFR1 expression was not due simply to less
injury in the cortex, but is specifically associated with LPS tfeatment. Next we examined
the effect of LPS preconditioning on the soluble form of TNFR1 (s-TNFR1), which binds
and inhibits the actions of TNFo.. Following MCAOQ, LPS preconditioned mice showed
significantly greater levels of s-TNFR1 in ischemic brain hemispheres compared to
saline-treated control mice (Figure 3-2C). This difference was evident early and

sustained out to 24 hr post MCAOQ.

We also used immunofluorescence to examine TNFR1 and its adaptor molecule,
TRADD. This approach allowed us to determine the cellular localization of the TNFR1-
complex (Figure 3-2D). We found that expression of TNFR1 and TRADD was
increased following MCAO in the ischemic hemisphere, however LPS preconditioning
- suppressed expression of both molecules equally in the cortex and the striatum. Co-
staining for neuronal cells with NSE revealed that TNFR1 and TRADD expression were
generally co-localized with neurons (95 + 1%). The neuronal phenotype indicated by

staining was also consistent with neuronal morphology.

Blockade of TNFo. abrogates LPS preconditioning in modeled ischemia in vitro. Our
results indicate that LPS preconditioning may attenuate TNFo signaling in ischemia. We
postulated that LPS preconditioning reduces neuronal sensitivity to the injurious effects
of TNFo in the setting of ischemia. To test this directly, we developed an in vitro model

of LPS preconditioning where LPS treatment of cortical neurons for 24h confers
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protection against injury induced by exposure to oxygen-glucose-deprivation (OGD)
(Figure 3-3A). The neuroprotective effect of LPS was dependent on de novo protein
synthesis as the addition of cyclohexamide, an inhibitor of protein translation, reversed
neuroprotection against OGD (as described in Chapter 4, Figure 4-4). This is consistent
with previous reports regarding the effect of LPS preconditioning in vive.*” To assess the
involvement of TNFe in our in vitro system of LPS preconditioning, we measured TNFo
levels following LPS treatment of neuronal cultures and found a marked increase in
TNFo levels prior to OGD (Figure 3-3B). To test whether TNFa, activity was important
in the neuroprotective effect of LPS, neuronal cultures were treated with an anti-TNFo
neutralizing antibody to block the effect of TNFa at the time of LPS preconditioning.
Neutralization of TNFo. reversed the neuroprotective effects of LPS preconditioning
(Figure 3-3C). Treatment with anti-TNFq antibody or control IgG 24h prior to OGD

had no affect on cell viability or OGD-induced cell death (data not shown).

TNFo is a type II transmembrane protein (mTNFa) that can bind directly to its receptors
through cell-to-cell contact. mTNFao can also undergo cleavage (via the protease TACE)
and subsequently bind its receptors as a soluble protein, TNFo..'! To establish whether
the neuroprotective effect of TNFo, was mediated through a soluble form of the molecule
we inhibited cleavage of mTNFo by treatment with TAPI, an inhibitor of TACE, at the
time of LPS preconditioning and found that LPS-induced neuroprotection against OGD-
induced injury was lost completely (Figure 3-3D). There was a modest reduction in cell
death in control TAPI-treated cells following OGD which may result from residual TAPI

that remained after washing prior to OGD. This is consistent with the fact that TACE is
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upregulated following OGD and contributes to ischemic injury.'®* '%* Treatment with
TAPI alone in control cultures not exposed to OGD had no affect on cell viability (data
not shown). Taken together, these data reveal that the soluble form of TNFa mediates the

protective actions of TNFo during LPS preconditioning.

LPS preconditioning ameliorated TNFa-exacerbated neuronal injury following
ischemia. We next assessed‘ whether TNFo. exacerbated ischemic injury to neurons in
the setting of prior LPS preconditioning. Not unexpectedly, we found that endogenous
release of TNFa during OGD is cytotoxic as evinced by the fact that treatment with anti-
TNFo neutralizing antibody following OGD limits cell death (Figure 3-4A). To assess
whether LPS preconditioning alters the susceptibility of ischemia-exposed neuronal cells
to TNFa-induced injury, TNFa was added to LPS preconditioned cortical neuronal
cultures after exposure to OGD (Figure 3-4B). We found that exogenous TNFq
enhanced OGD-induced cell death in control, non-preconditioned cortical neuronal
cultures. However, LPS preconditioned cortical neuronal cultures were completely
protected against TNFo-induced injury foilowing OGD. In control cultures not exposed
to OGD, TNFa treatment alone did not affect cell viability (data not shown), which
supports the deleterious role of TNFq in the setting of ischemia. These data demonstrate
that LPS preconditioning changes the neuronal response to the cytotoxic actions of TNFa
in the setting of ischemia—an effect that may contribute to the neuroprotective process of
LPS preconditioning. To assess whether I.PS preconditioning changed the neuronal
response to injurious stimuli other than TNF in the setting of ischemia, we examined the

effect of acidosis on OGD-induced cell injury. Acidosis occurs following ischemia
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which, in turn causes neuronal damage via membrane acid-sensiong ion channel, or
ASIC." We tested whether LPS protected against acidosis-induced injury (exposure to
extracellular pH 6.0) in the setﬁng of OGD. Figure 4-4C showes that lowering
extracellular pH to 6.0 for 1.5h during exposure to OGD induces marked cell death in the
presence or absence of LPS treatment. Thus, LPS preconditioning protects against TNFo
but not acidosis-induced injury in the setting of ischemia, which suggests that acidosis-

mediated damage is independent of TNFq.

We went on to assess whether LPS preconditioning protects against TNFo cytotoxicity
during ischemia in vivo. We reasoned that in the absence of LPS preconditioning the
addition of TNFo would exacerbate stroke injury. The duration of MCAO was reduced
to 33min (from 60min) to induce less damage and thereby allow detection of increased
damage by exogenous TNFo. TNFo (30ng) or artificial cerebral spinal fluid (aCSF ) was
injected into the right lateral ventricle 25min following termination of MCAO in LPS
preconditioned mice or saline controls and infarct size was evaluated 24h later (Figure 3-
5). TNFo administration failed to worsen stroke damage in mice preconditioned with
LPS whereas mice not preconditioned suffered significantly larger stroke injury with the
administration of TNFo.. We did not observe any brain injury due to TNFo. treatment
following sham surgery (data not show). These findings suggest that neuroprotective
effects of LPS preconditioning are mediated partially through diminished sensitivity of

the brain to the injurious effects of TNFe at the time of stroke.
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Discussion

Here we report the novel finding that LPS preconditioning suppresses the TNFo response
to cerebral ischemic injury. We show that LPS preconditioning alters proximal mediators
qf the TNFa signaling pathway following stroke. That is, TNFo, TNFR1 and TRADD
were reduced and s-TNFR1 was increased in LPS preconditioned mice following stroke.
We demonstrated that cortical neuronal cultures preconditioned by LPS were less
susceptible to TNFo-induced injury following ischemia in vitro. Moreover, the capacity
of LPS preconditioning to protect against TNFa, was also evident in vivo, as TNFo
treatment failed to exacerbate stroke injury in LPS preconditioned mice. These findings
suggest that LPS preconditioning may provide neuroprotection against ischemic injury by

diminishing the deleterious actions of TNFq induced after stroke.

Somewhat paradoxically, we also show that TNFa: plays an essential beneficial role as an
initiator of LPS preconditioning against ischemic injury in mice. This is indicated by the
fact that LPS preconditioning in TNFo. knock-out mice does not protect against injurious
MCAO. In addition, our studies suggest that the soluble form of TNFa mediates the
neuroprotective effects of LPS preconditioning in vitro because cortical cultures treated
with a TACE inhibitor are not protected by LPS preconditioning. This latter finding
implicates TNFR1 as the mediator of protective signaling because the soluble form of

TNFo primarily signals through this receptor subtype rather than TNFR2, 3!
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LPS preconditioning, which increased TNFo, levels in the circulation prior to ischemia
and which returned to baseline by the time of stroke (72h). Early induction of TNFa, may
be essential in the emergence of neuroprotection as inhibition of TNFo at the time of LPS
preconditioning by systemic administration of TNFoa-binding protein reversed
neuroprdtection against MCAO in rats.®® These data suggest that TNFo may be an early
signal that primes the brain against subsequent ischemic injury. The mechanisms by
which TNFo mediates LPS-ischemic tolerance are not known, although studies in vitro
have shown that TNFa pretreatment alone is protective against ischemic injury and that
activation of the transcription factor NF-xB plays an essential role in the induction of
tolerance by TNFo.. NF-kB activation by TNFo has been shown to increase expression
of cell survival and neuroprotective proteins such as bcl-2 and MnSOD,'®* ' which
could coutermand the damaging effects of cerebral ischemia. Strong evidence also points
to a protective role for TNFa-induced signaling events and activation of NF-xB in the
induction of ischemic tolerance by other preconditioning stimuli, such as sub-injurious

194

ischemia. Thus, it is reasonable that similar TNFa-induced signaling events may be

involved in LPS-ischemic tolerance.

TNFo may also mediate LPS-induced ischemic tolerance by suppression of subsequent
| INFo-signaling response in the setting of ischemia. Studies show that TNFx
pretreatment in cortical brain cells suppresses subsequent TNFo-induced signaling
c¢vents, as NF-xB activity was reduced and ICAM-1 expression was inhibited upon re-
exposure to TNFa..'> 176 The negative autocrine regulation induced by prior TNFo

treatment 1s thought to occur through increased expression of negative feedback
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inhibitors such as MnSOD, A20, ¢-IAP and c-FLIP that inhibit TNFo-signaling events.'*?
Such features of TNFo. tolerance could be protective against the cytotoxic effects of
TNFo during ischemia. Indeed, it has been shown that preconditioning with LPS or
diphosphoryl lipid A increased SOD activity during MCAO in rats.® > This finding is
consistent with TNFa tolerance wherein MnSOD expression is increased during re-

6

exposure to TNFo '’® and that MnSOD inhibits TNFa-signaling responses and

apoptosis.'*>1%

Our data suggest the possibility that neuroprotection induced by LPS preconditioning
depends on TNFa production which ultimately causes suppression of proximal mediators
of the TNFo. signaling pathway following stroke. LPS-induced suppression of effectors
of the TNFu signaling pathway following MCAO is evinced by our data that show
reductions in systemic TNFa. production and neuronal TNFR1 and TRADD expression.
TNFRI expression was suppressed at early times following MCAO and sustained out to
24h—a critical time window in the development of brain injury. Suppression of TNFR1
was coincident with enhanced s—TNFRl and together these changes would be expected to
decrease the effect of soluble TNFo. This observation underscores further the importance
of the modulating TNFR1 for neuroprotection by LPS preconditioning. In addition, it has
been shown previously that improved stroke outcome results from exogenous treatment
with s-TNFR1 at the time of ischemia.'” Such improvement occurs presumably by
neutralization of the actions of TNFo. Our data support a similar protective role for
enhanced levels of endogenous s-TNFR1 after stroke and suggest one way that TNFR1-

mediated signaling may be dampened in the acute response to stroke injury. TNFR2
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expression was not induced substantially until later times following stroke (24h post
MCAO)—an upregulation that was suppressed by prior LPS preconditioning. Although
others have suggested that TNFR2 may play‘a beneficial role in neuronal survival,**® our
data suggests that TNFR2 is not a major mediator of neuroprotection in LPS
preconditioning. Collectively, our findings showing increased levels of s-TNFR1 in
association with decreased expression of neuronal TNFR1 and TRADD indicate that LPS
preconditioning may limit TNFa signaling and thereby enhance neuronal survival in the

setting of ischemia.

That LPS preconditioning may alter the neuronal responses to the injurious effects of
INFo is bolstered further by our finding that LPS preconditioning decreases the
vulnerability of neurons to TNFa-mediated injury following ischemia in vitro.
Mitigation of the effect of TNFor would be expected to be beneficial in ischemia as
indicated by our studies in vitro showing that inhibition of TNFo at the time of OGD is
protective. This is consistent with a deleterious role for endogenous TNFo in neuronal
survival in this model system as suggested by studies done previously showing that the
absence of TNFq at the time of OGD is neuroprotective in cortical cultures.'® Robust
protection against TNFo-mediated injury may be a specific outcome of LPS
preconditioning, as there was no protection against the deleterious effects of acidosis
during ischemia in LPS preconditioned cortical cultures. That protection is not present in
the setting of acidosis may suggest that LPS préconditioning specifically alters TNFo
associated effects but does not alter ASIC induced changes in intracellular calcium flux

that lead to neuronal death.'® Thus, LPS preconditioning may protect against TNFo
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induced injury via inhibition of TNFa-induced cell death directly, as TNFa triggers
apoptosis through FADD and the caspase-8 signaling pathway, or by possibly
diminishing neuronal sensitivity to other insults such as glutamate-toxicity or oxidative
stress, 6% 171, 192, 138 Furthermore, our findings in vivo demonstrate that TNFo
administered into the brain at the time of stroke does not exacerbate ischemic brain
damage in mice that had been preconditioned, which suggests that neuroprotection by
LPS may also involve diminished inflammatory responses. In the absence of LPS-
preconditioning, TNFo exacerbates reperfusion injury by initiating inflammatory
responses such as microglial and endothelial activation, increasing vascular permeability
and peripheral cellular infiltration. In support of attenuated inflammation as an effect of
LPS-induced neuroprotection we have demonstrated previously that LPS preconditioning
reduces neutrophil infiltration and activation of microglia and monocytes following
MCAO." In addition, others have shown that L.PS preconditioning results in preservation

of microvascular perfusion and enhanced endothelial cell function after MCAO in rats.”>

94

Our finding that LPS preconditioning decreases the ratio of TNFo. to s-TNFR1 resembles
effects seen in endotoxin tolerance, wherein a low dose of LPS is protective against a
greater, lethal dose of LPS. Pretreatment with low dose LPS suppresses production of
pro-inflammatory mediators such as TNFq, IL-1B and IL-6 following subsequent
challenge with a large dose of endotoxin. Furthermore, LPS preconditioning leads to
protection against cell death via a process referred to as “reprogramming” whereby

priming by exposure to low dose LPS alters the subsequent response to LPS. Such
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reprogramming leads to sustained or enhanced production of anti-inflammatory
mediators such as s-TNFR1 and IL-10."> "> *! 1t {5 possible that LPS preconditioning
also reprograms the response to ischemic injury and leads to increased cell survival.
Genomic expression patterns observed in LPS preconditioned animals provide supportive
evidence of genomic reprogramming®” and indicate that protection may result, in part,
from marked suppression of deleterious inflammatory pathways such as TNFo and
indubtion of beneficial anti-inflammatory and neuroprotective pathways that enhance cell
survival. Such findings have important implications for therapeutic treatment of patients
at risk of stroke, as LPS preconditioning offers the potential to minimize the deleterious

effects of TNFo, while enhancing beneficial neuroprotective mediators following stroke.
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Table 3-1. Effect of LPS preconditioning on systemic TNFa production over time

Time relative to MCAQO

-71h -6%h -66h -48h 1.5h 3.0h 24h
Saline 85.5+3.8 67.2+54 768+5 65.9+7 142.4+45 120+36 1066 + 66
LPS 20659 +299*  236.8 +20* 165+30* 94.7+22 168 +53 298 +60* 347 +55*%

Mice were treated with LPS (0.2mg/kg) 72h prior to MCAO and blood was collected at the indicated
times to measure plasma levels of TNFo by ELISA. Values are mean pg/ml + SEM, *p < 0.05
compared to saline-controls for each time point, n = 8 mice/treatment group.
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Figure 3-1. TNFa plays a necessary role in LPS preconditioning in mice. A)
C57Bl/6 mice were treated with different doses of LPS 72h prior to MCAOQ and infarcts
were assessed 24h following MCAO by TTC staining. A) Representative brain sections
stained with TTC and the mean % infarct volume is plotted as a function of LPS dose. B)
C57Bl/6 mice were treated with 0.2mg/kg LPS at different times prior to MCAO and
infarcts were assessed 24h following MCAQO. C) Control, wild-type strain or TNFo
knock-out mice (TNFo”") were treated with 0.2mg/kg LPS 72h prior to MCAO and
infarcts were assessed 24h post MCAO. Values are mean + SEM, *p<0.05 vs saline
treatment, n = 6-8 mice/treatment group.
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Figure 3-2. LPS preconditioning modulates proximal mediators of the TNFo signaling
pathway following MCAO. C57BI/6 mice were preconditioned with 0.2mg/k LPS 72h
prior to MCAO. A) TNFRI expression in the cortex of the ischemic hemisphere was
measured by western blot analysis at the indicated times following MCAO. The
densitometric values of TNFR1 are graphically expressed relative to baseline controls as a
function of time following MCAO, n = 8 mice/treatment. Open circles: saline pretreated
mice, black squares: LPS preconditioned mice B) TNFRI expression was examined by
western blot analysis in the cortex or striatum of the ischemic hemisphere at 24h following
MCAO. Mean densitometric values are expressed relative to ischemic hemisphere of saline
controls, n = 8 mice/treatment. C) s-TNFR1 in the cortex of the ischemic hemisphere was
examined by ELISA at the indicated times following MCAO, n = 5 mice/treatment. D)
TNFRI1 and TRADD expression was examined by immunofluorescent staining at 24h
following MCAO in both the cortex and striatum of the ischemic hemisphere. Fluorescence
intensity (FI) was measured on a scoring system (0 to 3) within 10 random fields of view at
20X within each region of the cortex (as shown) in a mouse brain. There was no difference
in scoring between the cortex and striatum within each treatment group. Cell phenotype was
determined by counterstaining for NSE, and co-localization was quantified from 5 different
fields of view at 40X and the mean count obtained, n = 6 mice/treatment group. For all
experiments, values are mean + SEM, *p<0.05 vs saline controls.
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Figure 3-3. Soluble TNFa is essential for LPS preconditioning in an ir vitro model
of ischemia. A) Primary cortical neuronal cultures were pretreated with lug/ml LPS
for a 24h duration prior to exposure to oxygen-glucose-deprivation (OGD). Cell death
% was determined 24h following OGD by PI staining. B) TNFo activity present in the
supernatant following LPS treatment alone was measured by WEHI assay. C) Cortical
neuronal cultures were co-treated with anti-TNFo neutralizing antibody and LPS for
24h prior to OGD, and % cell death was examined 24h following OGD by PI staining.
D) Cortical neuronal cultures were co-treated with TAPI (TACE inhibitor) and LPS for
24h prior to OGD, and % cell death was determined 24h later by PI staining. For all
cxperiments, values are mean + SEM, *p<0.05 vs media-treated OGD controls, n = 4-6
individually repeated experiments.
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Figure 3-4. LPS preconditioning protects neurons against TNFo-mediated injury in
the setting of ischemia in vitro. A) Cortical neuronal cultures were treated with anti-
TNFo neutralizing antibody at the time of OGD and for the 24h duration following
OGD until assessment of cell death by PI staining. B) Cortical neuronal cultures were
pretreated with LPS for 24h prior to OGD. Exogenous TNFq, ( 10ng/ml) was added to
the medium at the termination of OGD, and % cell death was examined 24h later by PI
staining. C) Cortical neuronal cultures were pretreated with LPS for 24h prior to OGD.
Cultures were then subjected to acidosis by extracellular by pH 6.0 for 1.5h during
OGD, and cell death was determined 24h later by PI staining (n = 3 repeated
experiments). Values are mean + SEM, *p<0.05 vs media-treated OGD controls, **p <
0.05 vs TNFa-treated OGD, n = 4-5 individually repeated experiments.
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Figure 3-5. LPS preconditioning protects against TNFo-induced ischemic brain
damage following cerebral ischemia in vivo. Mice that were preconditioned with LPS
72h prior to 33min MCAO were then administered an i.c.v injection of TNFo (30ng) or
artificial cerebral spinal fluid (aCSF) after stroke. Infarct volume was measured 24h
following MCAO by TTC staining. Values are mean + SEM, *p<0.05 vs saline
pretreated-aCSF injected controls, **p<0.05 vs saline pretreated-TNFo. injected mice, n
= 8 mice/treatment group.
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Preconditioning with lipopolysaccharide (LPS) reduces ischemic brain damage caused by
subsequent stroke in rodents." * Our lab and others have demonstrated that modulation
of inflammatory responses and release of cytokines, particularly TNFa,, are thought to
play beneficial roles in the neuroprotective effects of LPS preconditioning (refer to
- Chapter 3).8% % Oyr prior studies (as described in Chapter 3) revealed that TNFo
mediates dual functions in the neuroprotective process of LPS preconditioning. That is,
TNFa induced by LPS preconditioning prior to stroke plays an essential role in the
establishment of tolerance against ischemia, while TNFo suppression following stroke
appears to be an important component of the neuroprotective state. In light of the
substantial evidence that TNFq is deleterious during stroke, diminished sensitivity to
TNFa in the setting of ischemia could be an important component of the neuroprotective

mechanism of LPS preconditioning.

Here we further explored the capacity of LPS preconditioning to alter the neuronal
sensitivity to the injurious effects of TNFa. during ischemia. We sought to determine
whether LPS preconditioning could directly alter neuronal responses to TNF in the
setting of ischemia, but in the absence of peripheral effectors. We evaluated the effects
of LPS preconditioning on the potential of TNFo, to directly cause neuronal damage in an
in vitro model of ischemia, oxygen-glucose-deprivation (OGD). Such a study required
that I establish an in vifro model system of LPS preconditioning using primary neuronal
cultures—a model system lacking heretofore. [ first defined the basic features of
neuroprotection induced by LPS preconditioning in primary cortical neuronal cultures.

The initial parameters included establishment of the dose response and time window of -
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LPS pretreatment and the requirement of protein synthesis to obtain neuroprotection.
The establishment of optimal conditions for LPS preconditioning in vitro then afforded
an opportunity to examine the question of whether LPS preconditioning alters the

neuronal sensitivity to the cytotoxic effects of TNFa, during ischemia.
Methods.

Preparation of primary cortical neuronal cultures. Primary rat cortical neuronal cultures
were prepared as previously published.!”* 188 Briefly, cultures were prepared from 1 to 2d
old Sprague-Dawley rat pups (Harlan). The cortical brain region was dissected and
dissociated with papain (Worthington Biochemicals) and plated at a density of 1 x 10°
cells/ml onto coverslips that had been previously coated with poly-D-lysine. Cortical
cells were cultured in Neurobasal-A media (supplemented with Glutamax and B27,
Invitrogen) for 7 days prior to use in each experiment. The cellular composition of
cortical cultures was assessed by immunofluorescent staining for the cell specific markers

on neurons (NeuN), astrocytes (GFAP) and microglia (CD11b).

Oxygen-glucose-deprivation (OGD). OGD was performed according to our previously
published method (Lancet paper), wherein the culture medium is removed and replaced
with PBS (supplemented with 0.5mM CaCl2, 1.0mM MgCI2, pH7.4). Cultures are then
placed in an anacrobi¢ chamber containing atmospheric gases of 85% N2, 5% H2, 10%
CO2 for 2h at 35°C. The anaerobic conditions within the chamber were confirmed by the

use of Gaspack oxygen-indicator strips (Forma Scientific). OGD was terminated by
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replacing the exposure medium with Neurobasal-A medium (supplemented with

Glutamax) and the cells were returned to a normoxic incubator.

Measurément of cell death. The amount of cell death caused by OGD in cortical cultures
was measured 24h following the termination of OGD by means of fluorescent, cell-
permeable, DNA-binding dyes: propidium iodide (PI), as an indicator of cell death, and
4’,6-diamidino-2-phenylindole (DAPI), as an indicator of the total number of cells.

Coverslips were incubated with PI (1.5ug/ml, Sigma) for 2min, washed with PBS and
fixed with Vectashield mounting medium containing DAPI (Vector labs). Stained cells
were visualized with a fluorescent microscope (Leica GMBH) and analyzed using
Bioquant software. The number of PI and DAPI stained cells were counted in two
random fields of view on each coverslip, and percent cell death was calcplated as mean
(PI)/(DAPI) x 100 per field of view. Each treatment was performed in duplicate
coverslips within an experiment and the entire experiment was repeated three or more

times.

Reagents. Phenol-purified LPS from E. coli, serotype 055-B5 (L-2880) and
cyclohexamide were purchased from Sigma. Rat recombinant TNFor was obtained from

Chemicon.
Statistical Analysis. Mean differences in % cell death were analyzed using a two-way or

one-way ANOVA with student’s t-test hoc analysis. Data are represented as mean +

SEM and differences were considered statistically significant when p<0.05.
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Results.

The neuroprotective effects of LPS preconditioning in vitro are dose-dependent. To
test whether LPS preconditioning alters the neuronal sensitivity to TNFa during
ischemia, the optimal neuroprotective conditions of LPS preconditioning were
established with primary rat cortical neuronal cultures using an in vitro experimental
model of ischemia, oxygen-glucose-deprivation (OGD).'” The primary cortical neuronal
cultures are comprised of 76.8 + 2.4% neurons, and ~20% astrocytes and microglia (n = 8
separate cultures, 200 cells/culture examined). Cortical cultures were pretreated with
increasing doses of LPS for 24h prior to exposure to OGD. The amount of cell death
caused by OGD exposure was determined 24h later by propidium iodide (PI) staining
(Figure 4-1). We found that cortical cultures pretreated with LPS (1 to 10ug/ml) showed
significant protection against OGD-induced damage compared to non-preconditioned
cultures. Cell viability was not altered in control cortical cultures treated with LPS alone,
in the absence of OGD (data not shown). These data demonstrate that LPS pretreatment
renders cortical brain cells resistant to the damaging effects of ischemia iz vitro in a dose-

dependent fashion.

Transient LPS exposure induces neuroprotection in vifre. To test whether transient
exposure to LPS induces neuroprotection in vitro, cortical cultures were exposed to
lug/ml LPS for a 2h duration, after which the cultures were washed and replenished with

medium that lacked LPS for the remaining 22h time period prior to OGD. Cell death was
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then assessed by PI staining 24h following challenge with OGD (Figure 4-2). We found
that cortical cultures exposed transiently to LPS showed significant protection against
OGD compared to non-preconditioned cultures, and that the degree of protection was
similar to that seen with continual LPS treatment. These studies indicate that the
neuroprotective effects of LPS preconditioning in vitro do not depend on continual
exposure to LPS in cortical cultures, and support a beneficial role for LPS as a

preconditioning stimulus.

The time course of LPS-induced neuroprotection in vitro. To determine the amount of
time required for LPS-induced ischemic tolerance to develop in vitro, cortical cultures
were preconditioned with 1ug/ml LPS for different time intervals prior to OGD, and the
amount of cell death caused by OGD was then measured 24h later by PI staining (Figure
4-3). We found that LPS produced significant ischemic protection within 8h and that
maximal protection was evident with 24h of treatment. In contrast, cortical cultures
- preconditioned by LPS at earlier times prior to OGD were not protected, as treatment
with LPS 1h prior to OGD or during OGD (0h) did not reduce cell death. These findings
reveal that the neuroprotective effects of LPS preconditioning develop in a delayed

fashion, which requires greater than 8h.

The neuroprotective effects of LPS preconditioning in vitro require de novo protein
synthesis. Previous work in a rat model of MCAO showed that inhibition of protein
translation at the time of LPS administration blocked neuroprotection against subsequent

stroke.® To determine whether de novo protein synthesis was necessary for LPS-induced
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neuroprotection against OGD in vitro, cortical cultures were co-treated with
cyclohexamide (CHX), an inhibitor of translation, and 1ug/ml LPS for 24h prior to OGD,
and cell death was then assessed 24h later by PI staining. As shown in Figure 4-4, the
presence of CHX during LPS preconditioning blocked the neuroprotective effects against
OGD in vitro. Control cultures treated with CHX alone, in the absence of OGD, did not
show altered cell viability (data not shown). These findings indicate that de novo protein
synthesis is required for the induction of ischemic tolerance by LPS in cortical cultures in

vitro.

LPS preconditioning diminishes the neuronal sensitivity to TNFo-induced injury
during ischemia in vifro. These studies established a model system of LPS
preconditioning in vitro, and thereby allowed further testing of the capacity of LPS
preconditioning to alter the neuronal sensitivity to TNFa. during ischemia. To test the
effects of LPS preconditioning on TNFa-induced injury in cortical cultures, increasing
doses of exogenous TNFa were added to cortical cultures following OGD. The effect of
TNF« on cell death was then assessed 24h following OGD by PI staining (Figure 4-5).
Treatment with exogenous TNFo treatmént in control non-preconditioned cortical
cultures exacerbated cell death caused by OGD. Cortical neuronal cultures treated with
doses of TNFou between 10ng/ml and 100ng/ml showed a significant increase in the
amount of cell death following OGD. In contrast, cortical cultures that had been
preconditioned by LPS 24h prior to OGD were resistant to the cytotoxic effects of TNFo
following OGD. Control cortical cultures treated with TNFa, in the absence of OGD, did

not increase cell death (data not shown), which further supports the pathological role of
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TNFo in the setting of ischemia. This finding reveals that LPS preconditioning alters the

capacity of TNFa to induced neuronal damage during ischemia.
Discussion.

These findings sh0\;v that LPS preconditioning renders primary cortical neuronal cultures
resistant to subsequent injury caused by ischemia in vitro. We found that the
neuroprotective effects of LPS preconditioning occur in a dose-dependent fashion and
develop over time between 8 and 24h following LPS pretreatment. Furthermore, the
establishment of LPS-induced neuroprotection requires de novo protein synthesis.
Collectively, these features define a new in vifro model of LPS preconditioning against

ischemia.

Importantly, our findings also demonstrate that LPS induces ischemic tolerance directly
and does not require additional effectors conveyed from the periphery. In light of this,
we tested whether such tolerance to injury was due to increased TNFa-induced damage.
Our results show that LPS preconditioning increases the resistance of neurons to TNFo-
mediated damage following OGD. Given the deleterious role for TNFo. in the setting of
ischemia, the capacity of LPS preconditioning to diminish the neuronal response to

TNFo may be an underlying neuroprotective mechanism against stroke.

Here we established the salient features of LPS-induced neuroprotection in cortical

neuronal cultures in vitro and showed that the dose and timing of LPS pretreatment alters
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the amount of neuroprotection against subsequent OGD. Maximal neuroprotection
against OGD was observed in cortical cultures that had been preconditioned by LPS 24h
prior to OGD, which suggests that synthesis of new proteins induced by LPS could be
involved in the development of ischemic tolerance. In support of this postulate, de novo
protein synthesis is essential for the neuroprotective effects of LPS preconditioning in
vitro, as inhibition of protein translation blocked LPS-induced ischemic tolerance against
OGD. These basic features of LPS preconditioning that we observe in vifro are
consistent with prior studies in rodents, wherein LPS-induced neuroprotection against
subsequent MCAO was influenced by the dose and timing of LPS treatment and required
de novo protein synthesis.® This indicates that the basic underlying features of LPS-

induced ischemic tolerance that occur in vivo are conserved at the cellular level in vitro.

The cellular and molecular mechanisms involved in LPS preconditioning are not well
understood. LPS is a potent immunostimulant that exerts its effects through Toll-like
receptor 4 (TLR4), which is expressed predominantly on macrophages and other
peripheral immune cells. Activation of systemic inflammatory responses and production
of cytokines such as TNFo have been implicated in the establishment of LPS-induced
ischemic tolerance.®® % 1t is conceivable that inflammatory responses initiated by LPS
preconditioning in the periphery mediate the neuroprotective effects of LPS in the brain.
However, TLR4 is also expressed in brain tissue where it localizes primarily to resident

11,203 109 oy studies indicate that

immune cells such as microglia and astrocytes.
activation of resident brain cells directly by LPS could also play an important role in the

induction of tolerance against subsequent ischemic injury. Indeed, we have previously
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demonstrated that cortical cultures preconditioned by LPS are capable of releasing
soluble TNFa, which is essential for neuroprotection by LPS preconditioning (refer to
Chapter 3). Thus, inflammatory responses within the brain could shape the

neuroprotective response initiated by LPS preconditioning.

We demonstrated that LPS preconditioning increases the neuronal resistance to the
cytotoxic effects of TNFa in the setting of ischemia. Attenuation of TNFo-mediated
damage is protective in ischemia, as our prior studies demonstrated that inhibition of
endogenous TNF . activity during OGD reduced cell death (refer to Figure 3-4). This is
consistent with other studies that support a deleterious role for TNFo in stroke

139-161. 199 The capacity of LPS preconditioning to abrogate TNFo-mediated

damage.
damage during ischemia may be an important mechanism involved in the neuroprotective
effects of LPS preconditioning. Our findings further suggest that the injurious actions of

TNFo are mitigated by changes within neurons themselves, apart from other systemic

inflammatory responses that might be altered in vivo.

Although TNFa exerts its effects through two distinct cell-surface receptors, TNFR1 and
TNFR2, the majority of the cytotoxic effects of TNFa. are mediated by TNFR1, '3 141 204
%% The cellular response to TNFo is thought to result from the balance between distinct
intracellular signaling pathways induced by TNFa that promote either cell survival or
cell death.”® Thus, the capacity of LPS preconditioning to diminish the neuronal
sensitivity to TNFo during ischemia may be a conséquence of impaired injurious

signaling events or increased cell survival and protective responses. Our prior studies of
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LPS preconditioning and ischemic tolerance in vivo have revealed that neuronal
expression of TNFR1 and its signaling adaptor protein TRADD are decreased following
stroke in LPS preconditioned mice (refer to Chapter 3). This suggests that the signaling
potential of TNFo may be dampened within neurons that have been preconditioned by
LPS. Thus, further investigation using our in vitro model of LPS preconditioning in
cortical cultures will enable us to dissect the intracellular changes in signaling events

initiated by TNFo. within neurons themselves in response to ischemia.

In conclusion, we present a novel model of LPS preconditioning in vifro in cortical
neuronal cultures. LPS preconditioning rendered cortical neuronal cultures resistant to
subsequent ischemic injury. Herein we defined the basic properties of LPS
preconditioning in vitro. Neuroprotection by LPS preconditioning in cortical neuronal
cultures occurs between 8 and 24h of LPS treatment, and requires de novo protein
synthesis. Importantly, we demonstrated the neuroprotective potential of LPS
preconditioning to abrogate TNFo-mediated neuronal damage following ischemia. This
finding suggests that attenuation of the TNFow pathway may be a crucial component of
the neuroprotective mechanism of LPS preconditioning. The results presented here will
further enhance our ability to clarify the cellular and molecular events involved in the
neuroprotective effects of LPS preconditioning and to distinguish the involvement of
signaling events that occur within brain cells in the absence of confounding systemic

effectors in vivo.
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Figure 4-1. The neuroprotective effects of LPS preconditioning in vitro are dose-
dependent. Primary cortical neuronal cultures were pretreated with different doses of
LPS for a 24h duration prior to OGD. Cell death was determined 24h following OGD
by propidium iodide staining. Control cultures treated with LPS alone did not show any
cell death. Data are mean % death + SEM. *p<0.05 vs non-preconditioned control
cultures exposed to OGD, n = 3 repeated experiments. '
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Figure 4-2. Transient LPS exposure induces neuroprotection in vitro. Primary
cortical neuronal cultures were exposed to lug/ml LPS for 24h (continuous) or for 2h
only followed by removal of LPS containing media and replenishment with medium that
lacked LPS for the remaining 22h duration prior to OGD (transient). Cell death was
determined 24h following OGD by propidium iodide staining. Data are mean % death &
SEM. *p<0.05 vs non-preconditioned control cultures exposed to OGD, n = 4 repeated
experiments.
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Figure 4-3. The time course of LPS-induced neuroprotection ir vitro. Primary
cortical neuronal cultures were pretreated with lug/ml LPS for different durations of
time prior to OGD. Cell death was then determined 24h following OGD by propidium
iodide staining. Data are mean % death + SEM. *p<0.05 vs non-preconditioned control
cultures exposed to OGD, n = 4 repeated experiments.
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Figure 4-4. Neuroprotection by LPS in vitro requires de novo protein synthesis.
Primary cortical neuronal cultures were pretreated with lug/ml LPS concurrently with
1uM cyclohexamide (CHX) for a 24h duration prior to exposure to OGD. Cell death
was determined 24h following OGD by propidium iodide staining. Control cultures
treated with CHX alone did not show altered cell death or a change in OGD-induced cell
death. Data are mean % death + SEM. *p<0.05 vs non-preconditioned control cultures,
n = 3 repeated experiments.
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Figure 4-5. LPS preconditioning diminishes the neuronal sensitivity to TNFa-
induced injury during ischemia in vifro. Primary cortical neuronal cultures were
pretreated with Iug/ml LPS for 24h prior to exposure to OGD. Following the
termination of OGD, cultures were exposed to different doses of exogenous TNFa and
cell death was assessed 24h later by propidium iodide staining. Data are mean % death +
SEM. *p<0.05 vs OGD-0 treatment group, **p<0.05 vs corresponding OGD control for
each dose of TNFo, n = 4-6 repeated experiments for each dose of TNFo.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND PERSPECTIVES
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’The studies presented in this thesis demonstrated that prior exposure to the inflammatory
stimulant LPS induces a state of neuroprotection to subsequent stroke in mice and renders
neurons resistant to ischemic injury in vitro. While the activation of inflammatory
cascades and the induction of TNFa prior to stroke play crucial roles in the initiation of
LPS-induced ischemic tolerance, the findings within this thesis further reveal that
suppression of injurious inflammatory responses following stroke could be an important
component of the neuroprotective state. LPS preconditioning decreased peripheral
leukocyte infiltration into the injured ischemic brain and suppressed cellular activation of
microglia-macrophages in the brain—features that could contribute to neuroprotection.
Moreover, LPS preconditioning suppressed proximal mediators of the TNFa-signaling
pathway and attenuated the potential of TNFo to cause neuronal damage following
stroke. The results presented in this thesis provide the foundation for future investigation
of LPS preconditioning and advance the hypothesis that suppression of injurious
inflammatory responses plays an important role in the neuroprotective effects of LPS

preconditioning.

INF e is Essential for the Priming Effects of LPS Preconditioning.

The role of TNFa in cerebral ischemia is particularly intriguing because it has opposing
functions on stroke outcome. While the induction of TNFo during stroke is a potent
cytotoxic molecule and exacerbates ischemic brain damage,'®' in the setting of

preconditioning prior to stroke induction of TNFa is neuroprotective.®® * This apparent
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discrepancy has hindered a clear understanding of the role of TNFo in the
neuroprotective mechanisms of LPS preconditioning. As such, I considered it important
to first define the role of TNFo. in the neuroprotective effects of LPS preconditioning in
mice. Using TNFo knock-out mice, we tested whether LPS-induced neuroprotection
requires TNFo. We found that LPS preconditioning in TNFou knock-out mice failed to
induce neuroprotection against MCAO, which confirms a fundamental requirement for
TNFo. in the neuroprotective effects of LPS preconditioning and is consistent with a prior
study in a rat model, whereby co-treatment with TNF-binding protein (chimeric s-

TNFRI1) reversed the neuroprotective effects of LPS preconditioning against MCAQ.%

I further examined the role of TNF in the induction of ischemic tolerance by LPS
preconditioning in a novel in vitro model of LPS preconditioning. We established that
cortical neuronal cultures preconditioned by LPS were resistant to the damaging effects
of ischemic injury induced by OGD. LPS-induced TNFo activity plays a necessary role
in the establishment of LPS-induced neuroprotection, as inhibition of TNFa activity
during LPS preconditioning blocked neuroprotection in cortical cultures. F urthermore,
the soluble form of TNFo appears to be responsible for mediating the acquisition of LPS-
induced ischemic tolerance, as cortical cultures co-treated with LPS and a TACE
inhibitor, which preveﬁts cleavage of mTNFo to its soluble form, were no longer
protected against ischemic injury. Although the membrane form of TNFa, has been
implicated in mediating inflammatory responses,lglfhese data indicate that ischemic
tolerance by LPS preconditioning in vitro is mediated solely by the soluble form of

TNFo. This latter finding also implicates TNFR1 as the mediator of the protective
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signaling as the soluble form of TNFa signals predominantly through this receptor rather

than TNFR2."*!

These studies established that TNFa. prior to stroke is a prerequisite for LPS-induced
neuroprotection against stroke. However, the exact mechanisms by which systemic
administration of low dose LPS initiates neuroprotective responses in the brain are not
known at this time. This is further confounded by the controversy over whether or not
low dose LPS administered peripherally crosses the blood-brain barrier.?’***The blood-
brain barrier functions to control the exchange of substances between the blood and brain,
and is maintained by cerebral capillary endothelial cells and the tight junctions between

them.

Due to the increased expression of TLR4 on peripheral innate immune cells such as
macrophages, it is conceivable that the systemic release of TNFe in response to LPS
preconditioning mediates the protective effects of LPS preconditioning from the
periphery to the brain. The presence of transport systems at the blood-brain barrier
enables some cytokines in the blood, including TNFa, to reach regions within the brain

29211 Microglia and neurons in the brain as well as cells that make up

such as the cortex.
the cerebrovasculature express both TNFR1 and TNFR2*'? and could participate in the
induction of neuroprotective responses to TNFo.. In addition to TNFo, ceramide
generated in the periphery in response to LPS preconditioning could directly contribute to
the induction of ischemic tolerance in the brain, as it freely diffuses across the blood-

9

brain barrier.”" ** Ceramide is a sphingolipid that is involved in the downstream
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signaling events of TNFR1 and is known to mediate the neuroprotective effects of TNFo

169

preconditioning.™ So in this way, ceramide could bypass the TNF-receptors and mimic

many of the biological effects evoked by TNFo within the brain.

The widespread expression of TLR4 throughout the brain on microglia and astrocytes
provides the possibility that LPS could directly prime the brain for subsequent ischemia
through TLR4 activation. Indeed, our in vitro model system of LPS preconditioning
demonstrated that cortical brain cells have the intrinsic capacity to respond to LPS
preconditioning by becoming tolerant to subsequent ischemic injury. Moreover, as
shown in Chapter 3, the ability of cortical Qultures to produce TNFo in response to low
dose LPS exposure supports the idea that TNFow produced within the brain could then
mediate the induction of neuroprotective responses by LPS. Of particular interest,
generation of reciprocal bone marrow chimeras between wild-type and TLR4 mutant
mice emphasized the critical participation of TLR4 in tissue-resident cells in shaping the
inflammatory response in the brain in response to systemic LPS.>!* This study
demonstrated that while TLR4 function in hematopoietic peripheral immune cells is
required for peripheral inflammation in response to systemic LPS, it is not sufficient for
induction of early inflammatory responses in the brain. This indicates that resident cells
within the brain that express TLR4 could mediate the priming effects of LPS
preconditioning. The relevant TLR4-bearing cells could include endothelial cells and
smooth muscle cells that make up the cerebral vasculature, as well cells associated with
the cerebral vasculature such as parenchymal microglia and astrocytes.>!* Intriguingly,

1

the presence of TLR4 detected on the vagus nerve’' suggests that entirely novel

110



pathways for LPS-induced neural signaling could be involved in transmitting peripheral
immune signals directly into the brain. As part of the autonomic nérvous system, the
vagus nerve is responsible for transducing environmental signals to the brain.2'¢ In tﬁe
presence of systemic LPS the vagus nerve signals cytokine production within the
brain.?!" 2! This suggests the possibility LPS preconditioning could directly prime the
brain for subsequent stroke through vagal nerve activation. Thus, even though there are
several possibilities for initiation of LPS preconditioning by TLR4 activation in the
periphery and brain, these studies established that TNFo plays a fundamental role in the

LPS-induction of neuroprotection against subsequent stroke.

LPS-Induced Neuroprotection Involves Suppression of the Cellular Inflammatory

Response to Stroke.

Although LPS-induced inflammatory mediators such as the cytokine TNFo play a
beneficial role in the induction of ischemic tolerance to stroke, the effects of LPS
preconditioning on the inflammatory events involved in the neuroprotective state
Jollowing stroke were entirely unknown when 1 began this thesis research. I found that
suppression of cellular inflammatory responses following stroke that would ordinarily

exacerbate ischemic brain damage may contribute to LPS-induced neuroprotection.
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LPS Preconditioning Suppresses the Peripheral Cellular Response F. ollowing Stroke.

Reduced peripheral cellular infiltration following stroke may be a neuroprotective effect
of LPS preconditioning. Peripheral neutrophils and monocytes produce inflammatory
mediators including oxygen radicals and cytokines that may exacerbate neuronal damage
in ischemically compromised brain tissue and directly damage the endothelium (as
previously discussed in Chapter 1, section 3). Inhibition of cellular infiltration following
stroke as observed in LPS preconditioned mice could be due in part to reduced numbers
of neutrophils and monocytes in the blood following MCAO in LPS preconditioned mice.
In addition, LPS preconditioning could reduce the capacity of circulating leukocytes to
adhere to the vasculature following stroke. LPS preconditioning increases the levels of
NO in the circulation, eNOS expression in the vasculature and SOD activity in the brain
at the time of MCAO in rats,”” *>* and both endothelial-derived NO and SOD activity
are known to exert inhibitory effects on the interaction between neutrophils and the

195, 219-224

endothelium. LPS preconditioning also inhibits neutrophil infiltration into

injured ischemic heart tissue through a mechanism involving downregulation of L-

225 This result is similar to our findings that

selectin on the cell surface of neutrophils.
LPS preconditioning suppressed cell surface expression of CD11b on monocytes in the
blood following stroke, and supports a role for diminished leukocyte activation and

adherence to the endothelium in the mechanism by which LPS preconditioning reduces

cellular infiltration following stroke.
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LPS preconditioning could also reduce expression of chemokines and adhesion molecules
folloWing stroke as an additional mechanism to diminish the peripheral cellular
infiltration and enhance neuroprotection against stroke. In response to stroke, activated
microglia in the brain and endothelial cells and astrocytes within the vasculature produce
chemokines and adhesion molecules that promote peripheral cellular infiltration.
Microarray analysis in our lab indicated that following stroke, expression of chemokines
such as IL-8, MIP-1a, MCP-1, MIP-20/CINC and the adhesion molecules ICAM-1 and
VCAM-1 was decreased in LPS preconditioned mice compared to saline controls.
Cellular infiltration and ischemic brain damage is reduced in rodents when such
chemokines and/or adhesion molecules are blocked at the time of stroke,®” 8% W2 F2 20
which suggests the neuroprotective effects of LPS preconditioning involve diminished

production of chemokines and adhesion molecules following stroke.

Suppression of the peripheral cellular inﬂanimatory response in the blood could directly
contribute to the delayed vascular protective effects of LPS preconditioning. Following
stroke in non-preconditioned rodents a progressive impairment in microvascular
perfusion normally occurs. Activated neutrophils and monocytes are though to contribute
to the vascular damage through excessive production of injurious inflammatory mediators

St Leukocyte adherence to the cerebral vasculature is

(ROS, cytokines, proteases).
also thought to directly cause endothelial damage, as the endothelium-dependent
vasodilation was preserved following ischemia in mice deficient in the adhesion

molecules CD11b and ICAM-1.**" Moreover, leukocyte and platelet adhesion to the

endothelium promotes coagulation and congestive occlusion of the capillary vessel,
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thereby further contributing to hypoperfusion.’ 3 2?® prior studies showed that LPS
preconditioning reduces the development of hypoperfusion deficits at later times
following stroke,””> which is consistent with recent studies that demonstrate LPS
preconditioning diminishes the impairment of endothelial vasorelaxation and decrease in
K" currents in smooth muscle cells that would otherwise occur following cerebral
ischemic-reperfusion injury.” Taken together with my findings that demonstrated LPS
preconditioning suppressed the number of neutrophils and prevented monocyte activation
in the blood following stroke, these data suggest that downregulation of systemic cellular
inflammatory responses that occur at the blood-endothelial interface could act to reduce
vascular damage, and thereby improve cerebrovascular perfusion to otherwise

ischemically compromised brain tissue.
LPS Preconditioning Suppresses Microglial Activation in the Brain F. ollowing Stroke.

The capacity of LPS preconditioning to prevent cellular activation of microglia in the
brain in response to stroke could also be a crucial ‘component of the neuroprotective
| mechanisms induced by LPS preconditioning. As the predominant immune cell in the
brain, microglia are considered the primary cellular effector of numerous inflammatory
responses following stroke. Once activated, microglia produce inflammatory médiators
such as cytokines, chemokines, oxygen radicals and proteases that exacerbate ischemic
brain damage. Moreover, activated microglia are capable of directly causing neuronal
apoptosis following ischemia through mechanisms involving TNFo. and Fas (as

previously discussed in detail in Chapter 1, section 3).** *>47 As such, attenuation of
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hyper-responsive microglia during ischemia could limit their production of inflammatory
mediators and minimize their ability to cause neuronal death, and thereby contribute to
the neuroprotective effects of LPS preconditioning. This explanation would be consistent
with my finding that TNFo production was suppressed following MCAO in LPS
preconditioned mice. Furthermore, myeloperoxidase activity, which is a feature of
activated microglia and mediates release of reactive oxygen species, is also reduced
following stroke in rats that have been preconditioned by DPL (diphosphoryl lipid A).>
Furthermore, microarray studies in our lab indicated that transcription of inflammatory
cytokines (IL-1fB, IL-6 and IL-12) and chemokines (IL-8, MIP-1c, MCP-1, MIP-
20/CINC) that are typically produced by activated microglia was reduced in the ischemic
brain hemisphere of LPS preconditioned mice compared to saline controls. Thus,
regulation of microglial responsiveness to stroke during LPS-induced ischemic tolerance
could diminish activation of specific inflammatory pathways and limit their capacity to

cause neuronal damage.

Although the mechanisms by which LPS preconditioning suppresses microglial
activation in response to subsequent stroke are not entirely understood at this time,
increased SOD activity in the brain could be involved. SOD plays an important role in
immune responses as it inhibits microglial and macrophage activation and prevents their
production of inflammatory mediators such as TNFo, and ROS,"*** and LPS or DPL
preconditioning increases SOD activity in the brain during MCAO® *>  Thus, the

neuroprotective effects of LPS preconditioning could involve increased expression of
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SOD and other negative regulators that suppress microglia activation during stroke (as

discussed in more detail later in my proposed model).

LPS-Induced Neuroprotection Involves Attenuation of the Cytotoxic Effects of TNFo

Following Stroke.,

Our studies showed that LPS preconditioning attenuates TNFo-induced injury following
stroke. In light of the evidence that supports a deleterious role for TNFou during stroke,
diminished sensitivity of the brain to TNFa could be an important component of the |
neuroprotective mechanisms involved in LPS preconditioning. The capacity of LPS
preconditioning to attenuate the cytotoxic effects of TNFa. following stroke appear to be
mediated in part by reduction of the amount of available TNFa, as LPS preconditioned
mice showed reduced levels of TNFo and increased levels of s-TNFR1 following stroke.
The importance of reducing the actions of TNFa for neuroprotéction by LPS
preconditioning is supported by studies that show exogenous treatment with anti-TNFo
antibody or s-TNFR1 at the time of stroke reduces ischemic brain damage in rodents.””
162, 19 Thig finding also underscores the importance of modulating TNFR1 for
neuroprotection by LPS preconditioning and suggests that increased levels of endogenous
s-TNFR1 could simultaneously neutralize the cytotoxic effects of TNFou and dampen

TNFR1-mediated signaling.
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In addition to reduced extracellular actions of TNF 0., the capacity of LPS preconditioning
to diminish the cytotoxic effects of TNFo appear to invblve a novel neuroprotective
mechanism whereby the cellular response to TNFa is abrogated. I found that LPS
preconditioning reduced neuronal expression of TNFR1 and TRADD following stroke,
* which supports a role for diminished TNFR1-mediated signaling in LPS-induced
neuroprotection. Moreover, the importance of reduced cellular responsiveness to TNFo
for neuroprotection by LPS preconditioning is underscored by my finding that i.c.v.
administration of TNFa. following stroke did not exacerbate ischemic brain damage in
mice that had been preconditioned by LPS. This was in contrast to non-preconditioned
mice, which showed an increase in infarct size in response to TNFo treatment following
MCAO. Furthermore, LPS preconditioning increased the neuronal resistance to the
cytotoxic effects of TNFa following OGD in vitro. These findings indicate that LPS
preconditioning abrogates the deleterious effects of TNFa. during stroke, which could be

a crucial neuroprotective mechanism in LPS-induced ischemic tolerance.

Following stroke, TNFo is a potent cytotoxic molecule and is involved in several facets
of cerebral ischemic injury, perhaps due to the fact that TNFa-signaling involves
pathways leading to both inflammation and apoptosis (Figure 1-3) (as discussed in detail
in Chapter 1, section 7). Thus, LPS preconditioning could diminish TNFo-induced
activation of inflammatory responses and/or apoptosis, and thereby provide
neuroprotection. In support of attenuated TNFo-induced inflammatory responses as a
neuroprotective effect of LPS preconditioning, I showed that peripheral cellular

infiltration was suppressed following stroke in LPS preconditioned mice. Blockade of
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TNFa during stroke reduces ICAM-1 expression and abrogates peripheral cellular
infiltration in the brain following stroke,'*® '** which suggests that mitigation of TNFor-
initiated inflammatory events could be a contributing factor to reduced cellular
infiltration during LPS-induced ischemic tolerance. TNFa is also thought to play a
critical role as an autocrine-mediator of microglial activation in the brain.>* As such, in
the setting of LPS preconditioning, diminished TNFa signaling in microglia could
prevent their prolonged activation following stroke, and would be consistent with our
findings that microglial activation was reduced following stroke in LPS preconditioned
mice. These data suggest that the neuroprotective effects of LPS preconditioning involve
reduced TNFa-mediated inflammatory responses, which could limit the progression of

ischemic injury in the brain.

Suppression of TNFa-induced apoptotic signaling events could also be involved in the
neuroprotective mechanisms of LPS preconditioning. TNFa is capable of activating
apoptosis through signaling events that are mediated by FADD and caspase-8, and could
directly initiate neuronal death following stroke (Figure 1-3). Immunofluorescent
staining in our lab indicated that neuronal expression of FADD was increased following
stroke in non-preconditioned mice. In contrast, mice that were preconditioned by LPS
showed reduced neuronal expression of FADD following stroke. Moreover, microarray
data analysis performed in our lab indicated that expression of caspase-8 was also
reduced following MCAO in LPS preconditioned mice compared to saline controls.

Thus, LPS preconditioning could promote neuronal resistance to TNFa during ischemia
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by reducing expression of the TNFRI-TRADD complex on the cell surface and by

reducing expression of intracellular mediators of apoptosis such as FADD and caspase-8.

An additional mechanism by which the injurious actions of TNFo. could be attenuated by
LPS preconditioning could be through the upregulation of protective responses such as.
antioxidant SQD or the anti-apoptotic proteins such as bcl-2 and bel-x. LPS or DPL
preconditioning increases SOD activity in the brain during stroke.® % SOD activity is
considered an important self-defense mechanism against the cytotoxic effects of TNFa,
as it functions to inhibit TNFo-mediated NF-kB activation and cell death,'®> 197- 198230 1,
addition, upregulation of cell survival proteins could also be involved in the
neuroprotective effects of LPS preconditioning against TNFo-induced injury, as the
ischemic tolerant effects of TNFou pretreatment involve increased expression of anti-
apoptotic proteins bel-2 and bel-x.'”? Such cell survival proteins are neuroprotective
against stroke and also protect against TNFo-induced apoptosis.?" 2% It seems possible
that other cell survival proteins that protect against TNFa-induced injury could also be
involved in the neuroprotective effects of LPS preconditioning. For example, the zinc

finger protein A20, which disrupts recruitment of death domain signaling molecules such
as TRADD and FADD to the TNFRI1 receptor, was recently shown to have a
neuroprotective function in the setting of stroke.”*> Likewise, the inhibitor-of-apoptosis
(IAP) family member c-IAP, which contains ubiquitin protein ligase activity, has been
implicated in neuroprotection against stroke during ischemic preconditioning.*** As c-
IAP functions to target signaling molecules for proteosomal degradation and blocks

8,235

activation of caspase- it could also ameliorate the cytotoxic effects of TNFo, and
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thereby play a role in the neuroprotective effects of LPS preconditioning. Thus, LPS
preconditioning could diminish the cellular sensitivity to the cytotoxic effects of TNEq
during stroke through both downregulation of injurious signaling pathways and the
upregulation of cell survival proteins and negative regulators of TNFo-signaling (SOD,

A20, c-IAP) following stroke.

The neuroprotective effects of LPS preconditioning against TNFo-induced injury
following stroke could also indirectly involve reduced glutatmate-neurotoxicity, as TNFo
and glutamate interact to increase neuronal death. Glutamate is the main excitatory
amino acid neurotransmitter that is increased in response to ischemic injury. Glutamate
binding to its postsynaptic receptors causes an influx of calcium that promotes neuronal
death. Glutamate-excitotoxicity in general is linked to excessive glutamate activation of
receptors, particularly the N-methyl-D-aspartate (NMDA) receptor. TNFq directly
potentiates glutamate-induced neurotoxicity, which appears to be mediated in part
through activation of glutamate-NMDA receptor and activation of NF-kB.'*” 2¢ TNFo,
also indirectly contributes to glutamate-neurotoxicity by inhibiting glutamate uptake,
which would be expected to further sustain the extracellular levels of glutamate and

VIl 24 Thus, reduced actions of TNFa. following stroke could

thereby neurotoxicity.
further contribute to the neuroprotective effects of LPS preconditioning by reducing

neuronal vulnerability to glutamate excitotoxicity.
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LPS-Induced Cerebral Ischemic Tolerance and Endotoxin Tolerance: A Common

Reprogramming Mechanism?

My findings in LPS preconditioning reveal that suppression of injurious inflammatory
responses to stroke could be an important component of the neuroprotective state. This is
similar in nature to endotoxin tolerance, wherein a prior exposure to low dose LPS
protects against the otherwise toxic effects of large doses of LPS. The protective state
observed in endotoxin tolerance is manifested by suppressed macrophage activation and
reduced production of inflammatory cytokines (TNFa, IL-1B and IL-6) in response to
challenge with LPS.'?> Furthermore, low dose LPS priming leads to sustained or
increased production of anti-inflammatory mediators such as s-TNFR1 and IL-10 that
further limit inflammation. This specific change in the cellular response to LPS-induced

! I postulated that the reprogramming

injury has been referred to as reprogramming.’
capacity observed in endotoxin tolerance could also be involved in LPS-induced

neuroprotection against stroke.

In support of this postulate, our findings reveal that neuroprotective features of ischemic
tolerance during stroke resemble effects observed in endotoxin tolerance. First,
microglia-macrophage and monocyte cell populations are not activated in response to
subsequent stroke in LPS preconditioned mice. Secondly, TNFo production is decreased
and s-TNFR1 production is increased in response to stroke in LPS preconditioned mice.
The altered ratio of TNFot to s-TNFRI is considered a hallmark of reprogramming in

endotoxin tolerance, representing the shift from inflammatory to anti-inflammatory
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responses_.12 In view of these parallels between the neuroprotective state induced by LPS
preconditioning and endotoxin tolerance, it seems possible that common mechanisms
may underlie endotoxin and ischemic tolerance induced by LPS. The neuroprotective
effects of LPS preconditioning could involve an analogous reprogramming mechanism in

the setting of stroke, thereby limiting injurious inflammatory responses.

The reprogramming capacity of LPS preconditioning would be expected to be
neuroprotective in the setting of stroke, as microglia-macrophages may shift the balance
between production of inflammatory and anti-inflammatory mediators to ischemic injury.
Microarray analysis performed in our lab indicated the genomic response to stroke is
‘altered in LPS preconditioned mice. This unique change in gene expression in response to
ischemic injury could represent a neuroprotective response due to reprogramming, as
expression of several inflammatory genes such as cytokines (IL-1B, IL-6, 1L-12),
chemokines (IL-8, MIP-1c, MCP-1, MIP-20/CINC) and adhesion molecules (ICAM-1
and VCAM-1) was suppressed in response to stroke in mice preconditioned by LPS.
Furthermore, uniquely expressed patterns of genes observed following stroke in mice that
have been preconditioned by LPS indicated that anti-inflammatory and neuroprotective
responses involving TGF-f and type-I interferon were increased following stroke.2?> 240
These findings suggest that the neuroprotective effects of LPS preconditioning may
involve reprogramming the brain’s response to stroke, wherein injurious inflammatory
pathways such as TNFo are decommissioned and beneficial anti-inflammatory and
neuroprotective pathways are increased. Such a reprogramming phen(itype in the setting

of stroke is also consistent with our finding that LPS preconditioning suppressed
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neutrophil accumulation in the brain following stroke, as neutrophil activity and

infiltration are also decreased in endotoxin tolerance.'®’

In view of this analogy between endotoxin tolerance and LPS-induced neuroprotection, I
would further propose that the capacity of LPS preconditioning to reprogram the brain’s
response to ischemic injury could involve de novo synthesis of negative regulators of
inflammatory signaling as a consequence of prior immune activation by LPS. In
endotoxin tolerance, increased expression of feedback inhibitors such as SHIP-1, SOCS-1
and IRAK-M, are crucial for host protection against excessive inflammatory responses
initiated by toxic LPS.'*”- 128241 Thege negative regulators are induced by prior low dose
LPS priming and function to extinguish or modulate TLR4 and inflammatory cytokine
signaling to subsequent LPS-challenge. Indeed, findings in our lab have revealed that
LPS preconditioning increased expression of the negative regulators SHIP-] and SOCS-1
in the brain prior to stroke, which could function to limit TLR4 and TNFo-induced
inflammatory pathways as in endotoxin tolerance. Furthermore, activation of
inflammatory pathways and de novo protein synthesis are crucial for the ischemic
tolerance induced by LPS preconditioning, as the neuroprotective effects of LPS
preconditioning were blocked by co-treatment with anti-inflammatory drugs or protein
synthesis inhibitors, and common inflammatory mediators such as TNFo. and NO appear
to be involved in both the ischemic tolerant effects of LPS preconditioning®® ** and in the

establishment of endotoxin tolerance.?**%
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Our findings indicate that TNFo in particular, could be a crucial mediator of the
reprogramming response to stroke during LPS preconditioning by ultimately diminishing
subsequent TNFa-induced inflammatory responses and promoting TNFa-induced
neuroprotective responses. The capacity of LPS preconditioning to diminish neuronal
vulnerability to subsequent ischemic injury depends on TNFo, which indicates that
TNFOL is essential for priming the emergence of the neuroprotective state by LPS
preconditioning. Indeed, pretreatment solely with TNFo increases expression of the
neuroprotective proteins MnSOD, bcl-2, bel-x and calbindin in cortical neuronal
cultures. 6% 171 172 Importantly, TNFo pretreatment in cultured brain cells reduces cellular
activation to subsequent challenge with TNFo, as NF-kB driven gene expression was
modified such that ICAM-1 expression is suppressed, while expression of MnSOD is
preserved.'®® '7® This capacity of TNFo pretreatment to suppress subsequent
inflammatory effects induced by TNFo. while preserving neuroprotective responses to
TNFa: could be a crucial component of the reprogramming response to stroke induced by

LPS preconditioning.

In support of this postulate, microarray analysis in our lab indicated that following stroke,
expression of ICAM-1 was decreased while exp'ression 0of MnSOD, bel-2 and calbindin
was increased in LPS preconditioned mice compared to saline controls. This is consistent
with a shift in TNFo-induced signaling events observed in “TNFo-tolerance” as
mentioned above, suggesting that the inflammatory actions of TNFo. are inhibited while
neuroprotective actions of TNFa are enhanced during ischemic tolerance induced by LPS

preconditioning. That suppression of TNFo-induced injurious inflammatory responses is
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a component of the reprogramming response in LPS-induced ischemic tolerance is
further Supported by our finding that LPS preconditioning suppressed microglial
activation and cellular infiltration following stroke, as the ischemic tolerant effects of
TNFo, preconditioning are sufficient for suppression of microglial activation and cellular
infiltration in response to stroke.”® Finally, neuroprotection against subsequent TNFo-

induced neuronal death was a crucial component of LPS-induced ischemic tolerant state.

A Model of LPS-Induced Neuroprotection Against Stroke.

In conclusion, these studies advance our understanding of the neuroprotective effects of
LPS preconditioning. The findings in this thesis reveal that suppression of injurious
inflammatory responses to stroke may be a crucial component of the neuroprotective
mechanism of LPS preconditioning. Intriguingly, the neuroprotective features observed
in ischemic tolerance induced by LPS preconditioning parallel the adaptive
reprogramming strategy observed in endotoxin tolerance. This suggests that LPS
preconditioning could cdnfer neuroprotection by reprogramming the brain’s response to

subsequent stroke, thereby limiting injurious inflammatory responses.

I present a schematic model of LPS-induced neuroprotection against stroke in Figure 5.
In response to LPS preconditioning, macrophages and microglia in the periphery and
brain initiate inflammatory responses and produce TNFa, thercby inducing de novo

protein synthesis of negative regulators of inflammatory signaling pathways (SOD, NO,
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SHIP-1, SOCS-1, IxB, A20, ¢c-IAP). TNFa prior to stroke is a crucial effector of the
reprogramming response induced‘ by LPS preconditioning, as it acts in an autocrine
manner in microglia and a paracrine fashion in neurons to ultimately uncouple TNFo.-
induced injurious responses and promote TNFa-induced neuroprotective responses
(SOD, bel-2, calbindin). Thus, in the setting of LPS preconditioning, the host’s response
to subsequent stroke has been reprogrammed such that activation of injurious
inflammatory responses to stroke is suppressed. Activation of monocytes and microglia
is suppressed and production of injurious inflammatory mediators such as TNFq is
reduced, while production of anti-inflammatory mediators such as s-TNFR1 is increased.
This shift in the inflammatory response minimizes cerebral vascular damage and
peripheral cellular infiltration, and thereby reduces ischemic brain damage. Moreover,
increased resistance within the brain to TNFo-mediated damage is a crucial component
of the neuroprotective state, as TNFa-induced neuronal damage is reduced while TNFo-

induced neuroprotective actions (SOD, ble-2, calbindin) could be increased.
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Figure 5. Schematic representation of LPS-induced cerebral ischemic tolerance to stroke.
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PERSPECTIVES

The inflammatory response is essential for elimination of invading pathogens, and in the
case of tissue injury inflammation plays a beneficial role in tissue repair, regeneration,
restoration of homeostasis and elimination of damaged cells. However, it is important
that such immune reactions be appropriately regulated, otherwise excessive inflammation
leads to tissue damage. Following stroke the intensity of the inflammatory response is
deleterious to neuronal function and viability. The finding that LPS preconditioning
causes a suppression of injurious inflammatory responses to stroke may reflect a
conserved mechanism for regulating the host’s response to harmful stimuli. Thus,
strategies that have evolved to protect against sepsis or persistent bacterial infections
could also to be protective against the injurious effects of ischemia. While the capacity
of LPS preconditioning to confer neuroprotection against stroke may not be an
evolutionarily conserved mechanism per se, common molecular mediators of injury in

both sepsis and stroke, such as TNFo or reactive oxXygen species, result in cross-

tolerance.

Intriguingly, recent studies suggest that endogenous signals (e.g. HSP60, HSP70,
fibronectins and hylauronic acid) that originate from injured cells can activate TLR4 in
the same way that LPS activates TLR4 (as reviewed'®). Furthermore, TLLR4 and other
TLRs are increased in inflamed CNS tissue, and recent reports indicate that TLR4
expression is increased in the brain in response to hypoxia-ischemia in rats.2¢ Moreover,

TLR4 has been shown to promote injurious inflammatory responses during ischemia in
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other organs such as the heart and liver, as TLR4-deficiency reduces ischemic tissue

247250 Thus, it is plausible that a minor tissue insult and inflammatory response

damage.
could release endogenous “danger” signals that prime the brain for tolerance via TLR4 to
subsequent ischemic injury that would otherwise involve activation of TLR4.*! As such,
TLR4 could be involved in reprogramming the brain’s response to subsequent stroke via
mechanisms similar to those we observed in LPS-induced ischemic tolerance, wherein
deleterious inflammatory responses are suppressed.  Such homologous tolerance
mediated through TLR4 could‘be an evolutionarily conserved mechanism to protect

against inflammatory-mediated tissue injury, and in the case of the brain, neuroprotection

against stroke.

These findings in LPS preconditioning have important implications in terms of
neuroprotective mechanisms against stroke and suggest that inhibition of specific
inflammatory pathways, such as TNFo. could be promising targets for intervention in
acute stroke. Importantly, LPS preconditioning offers the therapeutic potential to prevent
stroke damage in patients where brain damage is anticipated. Induction of ischemic
tolerance by LPS preconditioning could be crucial for patients that undergo coronary
artery bypass surgery or brain surgery and for individuals at high risk for stroke. Many
stroke survivors are left with severe mental and physical disabilities. Thus, the ability to
salvage the ischemic brain by LPS preconditioning could improve recovery, reduce
requirements for physical therapy and lessen medical costs. Furthermore, induction of
ischemic tolerance by LPS is also known for other organs such as the heart*> and liver,>

and common protective mechanisms could be involved. This implies that the therapeutic
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potential of LPS preconditioning could be very broad in its applications. In addition,
“ischemic-reperfusion injury” is also thought to exacerbate allograft injury during organ
transplantation and is thought to activate the innate immune system.”* Thus, LPS
preconditioning has therapeutic potential for protection against other types of injurious
inflammatory responses as in the case of tissue transplantation. For therapeutic purpose,
it is conceivable that modified forms of Lipid A such as DPL or Lipid A mimetics that
might have fewer side effects in humans would be a beneficial alternative to pretreatment
with LPS. Moreover, the immune stimulatory effects of other PAMPs such as CpGs, are
currently being used for therapeutic treatment of human diseases such as cancer and
allergies.”> It seems reasonable that therapeutic preconditioning with PAMPs other than
LPS could provide neuroprotection against stroke in a similar mechanism as LPS

preconditioning.
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Appendix Table 1. The Physiological Effects of LPS
Preconditioning in Mice

SALINE LPS
Blood gases (mmHg)
pH 7.2+0.01 7.210.03
pCO, 49.8+1.3 58.1+5.2
pO2 345+52.3 369+58.5
Blood flow (PU) 322.2+58.7 328.1+66.4
MABP (mmlig) 84.742.4 82.5+0.5
Heart rate (bpm) 442.6+18.4 448.5+14.7
Temperature (°C)  36.14+0.21 36.3+0.17
Weight (g) 24.25+40.34 23.56+0.41
Glucose (mg/dL) 97.11+3.34 100.75+2.67

Physiological effects of LPS were measured at the time of
MCAO (72h post treatment with 0.2mg/kg LPS or saline)
under anesthesia. Values are mean + SEM, *p<0.05 vs
saline controls, n = 8 mice/treatment. MABP: mean arterial
blood pressure; PU: perfusion units.
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Appendix Table 2. The Effect of LPS Preconditioning on Peripheral

Cellular Composition in Mice

1d 2d 3d 4d

Neutrophils

Saline 6.1 +0.3 4.6+0.5 6.5+0.6 4.3+0.6

LPS 42.6 +3.2% 13412 4.8+0.5 4.0+0.5
Monocytes

Saline 8.6 +0.6 8.0+0.2 81+0.8 8.0+0.8

LPS 1394 13% 10.1 +0.8* 18.3 + 2.0% 14.7 + 0.9*%
T cells

Saline 22.0+0.6 235+22 22.240.6 240+ 1.8

LPS 15.04 1.8% 185+1.1 225+11 22.8+40.8
B cells

Saline 54.5+0.8 548+1.4 498 +1.7 534+1.6

LPS 28.2+2.1% 50.8+1.1% 46.7+2.9 52.6+1.3

Blood was collected over time from mice that were preconditioned with LPS
(0.2mg/kg) or saline, and the cell populations were quantified by flow
cytometry. Equal numbers of CD45" cells were gated and the values are mean
percentage of CD45" cells + SEM, * p<0.05 vs saline controls, n = 8 mice/
treatment. Note: Actual cell number was also determined at these same times

and was found to directly correlate with the changes in cell percentages shown
here. ‘
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