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ABSTRACT

Microglia are the only resident immune cells in @€S, and they are major producers of
inflammatory molecules. The overarching hypothgsisling this thesis is that microglia are
activated by pathologic forms of hypoxia, to indtice expression of pro-
inflammatory/neurotoxic molecules and contribut@éaropathology. Experiments utilize both
animal and cell culture models as well as immunasme#ic microglia isolation from fresh CNS
tissue and a newly developed flow cytometry metiwodirectly examine the impact of hypoxia
on microglial function and investigate the mecharsisegulating these responses. Our initial
studies demonstrated that a single sustained hgfrerxygenation (HRO) event was sufficient
to induce pro-inflammatory gene expression in ngtieoof rats exposed 2 hours of sustained
hypoxia (10% @) followed by a return to room air for 22 hours dddition, the HRO event
modulated P2X4 and P2X7 purinergic receptor sigggtiathways, such that the P2X receptor
agonist BzATP, promoted inflammation under normavaaditions and had protective/anti-
inflammatory effects following HRO, suggesting thatroglia are activated by a single hypoxic
event and that purinergic receptors play an impomzodulatory role. We next investigated the
effects of multiple, brief HRO events (intermittdntpoxia), on microglial inflammatory
activities. Intermittent hypoxia (IH), is a hallnkaieature of sleep disordered breathing, and it
causes significant neurological deficits. Oxidatbeess and inflammatory pathways play a
central role in IH-induced neuropathology, howevtlee, cellular source(s) and mechanisms
underlying IH-induced inflammation are poorly unstend. This thesis explores the role of
microglia in IH-induced neuroinflammation, and itiéas key pathways modulating these
responses. We found that IH up-regulated micrbghecinflammatory genes/proteins in rodent

models of IH, effects that are region-specific,hnattime course correlating with neuron death.



X
Importantly, toll-like receptor 4 (TLR4) expressimas also increased in microglia exposed to
IH (bothin vivo andin vitro) with a time course corresponding with pro-inflaatory gene
expression acutely. However, TLR4 up-regulatiorsis¢ed even after inflammation returned to
baseline, suggesting it may not be exerting priammatory effects chronicallyn vitro, we

found that the microglial inflammatory responséHds attenuated in primary cells derived from
TLR4 deficient mice, suggesting that TLR4 is a kegeptor mediating IH-induced microglial
inflammatory activation.In vitro, upregulated microglial TLR4 exacerbated theilaimimatory
response to a TLR4 agonist, lipopolysaccharide jl.B&ygesting that IH may prime microglia
to become more pro-inflammatory. To test if thisswruen vivo, systemic inflammation was
induced by intraperitoneal LPS injection in micgpesed to 14 days of IH. Surprisingly,
microglial inflammatory responses to LPS were att¢ad, whereas the expression of anti-
inflammatory cytokines and trophic factors suclingsrferon$, interleukin-10, and brain
derived neurotrophic factor were increased by THese findings suggest that chronic IH may
shift the TLR4 signaling pathway from a primarilsoginflammatory (MY D88-dominant) to an
anti-inflammatory (TRIF-dominant) signaling pathwagrhaps as a mechanism of
compensation to provide neuroprotection againsthimenically injurious IH stimulus. To better
understand the gene regulatory effects of IH orragica, we investigated the ability of chronic
IH exposure to induce epigenetic changes knowedalate microglial inflammatory responses.
We focused on a class of Jmj-C domain containistphe demethylases (Jumonijis) whose
expression is up-regulated by hypoxia but alsoirequolecular oxygen for catalytic activity.
We found JMJD3 and JMJD?5 to be enriched in miceogbmpared to other CNS cell types
using the newly developed flow cytometry method. &é® found JMJD3 expression to be

increased by IHn vitro and in microglia isolated from rats exposed tartd time frame
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correlating with peak inflammatory gene expresshareover, IH-induced inflammation in
cultured microglia was attenuated in the preseift¢eeoJMJID3 inhibitor, GSK-J4. These
findings suggest that IMJD3 is an important mediatdH-induced pro-inflammatory gene
transcription in microglia. Overall, this reseapovides fundamental information into the
biological responses of microglia following exposto IH, and has identified 3 pathways
whereby IH-induces microglial inflammation. Thesadies lay the foundation for future work
exploring the manipulation of microglial inflammagcand neurotrophic phenotypes by IH. In
addition, they also provide insight into cell regfior'y mechanisms that may be therapeutically
targeted in microglia to reduce their activatiorsieep apnea and other diseases associated with

microglial inflammatory activities and hypoxia.



CHAPTER 1

INTRODUCTION & LITERATURE REVIEW

Stephanie M.C. Smith

Portions of this chapter are in preparation forljzalion



INTRODUCTION

Sleep-disordered breathing, most commonly expeegas obstructive sleep apnea
(OSA), affects millions of people worldwide and lggsned recognition over the past few
decades as an important and growing global healthern. By current estimates, ~6% of
women and 13% of men between the ages of 30-7Cierpe moderate to severe SHB
representing a 43% and 48% increase in the presai@hSDB over the past 2 decatfes
Perhaps even more alarming than the sheer preeatdér@SA is the overwhelming body of
research linking OSA to an increased risk of dgwelg and/or exacerbating cardiovascular
diseases, metabolic disorders, and cognitive dgfiti The most common treatment for OSA is
continuous positive airway pressure (CPAP) whicaipplied via a nasal device throughout the
night, but despite the devastating consequenc@séf, the cumbersome nature of this treatment
along with other factors including poor educationtloe risks associated with OSA results in low
patient compliance As such, increased research efforts have sdaghtderstand the
biological consequences of OSA in order to develeyw pharmacologic/therapeutic treatment
options for OSA. A link between all of these OS#saciated co-morbidities is inflammation
which is known to play an important role in theimtion, progression, and/or severity of each
conditio?™° The pathological consequences of OSA-inducddrimhation have been best-
studied in the context of cardiovascular diseaskaaa the subject of several recent reviews
While the relationship between the neurologicalssmuences of OSA and inflammation are less
clear, the central nervous system (CNS) is highlyperable to increases in inflammation, as
many of inflammatory molecules are neurotoxic, ariidmmation has been linked to
exacerbation of both traumatic and degenerativeapethologie¥*'> Evidence from animal

models exposed to intermittent hypoxia (IH), aimaltk feature of OSA, suggest inflammation
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underlies OSA-induced neuronal injury and cognitmeairment, and is therefore a promising
target for therapeutic interventiSrt’. However, the cellular sources and mechanismsating
this inflammation are poorly understood.

This chapter will be divided into 3 main sectiorie first section will provide
background information on OSA, the neurologicalsamuences of OSA and the evidence
implicating IH-induced oxidative stress inflammatim this pathology. The second section will
focus on data from animal and cell culture modé&suksing molecular mechanisms mediating
IH-induced CNS injury. In the third section we Mdlscuss our hypothesis that microglia, the
only resident immune cell in the CNS, play a crluidée in IH-induced inflammatory processes
and the potential mechanisms underlying microgéaponses to IH. We focus on what is
known about microglial inflammation, and introdutewn concepts that have yet to be explored.
OBSTRUCTIVE SLEEP APNEA (OSA)

Sleep-disordered breathing is defined as interntitt@d cyclical cessations in breathing
(apneas) or reductions in airflow (hypopneas) #énat specific to the sleep state, significant
enough to cause hypoxemia and hypercapnea, andreftalt in arousal from the sleep state
Thus, sleep-disordered breathing has two primaltynagk features: intermittent hypoxemia and
sleep fragmentatidfi Sleep apnea is the most common form of sleeprdtised breathing and
occurs due to: 1) a collapsing or “obstructiontloé upper airway (OSA); 2) a “central” event or
cessation of brainstem respiratory motor outputtfed sleep apnea; CSA); or 3) a combination
of the twd?®,

OSA is the most common (~90% of all cases) and d¢isé studied form of sleep-
disordered breathifigand will be the primary focus of this review. éTéeverity of OSA is

defined by the apnea/hypopnea index (AHI) wherectimabined number of apnea and hypopnea
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events is divided by the number of hours asleefA Geverity is classified as mild (AHI 5<15),
moderate (AHI 15<25), or severe (AHI<2%) Approximately 1 in 5 adults have an AHI <5.
The prevalence and severity of OSA is significailyreased in obese patiefitsWhile obesity
is the largest risk factor for developing OSA, didaial risk factors include: male sex, age,
ethnicity, menopause, and craniofacial abnorm&fitie?® Obesity and aging are two prominent
risk factors for developing OSA® and as such, the prevalence of OSA is likelytodase as
the incidence of obesity and life expectancy carito risé’. This is particularly concerning as
OSA increases the risk of developing and/or exaterty existing cardiovascular disease,
metabolic disorders, and cognitive defitits*?> CPAP is the most common and effective
treatment for OS&, and regular use of CPAP can reverse many ofdtierae side effects of
OSA?*? While CPAP is particularly effective in improgjrtardiovascular and metabolic
outcomes for OSA patients, CPAP is less effectivieeversing OSA-induced cognitive
deficits> %, suggesting that OSA can cause permanent CNS @anfdgs, alternative
mechanisms to treat the neuropathological conseggesf OSA are of particular interest.

In addition to affecting adults, OSA is experienbsdat least 2-3% of school-aged
children, and 10-20% of children who are habituarers®. Risk factors for children include
obesity and enlarged adenoid tissue that consthetsipper airway. In children, OSA caused
by enlarged adenoid glands can be surgically cddny removal of the excess tis€i& Left
untreated, the condition often improves over therse of development as the upper airway
widens, but long-lasting cardiovascular and cogeitionsequences last into adulthtod>2
While there are many similarities in the pathola§y¥DSA between adults and children
including: disruptions to the cardiovascular systematabolism, cognitive processing and

increased inflammatory processes, the overall efE©OSA on these systems are different
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during development and the adtiltBecause age-dependent differences in the paghimbbgy
of OSA and its associated co-morbidities are beybedscope of this research in this thesis, we
focus here on the effects of OSA in adults, but drihw inference from studies in children when
necessary. For a review on the pathophysiology®# in children refer &+
OBSTRUCTIVE SLEEP APNEA AND CNS DYSFUNCTION

Adults with untreated OSA self-report increasedessive daytime sleepiness (EES)
difficulty with concentration, mood instability, deession, and cognitive problems that
significantly impact quality of lif¥. Clinical studies investigating the effects ofA&n
cognition have yielded mixed results that have mad#ficult to discern the direct impact of
OSA on specific cognitive processe¥ These inconsistencies are likely due at leapainto
differences in sample population criteria, andedifig batteries of the neurocognitive tests used.
However, the interpretation of these studies is asnplicated by the fact that many patients
with OSA also have co-morbidities that are assediat their own right with neurocognitive
decline including diabetes, hypertension, and eeratscular diseade In addition, the
neuropathology of OSA is likely to progress wittmé, and OSA is often diagnosed years after
symptom onset, making it difficult if not impossétio normalize for time since disease offset
Regardless, the overwhelming number of studiesrti@gocognitive deficits in OSA patients is
telling and highly suggestive that OSA negativehpacts cognition. More recently, imaging
studies have demonstrated that OSA patients haveamatomical and metabolic abnormalities
that are consistent with studies indicating cogaitlecliné ™ In addition, neural injury and
cognitive impairment are present in animal modelsighed to mimic the intermittent hypoxia

aspect of OSA™2. Taken together, these studies exemplify the theganpact of OSA on
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neural function. Below we will briefly discuss thejor findings and recent advances arising
from clinical, neuroimaging, and animal studiestlom effects of OSA on the CNS.
Neurological Consequences of OSA

Clinical studies in adult patients with OSA showektionship between OSA and
cognitive impairments which present as attentidicde, memory loss, and decreased executive
functioning. For a comprehensive review on therolegical consequences of OSA, refer to
reference 53. A large population-based studytimeoeffect of OSA on attention found that OSA
patients have reduced coordination of fine motdss#turing sustained attention and
concentration that is not explained by fatigue aytine sleepines$ Additionally, studies
revealed increases in involuntary attention switghin OSA patients that correlated with both
sleep fragmentation and hypoxefiaCombined, these studies indicate that OSA causes
significant deficits in attentive behavior.

Memory is a complex function that can be dividet ittvo main classifications: short-
term and long-term. Memory impairment is a comroomplaint in OSA patienta A large
collection of studies have been performed investigahe effects of OSA on memory, and
some degree of impairment is clear. However, aauwiss on the type of memory affected by
OSA remains uncledt Studies controlling for vigilance report verlepisodic memory is the
most affected by sleep aprigd Overall, these findings suggest OSA has a negatipact on
memory, however the effects may be small and vexiab

Executive function is a term that broadly refershi® management and control of
cognition and includes: working memory, reasonpignning, multi-tasking, and problem
solving. Several studies have reported deficitg@imous aspects of executive functioning in

untreated OSA patients’® and these impairments have been associated adteased



activation of the prefrontal cort&% Possibly, the most notable and intriguing datplicating

OSA in the impairment of executive function comenirstudies investigating the impact of OSA
on incidence of automobile accidents. People @&A are 2-7 times more likely to be involved
in automobile accident$®®*°The complex act of driving integrates executivectioning with
attention and vigilance, all of which are negatyvaffected by OSA. The increased incidence of
automobile accidents likely represents a tangibté @otentially devastating manifestation of the
combined negative consequences of OSA on cognition.

To correlate cognitive impairments observed in Q8A&hanges in the underlying
neuroanatomical structure, a growing body of stati@s taken advantage of MRI technology
and new highly sensitive analytical techniques &agsure gray matter in patients with OSA
compared to controls. For a comprehensive reviethase findings refer to reference 43. The
areas the area most affected by OSA are regioonsiassd with memory, attention, and higher
cognition. Significantly reduced gray matter hasrbeeported in the hippocampus and temporal
cortices in patients with OSA. In addition to atieg regions of higher cognition, several
studies have found decreased gray matter in regibiie cerebellum associated with motor
regulation of the upper airway as well as cognipvecessing
Neurodegenerative diseases and Traumatic/lschemigjury

In addition to the negative effects of OSA on ndrowagnition, OSA is highly correlated
with other major neurological problems. Indeedro®0% of patients with ischemic (e.g
stroke), traumatic (e.g. spinal or brain injurydunodegenerative (e.g. Alzheimer's diséise
Parkinsons'’s disea¥%> Amyotrophic Lateral Sclerosis, Multiple Sclergsiand genetic neural
disorders (e.g. Down’s syndrome, Fragile X) experéesleep disordered breathing/O$AOf

these, the association between OSA and ischemiryisjroke has been the best studied. The



percentage of stroke patients with sleep apneakingly high and has been reported to be
anywhere from 45% to 95% of patiefitsUntreated OSA increases the risk factor for ingna
stroke by >2.5 fold in méf, and stroke patients with preceding OSA have rharetional
deficits than those without OSA and spend more timtae hospital following the ischemic
event®. In addition, if the OSA remains untreated, sérplatients have increased
morbidity/mortality rates, and they are at a heagled risk for having a subsequent stroke.

The impact of OSA on the progression of neurodegeive and genetic disorders is less
understood. However, a recent study in a smalujadjon of Alzheimer’s patients with OSA
found that CPAP improved cognitive scores in tleélf of memory and attentitrsuggesting
that some of the cognitive deficits exhibited iegh patients could be slowed or reversed by
treating the OSA. However, these studies nee@ t@peated on a larger cohort of patients.
OBSTRUCTIVE SLEEP APNEA: AN INFLAMMATORY DISORDER?

Inflammation is a complex, programmed biologicalgass that is initiated in response to
infection or injury. It is the body’s natural mectism designed to remove/heal the insult and
return the system to homeostasis. However, wherptbcess goes unchecked or becomes
dysregulated, it has deleterious effects on healthcan often cause or exacerbate disease. Over
the past several years, numerous studies haveeddbat patients with OSA have higher levels
of circulating inflammatory molecules compared tatomed control subjects without O%A®
While the biological consequences of OSA-inducdidmmation are not well understood, it is
hypothesized to play a role in the development@odression of OSA-associated co-

morbiditie$® "2



Systemic Immune Response

The connection between OSA and inflammation is destumented in the periphery,
where both children and adults with OSA are rembttehave higher levels of circulating
inflammatory molecules. Increased levels of theipflammatory cytokine, tumor necrosis
factor (TNF)a in OSA patients is perhaps the most consisteuleene to support the notion that
OSA can directly activate inflammatory pathwdys In addition to TNE, other molecules
indicative of inflammation are reportedly increase®SA patients including the pro-
inflammatory cytokines interleukins (IL)el-6, -8, and -18, and cell adhesion molecules
(CAMSs)*®"*7> additionally, circulating levels of the anti-isfinmatory cytokine IL-10 are
decreased in OSA patieft§® T-cells, monocytes, and neutrophils are repaxddse major
producers of inflammatory molecules in respons®$®\’°. Many of these molecules decrease
to normal levels after surgery or treatment of Ofith CPAP®, suggesting that the increased
inflammation is a direct consequence of OSA.
Consequences of inflammation

Inflammation is known to increase the risk of dey@hg and/or exacerbating
cardiovascular disease, metabolic syndrome, masmtdirs, and neurodegenerative
diseases™’""® Therefore, OSA-induced inflammation may be oreenanism underlying the
pathological consequences of OSA. Here we will@epthis concept more fully, as well as
what is known about inflammation in the progressiboardiovascular, metabolic, and cognitive
disorders.

Cardiovascular Disease
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The causative link between inflammation and caralsoular disease is becoming
increasingly appreciated, and the role of OSA is plaradigm has been the subject of several
recent review$®°

Inflammation has been implicated in all phasestioé@sclerosis developméht It is
understood that immune cells, primarily monocysethere to the vasculature in response injury,
lipid peroxidation, or even infection, and producgammatory molecules such as cytokines,
chemokines, and adhesion molecules that faciliteeecruitment of foam cells, ultimately
resulting in vascular plagque formatt8n

Several of the pro-inflammatory molecules repottele increased in OSA patients
including TNFe, IL-8, and CAMs independently increase the rigkdeveloping atherosclerosis
and other cardiovascular diseases. Cardiovasdidease and particularly atherosclerosis, is
associated with cognitive declifi€® While all of the factors discussed above cartrimite to
heart disease, they are also predictors of CNSudgtibr{’. The brain is a highly metabolic
organ, utilizing up to 20% of total oxygen consuiopt’. Plaque formation and narrowing of
the cerebrovasculature reduces blood flow to th& @éulting in inefficient oxygen delivery
and waste removal. This can ultimately resulbim development of a form of dementia known
as vascular dementfa In addition, increased inflammation within trerebrovasculature can
cause endothelial cell dysfunction and disruptibthe blood brain barrier, thus increasing
diffusion of inflammatory molecules and enablingipkeral immune cell infiltration into the
CNS".
Cognitive deficits

While it is unknown if OSA-induced systemic inflaration plays a definitive, causal

role in the associated cognitive impairments, tiies®me evidence in support of this idea. As
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previously discussed, there is an increased incelefhmood disorders including mood
instability, depression, and cognitive problemg #gignificantly impact quality of life among
patients with OSA"®? While the root of these problems is unknownpecit systemic and
central inflammation are believed to be a contiiiufactor to the development of major
depressive disord&rsupporting the idea that OSA-induced inflammatitay underlie some of
these mood disturbances experienced by OSA pdtieiany of the inflammatory molecules
increased in patients with OSA are among the mé#sddentified to regulate depressive
disorders including: TN&, IL-6, CAMs, and various chemokirés Although this is an
intriguing prospect, there have been no studieshgtthave directly examined the correlation
between OSA, inflammation, and mood disruption.

To our knowledge, only two studies have directlyeistigated the relationship between
OSA-induced inflammation and cognitive impairmentse first study found that increased
blood concentrations of the soluble TNF-recept@TINF-R1) correlated with diminished
cognitive performancé The second found that OSA patients with metalsylimrome are at an
increased risk of developing cognitive deficits gamed to those without metabolic syndréme
But interestingly, after stratifying for inflammat, only those with metabolic disorder coupled
with a high level of inflammation were at risk fdeveloping cognitive deficifé These results
indicate that inflammation may be a more robustligter of the risk for developing OSA-
induced cognitive decline. Failure to account fos imay explain some of the discrepancies
between studies investigating the impact of OSA&agnition.

IH AND NEUROPATHOLOGY: FINDINGS FROM ANIMAL MODELS
IH is only one component OSA. OSA patients algoegience sleep fragmentation and

airway obstructions which cause increased intragakpressufe In addition, OSA patients
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often have confounding variables such as obesiyearsting cardiovascular disease. While the
consequences of OSA are likely to be combinatondh all of these factors contributing to
pathology, animal models mimicking the IH aspecO&A have become useful research tools to
study the pathophysiology of OSA since they develagliovascular, metabolic, and cognitive
disorderg™®®that are similar to presentations in OSA patieftse role of oxidative stress and
inflammation in the progression of IH-induced néumgury are among the exciting findings
emerging from this body of research.

Intermittent hypoxia is a broad term used to déscrepeated exposures of hypoxia
followed by reoxygenation. It is important to ndi@t not all IH protocols are made equal, and
they can have widely disparate effects on the syskepending on hypoxia severity, duration,
and number of the hypoxic evefftsIndeed, mild to moderate IH protocols can hasediicial
effects and can be used therapeuti€&if} while severe and chronic IH protocols (as in the
sleep apnea animal model) cause deleterious ahdlpgic effects’. In this chapter, we focus
on the pathologic paradigms of IH as those indweginflammation, promote cognitive and
memory impairments, and promote neuronal lossdemomodels.

IH-induced neurotoxicity

Whereas insights from clinical studies have yieldedful information into the
neuropathology associated with OSA, the mechanismdsrlying OSA-induced cognitive
deficits and neural injury are not easily studiedhumans. Animal models mimicking the IH
component of OSA exhibit cognitive deficits and reaal injury strikingly similar to what is
observed in OSA patients. In a seminal paper bzaet al., they reported increased neuronal
apoptosis in cortical and hippocampal regions is exposed to intermittent hypoxia, and this

neuronal loss correlated with spatial learningaefl’. This was the first study to report neuro-
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cognitive deficits in an animal model of IH andhés since sparked intense research efforts into
the neuropathological consequences and moleculeinanesms underlying IH-induced CNS
injury.

Consistent with the MRI information from OSA patignanimal models also exhibit
regional susceptibility of IH-induced damage. Intbmouse and rat animal models, regions
associated with memory and cognition are the hadied. Numerous studies using both rodent
models have reported that neurons in the cbfféx’*and hippocampu¥-®*are particularly
susceptible to IH-induced apoptosis, and this agpis associated with decreased performance
on cognitive testé'®>  Surprisingly, there is differential susceptityilof neurons within the
hippocampus to the damaging effects of IH; sigaritcneuronal apoptosis is observed in the
CA1 region, while the CA3 region is somehow pratedrom these effects® Additional
studies in animal models have provided evidendelenduced neural injury to cerebellar
Purkinje cells and apoptosis of fastigial nucleimas, both of which are important for
cardiovascular and respiratory patterning and cdfitr Interestingly, in several cases, neuronal
death and cognitive impairments were prevente@wernsed with the administration of
compounds that interfere with oxidative stressiafldmmatory pathway$§*"*>* These
findings suggest that oxidative stress and inflationamay underlie IH-induced neural injury.
Role of oxidative stress and inflammation in IH-induiced neuronal death

Oxidative stress and inflammation are highly irgé&ated, and both are known to cause
neuronal death. Repeated exposure of hypoxiaemdg/genation can induce cellular oxidative
stress, or a shift in the energy balance withielaresulting in increased production of reactive
oxygen species (ROS) or reactive nitrogen spe&lBES) that supersede the antioxidant

capabilities of the ceft®. Animal models of IH exhibit signs of oxidativeess within the CNS
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as evidenced by the presence of lipid peroxidatj@nd increased levels of ROS- producing
enzymes”* all of which correlate with neuronal death andritive impairments. In addition,
antioxidant treatmefit® or inhibition of ROS producing enzyniésan reverse these effects,
further signifying the importance of oxidative stsan the progression of IH-induced neuronal
injury.

Oxidative stress is an upstream mediator of inflatury processé¥, and of particular
note, has been shown to regulate the expressithe giro-inflammatory enzymes inducible
nitric oxide synthase (iNOS) and cyclooxygenas&@X-2), both of which have been
implicated in the progression of IH-induced neutangiry***°**% |n animal models, IH
induces the expression of INOS and COX-2 in nedroelés, and inhibition of either molecule
has protective effects against neuronal apoptosicagnitive deficit®*® Taken together,
these studies implicate oxidative stress and inftation as key mechanisms whereby IH
induces neuronal death. Oxidative stress may hgsimeam mechanism by which IH induces
inflammation within the CNS.

DIFFERENTIAL CELLULAR RESPONSES TO INTERMITTENT HYP OXIA

Animal models of IH provide useful information redeng the effects of IH in the CNS.
However, the complexity of the intact system makesficult to ascertain the direct effects of
IH on specific CNS cell types. While animal modate more physiologically relevant, cell
culture systems are useful tools for the studypetdic cell populations, anid vitro systems
provide unique insights into the differential cédiuresponsiveness to a given stimuli.

Approximately 16 10" neurons comprise the adult CNS, and they are stgzbby
possibly 2 times that many glial cells includingrasytes, oligodendrocytes, and microglia.

Before discussing the cellular susceptibility ttemrmittent hypoxia it is important to note the
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heterogeneity that exists within of CNS cell popiolas. For example, hundreds of distinct
neuronal cells have been classified based on famathorphology, neurotransmitter production,
and localization within the CNS. As such, it iagsenable to presume that there will be at least
some heterogeneity in the cellular responses afomswand the surrounding glial cells to IH due
to differences in cellular functions and the mier@ieonments in which the cells reside. This is
particularly important to consider when interprgtilssue culture studies which utilize either
immortalized neuronal cell lines or primary cellgtared from embryonic tissues that are grown
in vastly different environments compared to théveaintact system. Here we will discuss
what is known about the molecular mechanisms medialifferential cellular susceptibility and
responses of CNS cells to oxidative stress andrmfiation, and how these findings relate to IH-
induced neuropathology.

Thus far, few studies have looked at the effectgladn CNS cells in culture. However,
numerous studies have investigated the impacsoigle sustained hypoxic event followed by
reoxygenation. This paradigm of hypoxia/reoxygema(HRO) is commonly utilized to study
one aspect of ischemia/reperfusion injury, witheotfeatures being nutrient (glucose)
deprivation and mechanical injury caused by reméofuof the tissue. Because of the relevance
of HRO to ischemic injury, its cellular and neurtipaogic effects have been widely studied,
and may provide useful insights into the mechanisngerlying IH-induced injury. Importantly,
in HRO models, cells are exposed to a single suedidnypoxic episode followed by a single
reoxygenation event, while IH consists of repeasboster episodes of hypoxia and
reoxygenation. Thus, the HRO model may providehts into the general cellular responses to
hypoxia and reoxygenation, although the patterncamdtion of HRO as experienced in IH, are

certain to impact cellular responses. Neverthelggh so few studies investigating IH in
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culture, we will draw on the HRO literature whercessary to piece together what is known
about the cellular responses to hypoxia, and coenthits with data from animal studies to
speculate about the differential effects of IH dd<Ccells.
Neurons

Neurons form the core component of the CNS andititei all sensory, motor, and
cognitive functions. Although there is evidencereuro-regeneration in the hippocampus and
olfactory bulbs, neurons are primarily post-mitatedls that differentiate from stem cells early
during development; this differentiation ceases adulthood®® This inability for neuronal
cells to regenerate may explain why CPAP therapgsis effective in restoring OSA-induced
cognitive impairments. Thus, the mechanisms ugogyineuronal death/dysfunction are of
particular interest for the development of new dipeutic interventions.

Neurons are by far the best studied CNS cell irctmext of IH. As expected, IH
affects various neuronal populations differentlg. gxeviously discussed, IH causes neuronal
injury and death in cortico-hippocampal regionsle/lither regions including the brainstem and
spinal cord neurons undergo physiological adapiatibat are believed to be neuroprotective to
preserve the cardio-respiratory systensuch differences are difficult to recapitulateitro,
likely due to the difficult nature of culturing ¢am populations of neurons as well as an inability
to accurately recapitulate the proper microenvirenin To our knowledge, no studies have
investigated the impact of IH on neuronal culturelawever, several studies have investigated
HRO, in hippocampal and cortical neurons. Exposfiteese neurons to HRO in culture
promotes apoptotic cell death as a result of irgdd&OS and RNS which induce glutamate

release from neurons. Glutamate binds NMDA reaspenhancing excitability, and causes cell
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death due to excitotoxicit{#. Neuronal survival in response to HRO is incrddaehe presence
of antioxidants and/or ROS/RNS inhibitdf%'41%°
Astrocytes

Astrocytes are the most numerous glial cell typtneénCNS. They provide metabolic
support to neurons, uptake neurotransmitters, adgudn homeostasis, maintain the blood-brain
barrier, and mediate scar formation/tissue repaiesponse to injuf§’. Astrocytes have long
been appreciated for their ability to produce n&oghic factors that support neuron he¥fth
but very little is known about their response to IH

To date, only one study has specifically lookethatastrocytic response to IH. In a rat
model of IH, there was significant astroglial hyplesia and hypertrophy in the cortex and
hippocampus that persisted even after neuronaltapisthad ceasél In addition, they
observed increased branching and restructuringafamal circuits despite the presence of
reactive gliosis. Thus, astrocytes may be neuteptive and promote survival under conditions
of chronic exposure to IH. This is consistent vétprevious study where astrocytes exposed to
HRO in culture increased IL-6 production in a RC&speindent manner, and this IL-6 protected
PC-12 neurons from HRO-induced dé&th

Astrocytic processes line the vasculature in th&@Nd help maintain the integrity of
the blood-brain barrié¥. IH increases angiogenesis and vascularizatiaheo€NS', but thus
far, no studies have examined whether IH altersritegrity of the vasculature within the CNS.

If IH does alter the integrity of the vasculaturghw the CNS, it could result in the breakdown
of the blood-brain barrier and increase leakageroteins and water into the CNS promoting
brain damage’. Results from studies investigating astrocyte/ttbrain barrier function in

response to HRO have yielded mixed restits
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Oligodendrocytes
Oligodendrocytes are the myelinating cells in ttNSC They undergo a complex

proliferation and differentiation process culmingtithe insulation axon shedth Disruption of
myelination during development results in cognitikeficits and neuro-structural
abnormalitie$'® In the adult CNS, demyelination causes reduagmbsitransduction, axon
damage and neuron death. To date, no study hetlgiexamined the effects of IH on
oligodendrocytes in the adult CNS, but adults V@®BA have reduced white matter in multiple
CNS regions, which suggests there may be demyelmathrinkage of axons, and/or axonal
loss™3 One study investigating the effects of IH on deseloping CNS found that IH causes
significant damage to immature oligodendrocytedevmature oligodendrocytes are less
affected™. Interestingly, there are regional differencethim effects of IH on oligodendrocytes,
as there was decreased myelination in the corglesamn, striatum, fornix, and cerebellum
whereas the pons and spinal cord retained normelinagion**. In addition, IH decreased the
expression of several proteins associated with imgtbn in the affected CNS regions,
indicating that changes in the process of myelimaéind possibly arrested oligodendrocyte
maturation correlate with observed decreases irofiament synthesis, stunted axonogenesis,
and synaptogenests. A second study investigating the effects of htbe developing brain
also showed that IH caused significant decreastgeimyelination of the corpus callosum, and
that these effects were irreversible and more sewelH-treated animals compared to those
treated with sustained hypo& These findings may explain the long-lasting ctigeideficits
exhibited by children with OSA and young animalp@sed to IH. However, the mechanisms

underlying IH-mediated injury of oligodendrocytesmain unclear.
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Microglia

Microglial cells are similar to macrophages andtheeonly resident immune cell in the
CNS. In the healthy brain, microglia exhibit a rfAed morphology with highly dynamic
processes that continuously survey the brain, mpsitnaptic health, and facilitate synaptic
pruning/remodeliny®. When disturbances in cellular homeostasis aectk=l, they undergo a
complex activation process enabling them to migrathe site of injury, proliferate,
phagocytose cells or cellular debris, and prodaogel quantities of neurotoxic and/or
neuroprotective molecul&S. Microglial activation and production of inflamtoay molecules
contributes to neurotoxicity in almost all knowrungdegenerative, traumatic and ischemic
injuries. The involvement of microglia in the cohttion to IH-induced neuropathology has
been widely speculated, but no studies exceptwar(€hapters 4, 5, and 6) have directly
investigated the impact of IH on any microglialiaity.

Although no studies have directly investigatedrble of microglia in OSA or IH-
induced neural injury, these cells are a likelyrsewf inflammation in the CNS. We know that
a single episode of hypoxia/reoxygenation is sigfitto activate cultured microglia and
promote an inflammatory stat& Many molecules have been shown to regulate theogiial
inflammatory response to HRO including oxidativeynes, mitogen-activated protein kinases
(MAPKSs), and transcription factors ultimately resu in production of pro-inflammatory
molecule$’# These molecules and their potential role innideiced inflammation will be
further discussed. In addition, IH causes oxidasitress and neuronal damage, both of which
are signals of cellular distress that induce tiease of molecules known to activate microglia
124 Microglial production of inflammatory molecul@sresponse to inflammatory stimuli likely

exacerbates the already injured CNS and furthenptes neuronal injury. In the following
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sections, we will explore the possible role of ragira in IH-induced inflammation and
neuropathology in greater detail.
INTERMITTENT HYPOXIA AND CNS INFLAMMATION

Thus far, we have provided a literature review earnpathological consequences of
OSA as well as evidence for inflammation as an irtgra factor in the development of OSA
associated co-morbidities. Studies in animal aldcalture models have revealed the extensive
mechanistic and regional heterogeneity in the tliesponses to IH and HRO. Additionally,
animal models identify oxidative stress and inflaation in the CNS as the cause of cortico-
hippocampal neurotoxicity and cognitive deficitidwing exposure to IH. These studies have
provided significant advances into the mechanisnuetlying the neuropathological
consequences of IH and OSA. However, the celkdarce(s) of IH-induced neuroinflammation
and the molecular underpinnings of this inflammatwoe not well understood.

The CNS was once believed to be an immune privileggan. It is now well-
established that the CNS has a specialized popualafiresident innate immune cells known as
microglia that act as the first line of defenseiagfainfection or injury, and that are often a nmajo
source of inflammatory molecules within the CfS However, despite their fundamental role
in neuroinflammation, microglia have never beer&d in the context of IH or OSA. In the
following sections, we focus on microglial cellsepent possible mechanisms whereby IH can
activate microglia, and discuss their potentialtabations to IH-induced neuropathology.
MICROGLIA

Microglia are derived from myeloid progenitor cel&t migrate into the brain
parenchyma during embryonic development where #ftgr become trapped when the blood

brain barrier forms. They then differentiate inteedf-renewing population of mature microglial
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cells'®®. Following this window of CNS infiltration, theis little to no exchange between the
blood and brain parenchyma, and thus, microgliateas a stable cell population that inhabits the
brain, spinal cord, eye, and optic nerve.

While microglia are often compared to macrophagestd their etiologic and phenotypic
similarities, microglia are a specialized immun@ulation with functional characteristics which
are especially suited for monitoring and respondinghanges within the CN%. In the healthy
CNS, microglial cells have a ramified morphologywextensive processes that continuously
survey the environment. Microglial activities assential for the development and maintenance
of the healthy CNS, as they unremittingly monitgmaptic activity, produce neurotrophic
factors, and facilitate synaptic pruning/remodeliigWhen disturbances in CNS homeostasis
are detected due to altered neuronal activityctide, trauma, or neurodegeneration, microglia
rapidly alter their phenotype in a programmed respado the given stimuli. These responses can
include increased motility, proliferation, phagadcyctivity, and the production of pro/anti-
inflammatory and/or immunomodulatory molecules. phsviously discussed, the CNS is a
highly complex organ with extensive regional anliuta heterogeneity which results in vastly
different microenvironments. As such, microgliells are not a homogeneous population, and
they have extensive regional differences in thagab activitie¥**?®as well as in their
responses to pathologic stimféfi Indeed, differential microglial responses magentie some
of the regional heterogeneity in neurotoxicity e ttontext of IH.

Microglia are a major source of pro-inflammatorylewules within the CNS. Many of
these inflammatory molecules are transcriptionadyulated and are very lowly expressed in the
healthy CNS, but they can be rapidly transcribedl @oduced in large quantities in response to

pathologic stimufi*®*3! Many of the pro-inflammatory molecules produdeding pathology
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are neurotoxic, and thus, if this system goes wiatt it can cause severe neurological damage.
Dysregulation of microglial inflammatory pathway® delieved to contribute to the progression
of neurodegenerative patholodi&s
POTENTIAL MECHANISMS OF IH-INDUCED MICROGLIAL ACTIV ~ ATION

Very little is known regarding the mechanisms medgalH-induced CNS inflammation.
In this section we will discuss three potential Inoets by which IH can activate microglia: 1)
Systemic inflammation cross-talk with the CNS, rjitect activation of microglia by damage-
associated molecular patterns (DAMPS) released snamounding cells that have been injured
by IH, and 3) Direct activation of microglia by IHVhile we will be discussing these
possibilities separately and in more detail belthey are highly interconnected and share many
common signaling molecules and inflammatory cassa&@ee Figure 1 for our working
schematic for how these 3 pathways are activatdéi land integrate to promote
neuroinflammation/pathology.
Systemic Inflammation

While increased systemic inflammation in OSA anureah models of IH is well
established, it is unclear whether it is sufficieminduce inflammation in the CNS. While the
CNS is to some extent protected from peripheral umenresponses, there is ample evidence in
support of peripheral involvement in the inductafrcentral immune responses despite the

presence of the blood brain barrier. These meshawill be discussed below. (Fig.1, A & B)

Direct communication between peripheral and central inflammation
Circulating inflammatory molecules can gain entrioithe CNS via active transport
mechanisms as has been described for IL-1,d[dRd IL-1r&%%. Alternatively, it is possible

that these molecules gain direct entry into thenpparenchyma through the circumventricular
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regions such as the organum vasculosum lateratisrtalis (OVLT), where the BBB is
lacking**®>  Both of these methods would facilitate direétnwglial activation by circulating
inflammatory molecules.

Blood brain barrier disruption

The BBB is a highly selective barrier that is fodr®y tight junctions between
cerebrovascular endothelial cells, a thick basemmamhbrane, and a layer of astrocytes that
separates the blood from the cerebral spinal‘fliidDespite the protective nature of the BBB,
circulating cytokines can directly bind to the etidial cells in the brain and induce endothelial
production of inflammatory molecules that readitgss the BBB such as nitric oxide (NO) and
prostaglandins that can directly activate microgha cause damage to surrounding neurons and
astrocytes. In addition, both of these molecuteskaown to cause breakdown of the BBB
thus permitting direct entry of cytokines/chemolsiras well as peripheral immune cells into the
otherwise restricted CNS parenchyma. An additiomathanism by which the BBB may
become compromised in the context of IH is throngpative effects of IH directly on the
endothelial cells and astrocytes that comprise88B***. However, while BBB disruption is
possible, this mechanism is unlikely to occur isp@nse to IH as peripheral immune cells have
not been reported to accumulate in the CNS andawve hot observed measurable lymphocytes
or monocytes in our studies (data not shown).
Vagal nerve transmission

Although it is not fully understood, there is evide that stimulation of peripheral vagal
neural afferents by inflammatory cytokines candtiseinduce production of pro-inflammatory
cytokines in the CNS. This was best demonstraiédperipheral administration of the pro-

inflammatory cytokine, IL-1** or lipopolysaccharide (LPSY, a component of the gram-



24
negative bacterial cell wall and a potent immurtéevator. However, this response was abolished
in vagotomized animal®**% which suggests that peripheral inflammatory digean be
perpetuated in the CNS via the vagal nerve.

Indirect activation of microglia by DAMPs releasedfrom stressed/injured cells

Microglia are master surveyors of their environmewthile the mechanisms by which
microglia sense their environment are not fully emrstbod, it is well established that they
possess receptors that are activated by molecellessed from stressed/dying cEfts?® Upon
activation of these receptors, microglial inflamorgt phagocytic, and/or migratory activities
can be initiatet!®. In animal models of IH, these damage associmigdcules may be released
from injured or stressed neurons and glia resultingicroglial activation (Fig. 1, D). In the
following sections, we will discuss potential ret@pfamilies and molecules mediating this
response.

Damage-Associated Molecular Patterns (DAMPS)

Cell culture and animal models reveal that cortezal hippocampal neurons are highly
susceptible to HRO-induced oxidative stress aniddesith. Injured/stressed neurons and glia
release stress molecules (collectively known as [PAMlamage-associated molecular patterns)
into the extracellular space that function as ralas’ or danger signals to microgifd Many
DAMPs are endogenous ligands for pattern recogniéaeptors (PRRS) or scavenger receptors
expressed on microglia, and as a result, theyagralde of initiating a sterile immune response.

PRRs are best known for their ability to bind higbbnserved motifs expressed by
microbial cells, known as pathogen-associated midepatterns (PAMPSY. Four families of
PRRs have been identified: Toll-like receptors (B)LRNOD-like receptors (NLRs), C-type

lectin receptors (CLRs), and Retinoic acid-indueigene (RIG)-I-like receptors (RLRs). Within
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the CNS, these receptors are primarily expressadioroglial cells, but they can also be found
to varying degrees on neurons, astrocytes, anthemscular endothelial celfé We will
discuss the potential role of these PRRs and DAMM4-induced CNS inflammation with a
particular emphasis on the TLRs and NLRs (seermfiasome).

Toll-like Receptors (TLRS)

The TLR family is arguably the best studied of BiRRs. They consist of a single
transmembrane domain with an extracellular N-teanitomain comprised of leucine-rich
repeats (LRRs) and a cytoplasmic tail with a coresgtregion known as the Toll/IL-1 receptor
domain (TIR}*®. Ten human and at least12 rodent TLR receptors haen identified, and are
distinguished based on their associated ligandigffand signaling pathways. Upon ligand
binding, TLRs homo- or hetero- dimerize resultingctivation of complex intracellular
signaling cascades that ultimately lead to the esgion of a wide array of genes involved in
inflammatory respons&®: and this transcriptional profile differs amondl ¢gpes and the
specific TLR activatef’. TLR signaling cascades can be roughly divided inb distinct
pathways based on the major adaptor moleculegedilior signal transduction. With the
exception of TLR3, the most prominent TLR signaloagcade involves the recruitment of an
adaptor protein, Myeloid differentiation factor-@dyD88), which initiates a cascade of events
ultimately leading to MAPK activation and trans¢igm factor activation including: nuclear
factor kappa-light-chain-enhancer of activated Bsd@&F«B), activating protein (AP)-1, and
hypoxia inducible factor (HIF)<**>™*° Alternatively, TLR3 recruits a different adapfmotein
known as TIR domain containing adaptor inducing fBRNRIF) which again, through a multi-
step process ultimately results in the activatibthe transcription factor, interferon responsive

factor (IRF)- 3 and 7 which translocate to the ruslto directly induce (or indirectly through
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activation of STAT1) to induce type-I interferonsdainterferon related genés*
Importantly, TLR4 is also capable of activating TiRIF pathway. See Figure 2 for a model
depicting the TLR4-mediated MYD88- and TRIF- depamidsignaling cascades.. For a
complete review of TLR receptors and their sigralpathways see reference 147.

TLR Sgnaling in the CNS

Within the CNS, microglia are the primary cells seegsing TLRs. Microglia express
TLRs 1-9*® and these receptors are potent regulators of gliatkdmmune responses. In
addition to microglia, astrocytes, oligodendrocytesd neurons have all been reported to
express TLRs under certain conditibfis However, the functional relevance of TLRs inste
cells is not well understood and therefore, will be further discussed here. Activation of
microglial TLRs has been best studied in the caréPAMPS, and they result in the
production of a host of cytokines, chemokines, amziymes that promote neurotoxicity. TLR-
mediated inflammation has long been recognizeddade neurotoxicity in response to
infections including: bacterial, viral, fungal, apdon*°. However, the activation of TLRs by
endogenous ligands to induce sterile inflammatiarng) neuropathology is not as well
understootf®. The role of TLRs in IH-mediated microglial actiien and neuronal injury has yet
to be investigated. In the following sections, wi# review evidence for TLR involvement in
OSA-mediated systemic inflammation and presentmétion to support TLR-mediated
responses in the CNS.

Evidence for TLR involvement in OSA-induced inflammation

A recent study demonstrated that monocytes isofabed patients with OSA have
increased expression of TLR2 and TLR4 comparedt@SA controls. The increased

expression of TLR2 and TLR4 was associated withadézl production of cytokines, suggesting
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that the increased expression of these receptoygpnrae the cells to be more pro-
inflammatory. The increased expression of TLR2R#|.and pro-inflammatory cytokines were
reversed with CPAP treatment, indicating that Ild/ansleep disruption promotes the
upregulation of these molecutds Consistent with these data, TUR4and TLR2/6°% have

been reported to be upregulated by hypoxia in cedtimacrophages through a Hlg-1
dependent pathway, potentiating LPS-induced inflaion in hypoxia®. In addition to
increased TLR expression, patients with OSA hageeased circulating levels of several known
DAMPs which are ligands for TLR2 and TLR4 (Fig. 2).

High-mobility group box 1 (HMGB1), a TLR2 and TLRigand, is increased in the
serum of children and adults with O8A™* In addition, the circulating levels of the TLR4
ligand monocyte responsive protein (MRP)-8/14 (98100A9, or calprotectin) is increased
in both children and adults with O$A>°and is proposed to be a potential biomarker feeate
severity and predicting risk of long-term morbidityn addition to HMGB1 and MRP8/14 other
known TLR4 ligands are reported to be increaseatints with OSA including HSP70,
fibrinogen, and oxidized LDY*****HSP70 expression is increased in monocytes of OSA
patient$®. Fibrinogen has been reported by numerous grasiing increased in patients with
OSA and is used as a biomarker for determiningitheof developing cardiovascular diseg5e
159 Oxidized LDL, a marker of oxidative stress, isreased in the plasma of OSA patiéffts
Oxidized LDL activates a TLR4/TLR2/CD36 complex macrophages to induce formation of
foam cells that can cause arterial plagiiesVhile the cellular source(s) of these circulgtin
DAMPs are unknown, they are all potential mediatdgrgeripheral inflammation in OSA

patients, and many of them have been shown to teesbarile inflammation within the CNS.
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However, whether these DAMPs are also increasedaettularly in the CNS of IH-exposed
animals or OSA patients is not yet known.

TLR involvement in IH-induced inflammation and neural injury

TLR-mediated microglial inflammation has been lidkeith increased neurotoxicity in
almost all neurodegenerative, infectious, traumatic ischemic pathologi€§4°*%* During
sterile inflammation, the prevailing hypothesishiat DAMPSs released from damaged or stressed
cells activate microglia through TLRs (or other P&RI scavenger receptors) to induce
inflammation (Fig. 1D). In turn, this inflammatias neurotoxic and promotes further cellular
stress/death in the surrounding cells, thus crgatitvicious cycle’ of inflammation and cell
death®**"(Fig. 1C), . HSP60, HMGB1, and MRP8/14 are timpry DAMPs that have been
identified in inducing microglial inflammation wiith the CNS°°-1¢8

IH-induced hippocampal neuronal death is confireethé CA1 region of the
hippocampus, while neurons in the CA3 and dentatesgare protected from the effects of tH
A proteomic analysis comparing the CA1 and CA3aagiimmediately following a 6 hour
exposure to IH was perform&dand HSP60 and-synuclein, two known DAMPs and TLR4
ligands*, were identified as being selectively increasedHbin the CA1 region. Although it is
unknown if these increases truly reflect an incedasextracellular DAMPs in the CA1 region
since extracellular protein concentrations weredaérmined in these studies, IH does induce
oxidative stress and cell death in this regionhlaftwhich are known to induce HSP60 release
from cellsin vitro'®. The mechanisms regulating extracellular levéls-synuclein are less
well understood but are associated with increasecbglial inflammation in Parkinson’s

diseas®. The IH-induced CA1-specific increase in DAMPs neaytribute to the enhanced
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susceptibility of the CA1 region to IH-induced nenal death if these molecules are released
into the extracellular space.

Additionally, HMGB1 and MRP8/14 are two other pdiahmolecules mediating IH-
induced inflammation, as they are both increasataerserum of patients with OSA and they are
known to have inflammatory effects within the CRS HMGBL1 is a nuclear protein, but it is
rapidly released into the extracellular space spoase to cellular stress and inflammasome
activatiort®®. In response to oxidative stress, neurons rapidhslocate HMGB1 from the
nucleus to the cytosol, where it is subsequenttyesed from the céll® (Faraco, 2011).

HMGB1 acts on microglia via interactions with TLRIL,R4, and/or the scavenger receptor
MAC-1 (CD11b) to induce inflammatidff'"* HMGBL1 has also been shown to be released
from macrophages in response to stress and itreats autocrine/paracrine fashion to enhance
inflammatiort®®*"2 Similarly, MRP8/14 is also released from miciagind can act as an
autoregulator. MRP8/14 is released from activateabpcytes to enhance TLR4 signaling in
response to LPE, and increased expression of MRP8/14 in the CN isdicator of
neuroinflammatioff”*"® In addition, HMGB1 and MRP8/14 have been idédifas key
DAMPs inducing TLR4-mediated inflammation followiigchemic injury®’169170:173
Interestingly, oxidization of MRP8/14 causes ibtless pro-inflammatory, and may be one
mechanism regulating the extent of microglial infraation during IH"™.

Hypoxia may independently enhance TLR4 signalirthyways resulting in increased
production of inflammatory molecules in respons®#&MPs. HRO increases the effects of
LPS in cultured microglia and potentiates the esgitn of INOS, TNE, and NF«xB*™,
suggesting that TLR4-mediated inflammation may tegd by the HRO event. Wherease, 48

hours of sustained hypoxia increases TLR4 expressioultured microglial cells, and this
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paradigm of hypoxia reportedly shifts TLR4 signgleanvay from the MyD88 pathway to a TRIF
dominant pathway®. While the role of TLR4 in IH-mediated neuroafimation remains to be
studied, IH may enhance TLR-mediated inflammatigrcdusing a release of endogenous TLR
ligands into the extracellular space, and by stitggng TLR signaling pathways to promote
increased inflammatory microglial gene expression.

Extracellular ATP and Purinergic Receptor Activation

Extracellular ATP is an essential neurotransmétes a potent regulator of microglial
processes through purinergic P2 receptor activatidre concentration of extracellular ATP is
determined by the release rate relative to theafagmzymatic degradation and cellular uptake.
Under normal conditions, the concentration of ecgHallar ATP is low and localized primarily
at the synapse, where it is less likely to actiyatenergic receptors on microglid However
many pathologic stimuli including: traumatic and/eetabolic stress resulting from
hypoxic/hypoglycemic/ischemic injury, inflammatasyimuli including LPS and IL{1, and
cytolysis can cause a potent increase in extrdaelucleotide concentratioff that is sufficient
to activate purinergic receptors on microglial €l As ATP is ubiquitously produced, all cells
within the proximity of microglia are potential soes of extracellular ATP including: neurons,
astrocytes, oligodendrocytes, endothelial celld, @ren other microglia. To our knowledge,
with the exception of our own studtéSmicroglial purinergic signaling has not been saidin
the context of HRO or IH. However, ATP is releaf®adn primary cortical neurons exposed to
HRO in a severity-dependent manner to regulateaylia response&’. Thus, IH is likely to
increase extracellular concentrations of ATP tlaatt modulate several microglial responses.

Purinergic receptors can regulate many microglatesses including: migration,

phagocytosis, inflammation, proliferation, and tnapfactor productiotf™. ATP and its
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metabolite ADP are potent purinergic P2 receptongis, while AMP and adenosine are
specifically recognized by adenosine (P1) recept2seceptors are divided into two classes:
ligand-gated, ionotropic P2X receptors and the @gin coupled, metabotropic P2Y
receptors’’. There are seven known P2X receptors (P2¥nd nine P2Y receptors (P2Ys-.s.
14). Our lab has recently shown that all P2 receptoith (iie exception of P2Y11 which is not
present in the rodent genome), are expressed imenmnicroglia to varying degrees, the
expression profiles of which differ based on age seX?®. These findings suggest that
microglial responses to purines may differ betwertes and females and during
development/aging.

P2Y1, P2Y6, and P2Y12 are highly expressed in rglao P2Y1 and P2Y12 regulate
chemotaxis/migratiori®#283 p2Y6 regulates phagocytosis and is importantiearing
cellular debris when activated by UDP that is reéhfrom injured celt8’. In addition P2Y1,
and P2Y2 have been shown to suppress inflammagsponses in microgfi&:®

By far the most well studied P2 receptors in mitieogre P2X4 and P2X7. P2X4 is best
known for its role in chronic pain. Chronic upréagion and activation of P2X4 in dorsal spinal
cord microglia induces the production of BDRFwhich enhances a form of neuroplasticity that
results in chronic neuropathic pain. In additiB@X4 is reported to regulate microglial
inflammatory responses and chemot&XisP2X7 is highly expressed on myeloid cells and is
best known for its regulatory role of inflammatqgthways through the
inflammasom&9(discussed in further detail below). On macroplsa§@X7 activation enhances
LPS-induced inflammatidi®*®* and its activity is indeed necessary for LPS-oetl
inflammatiort®®. Upon activation of TLR4 by LPS, intracellular st of ATP are released from

191

the cell and act P2X7 to facilitate inflammasomevation—". While this process has been well
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described in cultured macrophage cells, P2X7 mag lmmune-suppressive effects on
microglia. Our lab has previously shown that P2¥%vation downregulates LPS-induced
microglial inflammation through activation of themscription factor receptors (EGKS)
Several labs have since found similar P2X7-mediaféatts in microglial responses to
inflammation. Interestingly, P2X4 and P2X7 haveraypothesized to work together to
mediate inflammatory proces$®s%% P2X4 is rapidly is rapidly trafficked to the tslirface
from intracellular stores in response to LPS inmogtia, but not macrophag®& Additionally,
selective inhibition of P2X7 blocks LPS-inducedficking of P2X4 to the microglial cell
membran&?, P2X4 and P2X7 prefer to assemble as homotriffietsit they can also form
functional hetertrimers®. However, the functional significance of P2X4 &2X7 complexing
is currently unknown.
Direct Activation of Microglia by IH

Aside from peripheral inflammatory molecule invatvent in microglial activation, and
indirect microglial activation through DAMPs, IH malso have direct physiological
consequences in microglial cells through activatboxidative stress pathways (Fig.1-3). As
previously discussed, ROS are the product of noogléllar metabolism and are produced
primarily during aerobic mitochondrial respiratengetabolism®’. The biological reduction of
molecular oxygen produces normal byproducts sudupsroxide anion, hydrogen peroxide,
hydroxyl radical, and organic peroxides that aréectively referred to as RG%. These are
essential cell signaling molecules, but at higleleythey can also cause cellular damage
including lipid and protein oxidation and DNA daneagAs such, there are critical cellular
mechanisms available to prevent ROS accumulatnmhyding the production of endogenous

antioxidants enzymes and ROS scavengers that kedpvels of ROS within the cell in
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check®. Oxidative stress occurs when the balance betteeproduction of ROS and its
elimination by antioxidants shifts, resulting iniacreased concentration of ROS. In microglia
HRO results in the activation of NADPH oxidase ba tell membrane Hypoxia followed by
reoxygenation causes changes in the cellular meralpatential, oxidant generating systems,
and antioxidant defenses that culminate as oxidatiress or an increase in ROS productfon
ROS can be formed by a number of mitochondrialetth-mitochondrial enzymes, both of
which are important for induction of inflammatorgthways. While ROS production by
microglia has not been studied in the context gfdéieral studies have found that HRO-induced
ROS is sufficient to induce microglial inflammatiand their production of pro-inflammatory

cytokineg!”119.198

NADPH Oxidase, ROS and I nflammation

NADPH oxidase is the primary source of microgliamgeted extracellular ROE.
Under normal conditions, this membrane-bound enzgnmeactive, but in response to a wide
array of stimuli, including HRO, NADPH oxidase isti@ated and rapidly catalyzes the
production of superoxide (QXrom oxygen®’. Extracellular superoxide is a key mediator of
neurotoxicity and acts synergistically with protarthmatory cytokines to enhance neurotoxic
effects® In addition to the role of NADPH oxidase in fhduction of extracellular ROS, it
may also contribute to the generation of intradatlROS formation which are important second
messengers regulating inflammatory cascades. R®& dnparticularly important role in the
regulation of inflammation. Indeed, the inductmROS is hypothesized to be common
pathway induced by all forms of inflammatory stimand its production is essential for

microglia to mount an inflammatory respotiSe
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In microglia, sustained hypoxia causes an accumualaf extracellular K+, and with

reoxygenation, there is an influx of calcium thrbugltage-gated potassium/calcium channels
which induces NADPH oxidase activation and ROS fation°. ROS accumulation is an
indicator of cellular stress and they activateanfmatory signal transduction pathways including
the inflammasome, MAPKs, and transcription facgush as HIF-1, NkB, and AP-1°".
(Further discussed the following sections). Ima@adimodels, IH-induced ROS formation
contributes to neuronal death and cognitive impaits>°>%°" and ROS are hypothesized to
mediate induction of inflammatory pathways in gtalls®?°° Administration of the superoxide
dismutase mimetic manganese tetrakis, or flavanaittsbroad spectrum antioxidant
capabilities, has neuro-protective effects in leated animals and blocks IH-induced neuron
death and cognitive impairmefft§>~"%°

COMMON SIGNAL TRANSDUCTION PATHWAYS MEDIATING MICRO  GLIAL
INFLAMMATION: RELEVANCE TO IH-INDUCED MICROGLIAL AC TIVATION

Thus far, we have proposed several potential mesimasby which IH can induce
microglial activation. In reality, the impact désp apnea on microglial activities is multifaceted
and likely involves a combination of some or altleé mechanisms presented, as well as some
that have yet to be identified. Regardless, mdrliese pathways intersect on common
downstream signaling molecules and induce simgdiepns of gene expression. Here we will
discuss these pathways and the evidence for thehiement in IH and OSA-mediated CNS
injury.

Inflammasome

The inflammasome is a high molecular weight, mpifotein complex that is a core

component of the innate immune system. The inflasome complex activates caspase-1

which causes cleavage of pro-1B-and IL-18 into their mature forms, subsequentlgidimg
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their release from the cell through a non-canorseatetory pathway’. In addition, the
inflammasome also facilitates release of the DAMRIGB1, from immune celf§%?°® There
are 4 well-defined inflammasome complexes anddhatistinguished based on the main core
receptors making up the complex; NLRP1, NLRP3, bRR4 from in the NLR family of PRRs,
or AIM2 from the HIN protein famil§’’. The NLRP3 inflammasome is the most widely
activated and best studied inflammasome, and withle primary focus here.

The NLRP3 inflammasome is activated by a wide ¥gé stimuli including pathogenic
stimuli including bacterial, fungal, viral, and cponents (PAMPSs), endogenous danger
molecules including extracellular ATP and DAMP®\wted levels of extracellular glucose,
prion proteins, and synthetic particles such asasénd asbestf®*** NLRP3 activation by
TLRs is hypothesized to occur through a two steeess where TLR activation primes the
NLRP3 inflammasome by 1) increasing transcriptiod &anslation of IL-f, IL-18, and
NLRP3, and 2) ATP and/or ROS release into theaegtlular space acts as a secondary
activator to induce P2X7 mediated pore formatioR@S-dependent assembly of the
inflammasome complex. The mechanisms regulatifignnmasome activation have been
widely debated. Four pathways for inflammasomevatbn have been proposed (for a
comprehensive review see references 199 angd 2Pfhe lysosome rupture and release of
cathespin B into the cytosol, 2) extracellular AdiRding to P2X7 and inducing pore formation
allowing NLRP3 ligands to enter the cell, 3) RO$@edent activation, and 4) TLR-IRAK-1
mediated direct activation of NLRP3. Inflammasastvation is associated with many
neuropathologies including: infectious diseasesgphalomyelitis and meningitis), injury

(ischemia/stroke, spinal cord injury, and traumat@in injury), and chronic neurodegenerative
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diseases (demyelinating diseases, amyotrophi@laelerosis, Parkinson’s disease, Alzheimer’'s
disease, and prion disease) (comprehensively redewreference 163).

Inflammasome involvement in IH-induced neuropathglbas not been investigated.
However, it is a key pathway mediating microgli@lammatory responses, and many of the
mechanisms previously discussed for IH-induced ogiical activation converge on the
inflammasome, as it is activated by TLRs, DAMPgraoellular ATP, and RO’ In addition
to increased production of inflammasome activatoypoxia alone increases inflammasome
activation in microglial cells in culture throudtet up-regulation of caspase-11 which in turn
activates caspase-1 and subsequenplprbcessintf*. HRO induced expression of caspase-1
and IL-1B in the amygdala impairs new memory formatfGnproviding one mechanism
whereby IH-induced inflammation and memory deficés occur. Evidence for IH-induced
inflammasome activation also comes from studig@$A patients and IH animal models that
have evaluated peripheral immune responses. Tlannfasome-mediated molecules IL-18, IL-
1B, and HMGBL1 are increased in the serum of patiefits OSA>*206-208
Mitogen-Activated Protein Kinases (MAPKS)

External cellular stimuli trigger intracellular sigling cascades that are transmitted and
propagated via coordinated kinase and phosphattiséyathat ultimately translates the original
stimulus into a cellular response that often ineglhalterations in gene expression. In
inflammatory cells, one of the most prominent kanéamilies is the mitogen-activated protein
kinases (MAPKs). There are four subfamilies of M&Rncluding: (1) extracellular signal-
regulated kinases (ERK1/2 or p44/p42 MAPK), (2) p88PKs, (3) c-jun N-terminal kinases
(JNKSs), and (4) ERK5/big MAP kinase 1 (BMK1). Iriaroglia, p38 and ERK1/2 have been

best studied for their role in the induction ofiamhmatory gene expression, and both have been
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shown to regulate microglial activities in respotseflammatory stimuli (Reviewed in
reference 209). p38 activation is associated indliction of pro-inflammatory gene expression
through activation of transcription factors suchN&&kB and AP-£%°. ERK1/2 is traditionally
associated with cell survival pathways, but it AB® been shown to mediate microglial
production of inflammatory molecules under cerondition$®.

p38 is a cytosolic serine threonine kinase thattszated when dually phosphorylated at
both Tyr and Thr residues by the MAPK kinases (MARK MEK3 or MEKG6. In microglia,
p38 phosphorylation is triggered by a variety ahsii including: oxidative stress, HRO, ATP,
glutamate, PAMPs, DAMPs, and inflammatory molectife€°2'3 In cultured microglia, HRO
induces p38 activation but not ERK or JNK, and ratgi expression of NO and Thlks well
as INOS™ Inhibition of p38 blocked the induction of NOdaNOS by hypoxi&  In addition,
HRO-induced p38 MAPK increases expression of casfids causing activation of caspase-1,
and secretion of IL{fland IL-18%. Consistent with these results, HRO-induced pectidn of
NO, TNFu, IL-1pB, and iNOS is blocked by a p38 inhibitot Similarly, monocytes exposed to
IH in culture increased p38 MAPK and subsequentdBRactivity”*.

Like p38, ERK1 and ERK2 are also serine threoninades that are localized to the
cytosol until activation by the MAPKKs, MEK1 or MEX When activated, ERK1/2 can
phosphorylate both cytosolic and nuclear proteftes auclear translocatiéff. While ERK1/2
activation can regulate microglial inflammatory genduction through activation of the
transcription factor AP-1, it can also promote -@poptotic, proliferative, and trophic pathways
through the activation of the transcription fadBRREB*'°. We have previously shown that
microglia increase p38 and ERK1/2 in response tdative stress, but pre-treatment with ATP

decreases ERK1/2, possibly via effects on P2Y lptecectivation, while having no effect on
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p3&°. These data suggest that during oxidative stessivation of microglia by ATP may
increase inflammatory gene expression by prefakyctivating the pro-inflammatory MAPK
p38 and suppressing the repressive activities (¢ ER
Transcription Factor Activation

Transcription factors are proteins that bind covsgrdomains of DNA in a gene
promoter region, recruit transcriptional machinenygd promote gene transcription. All of the
previously discussed pathways converge on dowmsttesnscription factors that facilitate
microglial gene transcription. Although there arany hypoxia-sensitive transcription factors,
we will discuss those we hypothesize to regulat@oglial inflammatory gene expression in

response to IH.

HIF-1a

HIF-1a is the prototypical hypoxia responsive taimion factor. Under normoxia,
HIF-1a is hydroxylated by prolyl hydroxylases (PHDs) whiargets HIF-& for poly-
ubiquitination, thus keeping cytosolic Hlf:protein levels low (Reviewed in references 142
and 215). However, during hypoxia, these PHDsrdrbited, thus enabling accumulation of
HIF-1a protein where it translocates to the nucleus doite gene transcription. Many Hlle-1
target genes regulate cell survival and angiogenasd are increased as both adaptive measures
to protect cells from hypoxic injury and to increasscularization and tissue oxygenation.
Additionally, HIF-1a plays an important role in inflammatory processeder both hypoxic and
normoxic conditions. HIF-dincreases TLR4 expression in cultured microglipomed to
hypoxia and in animal models of neonatal hypoxjariyt’®?*¢ In addition, HIF-& has recently
been found to play an important role in the innateune system, as it is necessary for proper

inflammasome function, NkB activation and inflammatory gene expression (Beed in
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reference 217). HIFelcan be activated under normoxic conditions in mmlcages through
activation of TLR4, and mediates transcriptionalagulation of INOS and COX-2, two known
mediators of IH-induced neuronal death in animatieig*®
NF-xB

The transcription factor NkB is the central regulator of inflammatory generesgion
in innate immune cells. NEB is rapidly activated in microglia in responserttammatory
stimuli and promotes pro- and anti-inflammatory @émanscription. NkeB activation is induced
by inflammatory stimuli including PRR activationdawia cytokines including TNéand IL-18.
NF-kB is sequestered in the cytosol by IkB. Activalidd kinase-beta (IKI8) phosphorylates
IkB and induces its degradation, freeing NB10 translocate into the nucleus where it
influences the expression of many inflammatory ggiReviewed in reference 219). IikKan
be activated downstream of p38 or through MYD88ethelent TLR activation of TAK*. NF-
kB has has long been known to be activated by hgpaihough it was only recently that the
link between hypoxia and N&B was been identifiéd’. As PHDs negatively regulate Hifes1
they also negatively regulate IgKargeting it for degradation. During hypoxia, wHeHDs are
inhibited, IKKB becomes activated and ultimately inducesdBFactivatiorf?°. In addition, NF-
kB is necessary for the HIFeJprotein to accumulate during hypo%ia although the
mechanisms involved in this are not fully understobhus, NF<B plays a central role in the
hypoxic response, and indeed, without IKKIIF-1o protein failed to accumulate in the cytosol
in response to hypoxia and in bacterial-infectednmghages®.

NF-kB is a common downstream regulator of microglifleimmatory gene expression
induced by a number of stimtfif, and in cells where multiple hypoxia-sensitivengeription

factors are expressed, NMB-can be preferentially activated, and the pattéimypoxic exposure
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is an important determinant in this. For examplegsponse to IH, NIikB is preferentially
activated over HIF-d in vasculaturé&>??2 whereas sustained hypoxia increased HiF-h
addition, cultured monocytes from OSA patients bithihncreased NkeB activity and pro-
inflammatory gene expression?? but not HIF-1.. Lastly, there are also cell type-specific
responses with regard to NdB- activation. HRO preferentially increases NB-activities in
microglia over astrocyté®. Together, these studies suggest that IH-indirfeinmatory gene
expression is at least in part regulated byr-
CREB

cAMP response element-binding proteins (CREB) deeraly of transcription factors
that bind DNA at cAMP response elements (CRE). BREbteins localize to the nucleus and
they become activated by phosphorylation by manypaé¢hreonine kinases including
MAPKs'86299224 activated CREB proteins associate with the treiptional co-activator
proteins CBP (CREB- binding protein) and p300 tonpote gene transcription. During hypoxia,
MAPK-dependent CREB activation occurs, althoughrttezhanisms are not well defined.
However, activation of CREB is associated withititeeased transcription of cell-survival
genes, and its activation promotes neuron surdueihg hypoxic/ischemic injuf7°. In
microglia, CREB activation induces cell survivabamti-inflammatory pathway¥. CREB
activation is downstream of many inflammatory cdesathat induce ERK1/2 and/or JNK
activation. In addition, P2Y1 receptor activatimnATP will induce phosphorylation of CREB,
and our lab has previously shown that P2Y1 actweith microglia will down-regulate LPS-
induced inflammation through a CREB-mediated paiftwd®®*'° CREB-mediated anti-
inflammatory activity is hypothesized to occur thgh competitive inhibition of N&B'*. Both

the RelA subunit of NkeB and CREB require the co-activator CBP/p300 fdirdativation, thus
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they compete with each other for the rate-limitingilability of CBP/p30&°. In addition,
CREB induces transcription of the anti-inflammatoyyokine IL-1G*" which is another
mechanism by which CREB can exert anti-inflammatsivities.

In the context of IH, phosphorylated CREB (p-CREBIncreased in the CAL region of
the hippocampus following 14 and 30 days of?fH This time point corresponds with a
reduction in neuronal apoptosis. Decreased p-CREBserved at 1, 3, and 7 days of IH,
consistent with peak neuronal death and poor pedaoce on the Morris-water maze task in the
rodent model. Although p-CREB co-localized withurens within the CA1 region, there were
also non-neuronal cells expressing p-CREB, but tiene not identified. The exact role of p-
CREB during IH, and cell-specific regulation of immine responses and neuronal survival are yet
unknown.
Secreted molecules produced by microglia

Microglia release extracellular signaling molecutest bind specific receptors on
surrounding cells and induce a physiological changee response is highly dependent on the
particular signaling molecule and activating reoepand this response can be cell-type specific.
These signaling molecules are traditionally chamaoed as pro-inflammatory, anti-
inflammatory, trophic, or chemotactic. Howevegsh categories are not mutually exclusive,
and a single molecule can fit into multiple categerWe will briefly discuss the main classes of
extracellular signaling molecules produced by ngtieoand their possible role in IH-mediated
neurotoxicity/protection.
Cytokines and Chemokines

Cytokines are small (~5-20kD), secreted signalingemdes that can act on surrounding

cells in an autocrine or paracrine fashion. Theskeaules can exert pro-inflammatory, anti-



42
inflammatory, and/or trophic effects. There arewntamilies of cytokines which include:
interleukins (ILs), interferons (IFNs), tumor nesi®factors (TNFs), colony stimulating factors
(CSFs), and transforming growth factors (TGFs)to&ines are typically classified as either
pro- or anti- inflammatory. As previously discuds®SA increases the circulating levels of
several inflammatory cytokines including TdHAL-1, IL-6, IL-8, and IL-18, whereas OSA
decreases the expression of the anti-inflammatgigkine 1L-10"°%2° |nterestingly, in the
CNS, low levels of cytokines that are traditionallgssified as “pro-inflammatory” such as
TNFa, IL-1B, IL-18, and IL-6, are important neuromodulatoratthromote neurogenesis and
synaptic plasticity?’. However, these molecules become neurotoxicgit tdncentrations and
are commonly associated with neuropathologic eyaistsases. HRO induces the production of
pro-inflammatory cytokines ILf3, IL-18, IL-6, TNFa and the chemokine MIP-2 in cultured
microglial cellg¢118120-123175.213|hflammatory cytokine and chemokine productisn i
associated with increased infarct size, peripheraiune cell infiltration, and neurotoxicity
following ischemic injury®™. It is yet unknown if cytokines contribute to tediated
neurotoxicity.

I nflammatory Enzymes

In addition to increasing the production and redeafspro-inflammatory cytokines and
chemokines following an inflammatory stimuli, migt@ upregulate enzymes such as iNOS and
COX-2 which catalyze the production of nitric oxiO) and prostaglandins, respectively.
iNOS and COX-2 are both implicated in IH-inducedimpathology in animal modéfs®*:

There are 3 nitric oxide synthase enzymes thatym® NO in the CNS, the constitutively
active nitric oxide synthase enzymes eNOS (endaih@ind nNOS (neuronal), and the inducible

isoform (iNOS). A large number of studies have destrated the important functional role of
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NO in normal neuronal functioning. Indeed, NO praiibn through nNOS is necessary for a
form of spinal motor plasticity induced by a thezafic form of IHF*%2 However, when NO is
produced in large amounts, it can induce nitratibproteins and cause lipid peroxidatidh In
addition, NO can induce excitotoxicity-mediated rogal death through NMDA receptor
activatiort®®. While all NOS isoforms can contribute to neutbpéogies associated with
ischemic and neurodegenerative injuif@sNOS is the primary source for large quantitiés o
NO production during inju’?*. iNOS is the primary isoform expressed in inriateune cells,
and its levels are rapidly upregulated in microfhidowing inflammatory stimulation to
promote NO production at concentrations known tadagrotoxic. HRO induces iNOS in
cultured microglial cells in a p38-dependent mafiieWhile a large body of research from
animal models demonstrates that microglia are timegoy source of INOS and NO in the CNS
in response to LPS stimulation, it is unclear wkethis is true of human microglia, as several
studies have found that human microglia do not@ed\O production following activation with
LPS.

COX-2 is an inducible cyclooxygenase enzyme theapsdly upregulated in microglial
cells following activation by an inflammatory stitng. COX2 catalyzes the production of
prostaglandins which, like NO, are neurotoxic ghhtoncentrations and are associated with
increased neuropathology following ischemic injand in neurodegenerative diseddts
MICROGLIAL RESPONSES TO IH: FRIEND OF FOE?

Thus far we have primarily focused on the potertedéterious activities of microglia in
IH-induced neuropathology. While dysregulatiomu€roglial inflammatory processes are
implicated in virtually every neuropathology, migtia also have neuroprotective capabilities.

Indeed, selective ablation of microglia in a roderadel of ischemia (MCAQ) exacerbated
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infarct size, thus suggesting microglia have a supe role and protective capabilitié3 In
addition, microglial production of brain derivedumetrophic factor (BDNF) has recently been
shown to be necessary for hippocampal long-terrantiation and synaptic remodelfig®*’ a
form of synaptic plasticity that correlates witlaleing and memory. While OSA/IH can cause
neuronal injury and cognitive deficits, the extehpathology is relatively minor compared to
those of other neurodegenerative and ischemicyinjur addition, in the rat IH model, neuronal
apoptosis peaks after 3-7 days of IH exposure eades by 14 da§. Interestingly, following
14 days of IH there is evidence of neuro-regenamati that there are increases in the number of
neuronal precursor cells present in the hippocaiptfd Little is known about the mechanisms
underlying this switch from IH-induced neuronal degration to regeneration, or whether
microglia activities contribute to this transition.

Chronic exposure to IH may induce long-term adaptivanges in microglia to promote
their neurotrophic phenotype to combat the repeaxpdsures to IH. Of particular interest is the
potential for epigenetic modifications which maydifg cellular responses to a given stimulus
by changing DNA methylation states, remodelingghematin, or promoting gene silencing via
MiRNA production. Research into epigenetic regokabf microglia is still in its infancy.
However, chromatin changes facilitated by the jngdanain containing histone demethylase,
JMJD3, have recently been shown to mediate thsitran between microglia inflammatory and
anti-inflammatory phenotyp&%?*? Interestingly, JMJD3 is one of many jmj-C domain
containing histone demethylases that are hypoxiaisee enzymes, and that are upregulated by
hypoxig®®. These enzymes are interesting in the context dfdcause they require molecular
oxygen for their catalytic activity, and their egpsion is also increased by hypoxia, making

JMJD3 in particular, an intriguing target in thentext of IH because both hypoxia and
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molecular oxygen are intermittently abundant. ddiion, several miRNAs are known to down
regulate TLR4-induced inflammation by targeting kelaptor and signaling proteins in the
signaling cascade. While this is an exciting aeeolresearch, more work needs to be done in
order to understand how/if epigenetic mechanisrag alrole in acute or adaptive microglial
responses to chronic IH exposure.
CONCLUDING REMARKS

Overall health is significantly impacted by OSA andny of the deleterious
cardiovascular and metabolic effects correlate witiheased systemic inflammation. Here, we
discuss existing evidence supporting the notiohitifammation also underlies OSA/IH-
mediated neuronal injury and cognitive deficitse ¥peculate that microglia become reactive
following exposure to IH contributing to neuroinfianation that underlies the associated
neuronal injury and cognitive deficits. We havegwsed a model (depicted in Fig. 1) whereby
IH can induce microglial inflammation through sysie inflammation, activation by DAMPs,
and/or direct IH-induced oxidative stress. Howewaore studies need to be performed to
elucidate the role of microglia in IH induced nepathology. In this thesis, we begin to address
some of these gaps in knowledge by first investiggburinergic modulation of microglial
inflammatory responses to HRO (Chapter 2). We thestribe our newly developed flow
cytometry method for analyzing multiple CNS cellmgltaneously while retaining the ability to
retrieve nucleic acids from the fixed samples (G&ap), and which will be utilized in chapters
5 and 6. Chapter 4 is the foundation for all sgbsat chapters as it details for the first time,
microglial responses to IH across CNS regions amaudtiple time points. In chapters 5 and 6,
we start to investigate the molecular mechanisngeriying microglial pro-inflammatory

responses to IH with a focus on TLR4 (Chapter %) #vJD3 (Chapter 6).
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Figure 1 Legend
Schematic of potential inflammatory sources contributing to | H-associated neuropathol ogy.
Here we present a simplified schematic depictig3itentral pathways that we hypothesize
contribute to IH-induced inflammation and neuropétlyy (black arrows) and the potential
cross-talk between these pathways (blue arrowsjough activation of oxidative stress
pathways, IH induces 1) systemic inflammation, @nonal injury, and 3) microglial
inflammation. IH-indcued peripheral inflammatioroprotes central inflammation through direct
diffusion of inflammatory molecules across or br@akn of the blood brain barrier (BBB),
and/or through activation of vagal neural afferergl of which may promote microglial
transition to a pro-inflammatory phenotype (A) arddirectly induce neuronal injury (B).
Microglial production of pro-inflammatory/neurotaximolecules induce neuronal injury/cell
death (C). Damaged neurons release DAMPs in texttracellular space which can activate
microglial inflammatory pathways through patternagnition receptors (e.g. TLRS) or

scavenger receptors (D).
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Figure 2 Legend
IH induced inflammation through TLR4 activation: model of TLR4 signaling cascade.
Circulating endogenous TLR4 ligands are increasdte serum of patients with OSA and in the
brain tissue of rodents exposed to IH (see mainreggrence information). Endogenous TLR4
ligands among the factors released from stressiedydglls known as damage associated
molecular patters (DAMPSs) that as ‘alarmins’ torgeirrounding immune cells of cellular
damage. We hypothesize these DAMPs are releasedderipheral and CNS cells in response
to IH/OSA and induce inflammation through activatmf TLR4. Here, we present a simplified
diagram of the TLR4 signaling cascades. TLR4 diggaccurs through two different
pathways: MYD88-dependent and TRIFF-dependent. M¥YiB88-dependent pathway induces
pro-inflammatory gene expression through activatbMAPKSs and transcription factors such
as NFkB and AP-1. The TRIFF-dependent pathway inducestmorylation of IRF3 which

then translocates to the nucleus and induces estpresf the neuroprotective cytokine, IFN
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ABSTRACT

Hypoxia and increased extracellular nucleotidedraguently coincident in the
brainstem. Extracellular nucleotides are potentutetdrs of microglial inflammatory gene
expression via P2X purinergic receptor activatidithough hypoxia is also known to modulate
inflammatory gene expression, little is known abloodv hypoxia or P2X receptor activation
alone affect inflammatory molecule production imaibstem microglia, nor how hypoxia and
P2X receptor signaling interact when they occuetbgr. In this study, we investigated the
ability of a brief episode of hypoxia (2hrs) in theesence and absence of the non-selective P2X
receptor agonist 2'(3Q-(4-benzoylbenzoyl) adenosine-5'-triphosphate (BzAibR)romote
inflammatory gene expression in brainstem microgliadult rats. We evaluated inducible nitric
oxide synthase (iINOS), tumor necrosis factor aliF[1) and interleukin-6 (IL-6) mMRNA
levels in immunomagnetically-isolated brainstemnagtia. Whereas iNOS and IL-6 gene
expression increased with hypoxia and BzATP aldiNg [ expression was unaffected.
Surprisingly, BzZATP-induced inflammatory effecte dost after hypoxia, suggesting that
hypoxia impairs pro-inflammatory P2X receptor sigma We also evaluated the expression of
key P2X receptors activated by BzATP, namely PZ2XXAX4 and P2X7 receptors. Whereas
hypoxia did not alter their expression, BzZATP uptated P2X4 and P2X7 mMRNAs; these
effects were ablated in hypoxia. Although both P2xd P2X7 receptor expression correlated
with increased microglial INOS and IL-6 levels imcnoglia from normoxic rats, in hypoxia,
P2X7 only correlated with IL-6, and P2X4 correlatedy with INOS. In addition, correlations
between P2X7 and P2X4 were lost following hypozgizggesting that P2X4 and P2X7 receptor
signaling differs in normoxia and hypoxia. Togethbese data suggest that hypoxia suppresses

P2X receptor-induced inflammatory gene expressiaticating a potentially
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immunosuppressive role of extracellular nucleotiddsrainstem microglia following exposure

to hypoxia.
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INTRODUCTION

Microglia are CNS resident immune cells that camtusly survey their environment and
respond to changes in cellular homeostasis reguttom infection, hypoxia, cell death and other
stimuli to produce inflammatory molecules that altenately thought to be detrimental to
neurons. Although mechanisms activating microgleaveidely studied, little is known
concerning the role of extracellular nucleotidesjuding ADP and ATP, in microglial
activation and transcription of inflammatory genesivo. Extracellular nucleotides and their
interactions with P2X and P2Y purinergic receptme important signals permitting microglia to
sense and respond to their local CNS environrhertucleotides are co-packaged with
neurotransmittersand released from astrocytes during calcium waepagation?° perhaps
enabling microglia to sense synaptic he&ithNucleotides also leak from damaged and/or dying
cells,® creating extracellular ATP concentrations suffiti® induce inflammatory activities via
P2X7 receptor activatioh

Many disorders accompanied by microglial inflammatand high extracellular adenine
nucleotide levels (i.e. cell death) are associatiéd hypoxia. For example, hypoxia is an
element of ischemic injuries during stroke or mydda infarction. Another example is the
chronic intermittent hypoxia (repeated hypoxia/nggenation events) experienced during sleep
disordered breathing, a frequent occurrence in nm&ayodegenerative, traumatic and genetic
CNS disorder§™. Although nucleotides and hypoxia each regulaagiial inflammatory
activities (reviewed if>*9), little is known concerning their interactionsregulating microglial
activities when hypoxia and increased extracellnlarleotides occur together. These microglial
stimuli are often coincident in patholody;** and during normal CNS function in hypoxia-

sensitive CNS regions, such as the brainstem whgrexia-induced ATP release is important
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for maintaining respiratioff. Thus, we investigated the effects of a brief Rrhmeriod of
hypoxia in the presence and absence of P2X recaptiation on microglial inflammatory gene
expressionn vivo. In specific, we tested the hypotheses that P2¥ptec activation stimulates
microglial inflammatory gene expression in normoxad that these effects would be
potentiated in hypoxia.

In microglia, many immunomodulatory effects of A@aRe mediated through the P2X
receptor family member P2X72% BzATP (3'-O-(4-benzoyl) benzoic ATP) is often eeded as
a specific P2X7 receptor agonist, although it Hdeast some potency at all P2X receptor
subtypes with the exception of P2X6 Here, we treated rats intracisternally with BzA®Rd
then exposed them to hypoxia or normoxia for 2 soimlowed by return to room air. We then
evaluated the expression of several inflammatongegencluding inducible nitric oxide synthase
(INOS), interleukin-6 (IL-6) and tumor necrosis tacalpha (TNIe) in freshly-isolated
microglia. We chose iINOS as an endpoint becausmliil@tion or genetic deletion of this
enzyme ameliorates brain damage in multiple ischeexicitoxic and hypoxic injury modet&

%2 The pro-inflammatory cytokines TNFand IL-6 were chosen because their upregulatian is
hallmark of neuroinflammation, and they are ofteplicated in neuronal toxicity following
many CNS insults, including hypoxia/ischemia, nel@generation and traumatic injury

(reviewed in**?9,
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MATERIALS AND METHODS
Materials:

3’-0O-(4-benzoylbenzoyl)-adenosine 5'-triphosph&eATP) was purchased from Sigma
Chemical Company (St. Louis, MO).

Animals:

Experiments were performed using 3- to 5-monthaaldit maleéSprague-Dawley rats
(Harlan Laboratories, Madison, WI). Animals wereimtaned in an AAALAC-accredited
animal facility according to protocols approvedtbg University of Wisconsin Institutional
Animal Care and Use Committee. All animals weradsal under standard conditions, with a 12
hour light/dark cycle andd libitum food and water. All efforts were made to minimaemal
distress and reduce the numbers used, while pergiitie formation of statistically reliable
conclusions.

Nucleotide (BzATP) treatment:

Rats were naive (n=6) or treated intracisternalth wehicle (25 ul of 250 mM Hepes) or
BzATP (25 ul of 0.3uM stock in 250 mM Hepes). Hyierats were presedated with
dexmedetomidine (50-65 pg/kg, s.c.), anesthetizédisoflurane (1.5%, 100% {halanced),
orotracheally intubated and ventilated (Harvarderadsentilator). A tail vein catheter was
placed in order to deliver fluids into the animabpinjection (Lactated Ringer, 2.5ml per hour,
I.v.). After dorsal laminectomy at C2, the durasveait to allow insertion of a silicone catheter
into the cisterna magna (12 mm, inserted from thelal end of the C1 vertebrae) through which
vehicle or BzZATP was delivered. The muscle andsthie were sutured closed, and atipamezole
(500 pg/kg, i.m.), buprenorphine (0.05 mg/kg, saod baytril (10 mg/kg, s.c.) were

administered prior to termination of isoflurane sthesia.
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In vivo hypoxia exposures:

Exposures were performed by placing animals inflovidual chambers connected to a
computer-driven controller that monitors &d CQ within the exposure chamber and mixes O
and/or N to achieve the desired inspired oxygen concentratiwith a C@concentration
<0.5%. Animals were exposed to either normoxia iglenn=8; BzATP, n=8) or hypoxia
(vehicle, n=7; BzATP, n=7) for 2 hours, with freecass to food and fluids. This paradigm of
hypoxia induces a rapid decrease in oxygen terisitre CNS*’, exerts measureable
physiological changes in brainstem neuron excitgbtl “° and promotes translocation to the
nucleus of hypoxia inducible factorIHIF-1a) . In addition to vehicle-treated rats, naive rats
were also exposed to hormoxia to control for noeesfir, surgically-induced inflammation. At
the end of the 2-hour exposure period, rats war®ved from the chambers, the tail vein
catheter was removed, and they were returned todhges for 22 hours. At that time, the rats
were euthanized, and brainstem microglia were inomagnetically isolated for analysis of
gene expression by qRT-PCR.

Immunomagnetic CD11b" cell isolation:

CD11b cells were isolated from the brainstems of 6-IBvidual animals/treatment
group, as we have previouslybrepoffed The average purity of cells isolated from these
animals that had the characteristics of microgkes w95% as determined by FSC/SSC scatter
analysis and CD11HCD45%" staining**“3(and data not shown), consistent with previous
reports*”. These CD11hcells will subsequently be referred to as “micrag|
RT-PCR:

Total RNA was isolated from freshly-isolated bratem microglia (or whole brain as a

positive control for primer set validation) usithg TRI-reagent according to the manufacturer’'s
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instructions. Purified RNA was then digested vididase | (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol. First-strand cDNAswsynthesized from 1ug of total RNA using
MMLV Reverse Transcriptase (Invitrogen) and ana(dy)/random hexamer cocktalil
(Promega). The cDNA was used for qPCR using PowW&R5(Applied Biosystems, Foster
City, CA). Fluorescence was monitored in real-tinseng the TagMan ABI 7300 Sequence
Detection System (Applied Biosystems). The standarde method® was used to determine
the relative amounts of each gene between samgileg the average of duplicate interpolated
Ct values normalized to 18s rRNA. A 2-way ANOVA weased to determine whether treatment
had any effect on the expression of 18s; we foumdtatistically significant differences in any
treatment group (data not shown). The followingrai sequences had efficiencies >97%, and
were used for quantitative PCR; Genbank Accessimnbers are provided in parentheses. iINOS
(NM_012611.3) - 5' AGG GAG TGT TGT TCC AGG TG andi&T GCA GGA TGT CTT
GAA CG; IL-6 (NM_012589.2) - 5' GTG GCT AAG GAC CABAC CAand 5" GGT TTG
CCG AGT AGA CCT CA; TNFe. (NM_012675.3) - 5' TCC ATG GCC CAG ACC CTC ACA
Cand 5 TCC GCT TGG TGG TTT GCT ACG; P2X1 (NM_0082367.1) - 5 AGC CCA AGG
TAT TCG CAC AG and 5 TTC ACA GTG CCATTG AAG GG;2X2 (NM_053656.2) - 5'
GTA GTC AGC ATC ATC ACC AGG and 5 TCA GAC AAG TCBGG TCA CAG T; P2X3
(BC081783.1) - 5' TAC CAA GTC GGT GGT TGT GA and&CA CCC CAC AAA GTA
GGA GA; P2X4 (NM_031594.1) - 5' GTG GCG GAC TAT GTRIT CC and 5' GGT GCT
CTG TGT CTG GTT CA; P2X5 (NM_080780.2) - 5' TCT T@JC CAG TGA AGA CG and
5" AGT TCA GAG CTG TGG CCT GT,; P2X6 (NM_012721.2%'-ACG TGT TCT TCC TGG
TAA CCAACT and 5' TGG ACA TCT GCC CTG GAC TT; P2XRM_019256.1) - 5' GGC

ACC ATC AAG TGGATC TTand 5' CTT GTC GCT CAT CAAGC AA; and 18s
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(NR_046237.1) -5 CGG GTG CTC TTA GCT GAG TGT C@&Cand 3' CTC GGG CCT GCT
TTG AAC AC. All primers were designed to span imsavhenever possible, and primer
efficiency was tested through the use of seriaitaihs in standard curves. Primer specificity
was assessed through NCBI BLAST analysis priorsey and all dissociation curves had a single
peak with an observedylconsistent with the intended amplicon sequencasipfes with @
values >34 cycles were considered undetectable, and wenmeved from statistical analyses.
Statistical analyses:

Statistical analyses were performed on the normd)imterpolated €valuesfrom the
standard curves from each gene, as previouslyidesér. Outliers (identified using the
Grubb’s outlier test) were removed from the data\8#en comparing two population means,
statistical inferences were made using a Studém'st. When comparing treatment and oxygen
effects, comparisons were made using a two-way ANQ@$igma Stat version 11, Systat
Software, San Jose, CA); Tukpgst hoc tests were used to assess statistical significaince
individual comparisons. Data sets that failed nditsnevere logarithmically transformed prior to
running the statistical analyses. Statistical digance was set at p<0.05. There was no
significant difference in gene expression betwesmale-treated and naive normoxic animals for
all genes studied, as determined by a Studeng¢sttflata not shown). Therefore, these groups
were combined for subsequent statistical and gcappurposes. Mean data are expressigd +

SEM.
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RESULTS
MRNA levels of pro-inflammatory genes are differenially increased by hypoxia in
microglia

Hypoxia increased both iINOS and IL-6 mMRNA level${20.63 fold, p=0.02 and
2.77+0.56 fold, p=0.04 respectively) in freshlylaed brainstem microglia (Fig. 1A, B).
Interestingly, TNl mRNA levels were not changed by hypoxia (0.89+0d8, p>0.05) (Fig.
1C), suggesting that the pro-inflammatory effedteypoxia are gene-specific. Thus, hypoxia
increases expression of some, but not all prosimite@tory genes in brainstem microgimvivo.
P2X receptor activation in normoxia upregulates infammatory gene expression in
brainstem microglia

To investigate the effects of P2X receptor actoratn microglial inflammatory gene
expression, rats were intracisternally injectechwithicle or BzZATP, and exposed to normoxia
or hypoxia. Similar to hypoxia alone, BzZATP increasnicroglial INOS (6.73+2.17 fold,
p<0.001) and IL-6 (2.32+0.53 fold, p=0.01) mRNAé&ts; but not TNE (1.47+0.24 fold,
p>0.05), demonstrating gene-specific regulatioprofinflammatory molecules by P2X
receptors (Fig. 1A, B, C). The stimulatory effeat8BzATP on microglial IL-6 gene expression
in vivo are consistent with our previous observationgtro * where BzATP increased IL-6
MRNA levels.
BzATP-induced inflammation is prevented by exposureo hypoxia

Surprisingly, the effects of P2X receptor activatan microglial inflammatory gene
expression in normoxia were lost in hypoxia. In ¢wipg, BzZATP failed to increase iINOS, IL-6
or TNFo mRNA levels compared to vehicle treatment (Fig.The approximate seven-fold

increase in INOS expression stimulated by BzATRarmoxia was reduced by more than half
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(2.3740.87 fold, p=0.039) in hypoxia, and was not difféarircom the effects of hypoxia alone
(2.57+0.63 fold, p=0.536). Similarly, the ~2-folcchease in IL-6 mMRNA levels stimulated by
BzATP in normoxia appeared to decrease (to 0.9&all), although these apparent changes
were not significant with a 2-way ANOVA (p=0.198jowever, there was a significant
difference between BzATP effects in normoxia anddxya (Student’s T-test; p=0.045). BZATP
effects on IL-6 expression during hypoxia were different from vehicle (p=0.409). Further,
BzATP had no effect on TNFMRNA expression (p>0.05) with hypoxia. Collectiehese
data suggest that P2X receptor function diffensdrmoxia and hypoxia, and that the ability of
P2X receptor signaling to induce inflammatory gerpression in microglia is ablated by
hypoxia.
BzATP increases P2X4 and P2X7 mRNA levels

We evaluated the expression of all mammalian P2¥ptrs in brainstem microglia to
narrow the potential list of P2X receptors thatlddae mediating the BzATP effects. The
average gvalues for P2X receptors in brainstem microgl@as follows: P2X1- 29.89, P2X2-
ND, P2X3- 30.34, P2X4- 28.14, P2X5- 30.48, P2X6-,/W2X7- 28.15 and 18s rRNA- 14.41.
Because P2X7, P2X4 and P2X1 receptors are thehgigy expressed P2X receptors in
brainstem microglia, and BzATP has the higheshasgfifor these same receptdfswe
evaluated BzATP effects on the expression of theseptors in normoxia versus hypoxia (Fig.
2). Hypoxia alone had no effect on P2X7 (1.51+03d8, p=0.217) (Fig. 2A), P2X4 (0.48+0.13
fold, p=0.565) (Fig. 2B), or P2X1 (0.41+0.18 fof@>0.05) (Fig. 2C) expression. In normoxia,
BzATP increased expression of both P2X4 (4.12+1oftf p=0.002) and P2X7 (3.03+ 0.70
fold, p=0.002) receptors, but not P2X1 receptorgg® 0.70 fold, p>0.05). As observed with the

inflammatory genes, the effects of BZATP on P2X4%*0.31 fold, p<0.001) and P2X7
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(0.23+0.07 fold, p<0.001) mRNA levels were loshiypoxia (Fig. 2A, B). Interestingly, while
the effects of BZATP in hypoxia on P2X4 and P2X7N#Revels were not different from
vehicle (p=0.227 and p= 0.509, respectively), BzAfdeased P2X1 mRNA levels (p=0.024) in
hypoxia (Fig. 2C).
P2X receptor expression correlates with inflammatoy gene expression in brainstem
microglia

Because of similarities between the regulatiomf@mmatory genes, P2X4 and P2X7
receptors in normoxia and hypoxia by BzATP, we $obug determine if correlations existed
between these genes using regression analysesh&®eved strong, positive correlations
between both P2X7 and P2X4 receptors and iNOS .(Bysnd B) and IL-6 (Figs. 3C and D)
expression, although some correlations differedormoxia and hypoxia. In normoxia, INOS
mRNA correlated with both P2X7 (Fig. 3A) {80.480; p=0.003) and P2X4 (Fig. 3B) mRNA
levels (R=0.644; p<0.001), although the correlation wasrses with P2X7 (correlation
coefficient (r)=0.936) than with P2X4 (r=0.771).dantrast, the iINOS correlation with P2X7
mRNA was lost in hypoxia (R0.0689; p<0.386), whereas the correlation with P2és
increased (R=0.936; r=0.971; p<0.001).

Like iINOS, IL-6 positively correlated with both R2 (Fig. 3C) (R=0.556; r=0.936;
p<0.001) and P2X4 expression (Fig. 3Df£R.821; r=1.02; p<0.001) in normoxia. However,
the correlation with P2X4 was lost in hypoxig#R.105; r=0.359; p=0.310), whereas the
correlation with P2X7 remained intact’®&®.412; r=0.314; p=0.018). IL-6 regulation by P2ix7
vivo is consistent with our previois vitro observations using P2X7 RNAj where we found
that P2X7 receptor knockdown in N9 microglia aldateore than 90% of the BzATP-induced

upregulation of IL-6. No correlation was observetmMeen TNk and either P2X4 or P2X7 (data
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not shown), consistent with the lack of effect @&3P on TNF. gene expression in any oxygen
condition. In addition, P2X1 expression did notretate with INOS, TNE, or IL-6 (data not
shown). Interestingly, P2X4 and P2X7 receptor esgion strongly correlated with each other in
normoxia (Fig. 4A) (R= 0.815; r=1.311; p<0.001), but not in hypoxi&£®.139; r=0.412;
p=0.233), suggesting an “uncoupling” of P2X4 an&XP2egulation by hypoxia.

P2X1 mRNA did not correlate with P2X4 (Fig. 4By’&®.0097; r=0.119; p=0.773) or
P2X7 (Fig. 4C) (R=0.020; r=0.17; p=0.658) in normoxia. In hypoxiaere was a marginal
negative correlation between P2X1 and P2X4 expragd§=0.346; r=-0.761; p=0.073, n=10),
and a significant correlation with P2X7 mRNA%®.632; r=-1.283; p=0.006), suggesting that

hypoxia may alter P2X receptor signaling by shgtthe relative balance of P2X receptors.
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DISCUSSION

This is the first report to describe the effect$@K receptor activation and hypoxia on
microglial inflammatory and P2X receptor gene espranin vivo. We found that exposure to
hypoxia for only 2 hours is sufficient to induceanuiglial INOS and IL-6 gene expression,
detected the next day, although the effects of kigpare gene-specific since not all cytokines
are similarly upregulated (i.e. TN} Because hypoxia and ATP release are often a@nti
and P2X receptors are potent regulators of micabglitivities, we also tested the impact of P2X
receptor activation on iNOS, IL-6 and ThdEXxpression in hypoxia. We report here that, wherea
P2X receptor activation in normoxia promotes iIN@8 #.-6 gene expression (but not T&F
these effects were nearly abolished by hypoxiaal§e investigated if the apparent alteration in
P2X receptor signaling by hypoxia was related itisin the balance of key microglial BZATP-
responsive P2X receptors. Although hypoxia aloreerimeffect on P2X1, P2X4 or P2X7
receptor expression, BzZATP-stimulated increas&®4 and P2X7 receptor expression in
normoxia were prevented in hypoxia, similar to B#Ad@ffects on INOS and IL-6 gene
expression. Because decreases in P2X receptoregpnession were not observed with hypoxia,
P2X receptor signaling is likely altered by hypoxia as yet, unknown mechanisms.

One possibility contributing to reduced P2X receignaling in hypoxia may be the
altered composition of P2X receptor heterotrimeraltered interactions among homotrimers.
These effects can conceivably occur relatively kiyi@.e. within the 2 hours of hypoxia
exposure) due to rapid receptor subunit traffickmghe plasma membrane from intracellular
pools. Intracellular pools of P2X4, P2X7 and P2X¥&aptors have all been reported to influence
ion channel functio”>°. However, it should be noted that all gene expoesanalyses in our

study were performed one day (22 hours) after fip@xic exposure ended, so it is possible that
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alterations in P2X receptor expression may alsaritrie to the modulation of inflammatory
gene expression by BzATP reported here. In thidystwe focused on the role of P2X1, P2X4
and P2X7 receptor regulation of microglial inflantorg activities for several reasons. 1) These
receptors are among the most highly expressedaingiem microglia (rank order abundance in
freshly isolated adult brainstem microglia is: P2ZR2X7 > P2X1 > P2X3=P2X5), and BzZATP
has the highest potency at P2X1 and P2X4 recepta?$ BzATP has higher potency at P2X2,
P2X5 and P2X7 receptors versus P2X3 recepfpR2X2 (and P2X6) mRNAs are undetectable
in brainstem microglia, and P2X3 (and P2X5) arel¢last abundant of the P2X receptors in
brainstem microglia. Thus, BzZATP is most likelyiagtvia P2X1, P2X4 and/or P2X7 receptors
in brainstem microglia. 3) P2X4 and P2X7 receptoesthe best characterized purinergic
receptor subtypes in microgfi&>? Little is known concerning P2X1 receptor functioradult
microglia, although P2X1 receptors are present mnaglia in the developing rat brain P2X7
receptors mitigate microglial production of cyto&insuch as ILfland IL-6****as well as

iINOS *°, whereas microglial P2X4 receptors contributegaropathic pair®. Finally, 4) P2X
receptors are homo- or hetero-trimeric prot8in®2X4 and P2X7 receptor subunits can form
heterotrimers®, although the preferred configuration in manyuées® and in cultured microglia
appears to be homotriméfs Importantly, in cultured microglia there are alsteractions
between P2X4 and P2X7 homotrimers, suggesting tatisemong these P2X receptors, even if
they are not components of the same receptor tfiinBecause P2X1 and P2X4 subunits can
also trimerize®, P2X4 subunits may be a common “partner” for P2Xdl P2X7 effects. In our
studies, we found no effects of hypoxia or nucliedgion P2X1 receptor mRNA in normoxia;
however, P2X1 receptor expression in hypoxia isatiegly correlated with the P2X receptors.

A negative association of P2X1 subunits may theeefeflect a complex shift in either the
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composition of P2X4 and/or P2X7 trimers, and/oer@t signaling interactions between these
homomeric receptors. P2X receptor trimer compasitos between receptor interactions, have
not been evaluated in hypoxia in any system. Thusnot yet known if alterations in these
parameters contribute to the impaired ability oABP to signal to inflammatory genes during
hypoxia.

To study the effects of exogenously administeredeantides on microglial responses, we
injected BzATP directly into the cisterna magnahalgh the half-life of BZATPn vivo is
unknown, this route of administration minimizestie trauma caused by direct injection into the
brainstem parenchyma, while also maximizing expasidibrainstem cells to high nucleotide
levels, the CNS region of interest in these studigsrestingly, we found in pure microglial
culturesin vitro, that between 1 and 8 hours of hypoxia ranging fieib%, followed by
reoxygenation for 16-23 hours failed to induce ahthe inflammatory genes assessed here (data
not shown), suggesting that additional CNS celésypre likely necessary to recapitulate full
microglial in vivo responses. This idea is consistent with the bienmditerature indicating an
important role of astrocytes in sensing and resppon ATP during hypoxi&"®*to modulate
respiratory rhythm generation and the hypoxic Vatutiy responsé”®>% key physiologic
functions of the brainstem. It is also importantrtention that we discuss the effects on
microglial gene expression observed here as bamgessult of hypoxia. However, because we
allowed the animals to control their own CO2 during hypoxic exposures, they also became
hypocapnic. At this time, we cannot rule out thegibility that hypocapnia or a combination of
both hypoxia and hypocapnia play a role in thesenked effects.

Identifying individual contributions of P2X4 receps to microglial activities in hypoxia

invivo is challenging because selective agonists or antstg for P2X4 receptors are not
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available. Most general P2 receptor antagonistse havaffinity for P2X4. TNP-ATP has some
ability to antagonize P2X4 receptors at high dobasjt has even higher potency at P2X7
receptor¢’, making it difficult to pharmacologically distinigh P2X4 receptor-specific effects
in cells such as microglia, where both receptotyqds are highly expressed and likely play
opposing roles. Moreover, antagonists such as B8EFS that lack the P2X7 receptor activities,
have effects at P2X1 receptors which are also higkpressed in brainstem microglia and which
we hypothesize play a role in responses to hyp®aig. mostly to the lack of highly selective
P2X receptor ligands, very little is known of P2bLeptor activities in microglia in any
situation, and little is known about P2X4 recepiarsegulating microglial inflammatory gene
expressionn vivo. Indeed, the best studied role of P2X4 receptotisair function in tactile
allodynia and neuropathic paifi®® Importantly, both P2X4 and P2X7 receptor proteirels
are upregulated in microglia following ischerfiid”, but no studies to our knowledge have
evaluated P2X4 receptor levels in adult microgftaraexposure to hypoxia alod&or what the
functional correlate is of P2X4 upregulation.

There are advantages and disadvantages to the iomagmetic microglial isolation
method used here. The major strength is that akkemental manipulations are performed
vivo, and microglia are rapidly isolated and analyZdt ability to directly assess microglial
gene expression in freshly-isolated cells is alisblicritical for making the most accurate
conclusions about microglia. Typically, in the tature changes in microglial morphology are
coupled with the presence of inflammatory mRNAsvhole tissue homogenates, the source of
which is then ascribed to microglia. These condiusimay or may not be correct. However, the
ability to perform these direct and microglia-spiecanalyses also comes at a cost. Microglia

only comprise between 5 and 10% of all CNS cellg, anlike the cortex where 10% of the cells
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are microglia in the rat, only about ~5% of brainsieells are microglia (data not shown).
Therefore, performing protein analyses by Westéotslor ELISA assays are not feasible with
such limited sample availability, and immunohistectical (IHC) analyses are not appropriate
for investigations of secreted molecules such &skayes.

In this study, we were interested in identifyingoges in mMRNA levels for inflammatory
genes induced by hypoxia and/or P2X receptor a@aivan microglia. In addition to the well-
established roles of these inflammatory molecuieseiurotoxicity as addressed above, we also
chose to evaluate the expression of these pantigal@es because each one is inducible in
microglia. They are regulated primarily at the llevetranscription in response to common
inflammatory stimuli such as LP§"® Thus, although concomitant increases in prowiels
were not specifically investigated here, they dely to occur. The transcriptional regulation of
these genes is complex, and depending on the infltory stimulus used, may involve the
transcriptional activities of several transcriptiactors including NReB, AP-1, Egr factors and
CREB**""" |mportant with regard to P2X receptor signalindniypoxia is the fact that all of
these transcription factors can be independengylaged by hypoxi&®®?and P2X receptor
activation*®®% However, because both stimuli individually incsedhe activation of these
transcription factors, we would predict that simaktous activation of P2X receptors in hypoxia
would result in augmented inflammatory gene expoesi$ these transcription factors were
involved, not the inhibition that we observed. Thiseems likely that the activation of a
transcriptional repressor or the recruitment abadcriptional co-repressor in the context of
hypoxia may occur in response to P2X receptor attim. To our knowledge, no literature is
available yet in support of or opposition to thygpbthesis, and no information exists on specific

activation or recruitment of transcriptional rem@s or co-repressors by P2X receptors.
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In summary, the present studies show that hypaaagmts P2X receptor signaling to
inflammatory gene expression in adult brainstenraogitain vivo. Detection of extracellular
nucleotides by P2X receptors is likely one mechanhereby microglia sense disturbances in
cellular homeostasis in the CNS. That P2X recepttivation promotes inflammatory gene
expression in microglia in normoxia suggests timgpathologic situations when ATP is
abundant, microglial inflammatory activities mayntabute to neural injury. We suspect that
downregulated P2X receptor signaling during hyposay be an adaptive measure used by
microglia to prevent exaggerated inflammatory resgs to the combined stimuli of increased
extracellular nucleotides and hypoxia. This adamtamnay represent a neuroprotective or anti-
inflammatory function of microglia to mitigate hygio injury to neurons in this critical CNS
region. These results indicate that microglia iehéy adapt in hypoxia to mitigate their
responsiveness to high concentrations of extrdeelARlTP when present. Indeed, if this is a
generalized mechanism in microglial responses phisway could also be detrimental by
inducing microglial quiescence during pathologisatiods of cellular dysregulation when
microglial inflammatory activities would be beneéic For example, the centers of growing
tumors are hypoxic and contain high levels of exdlalar ATP due to insufficient
angiogenesis/vascularizatiBhand cell death, respectivél{®® The desired microglial response
in this situation is an increased production ofmftammatory/anti-tumorigenic molecules.
However, microglia located directly in the tumorcnoienvironment are generally
immunologically suppressed (reviewed’th and underlying mechanisms of this may involve
similar alterations in P2X receptor signaling irpbyia. Thus, identifying mechanisms that

regulate microglial responses to the combinationypioxia and extracellular nucleotides will
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provide new insights and understanding into migedgeégulation and identify new therapeutic

targets that can be used to manipulate microgtt@idies in various CNS pathologies.
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Figure Legend 1

Effects of BZATP treatment and hypoxia exposure omnicroglial inflammatory gene expression.
Brainstem microglia were immunomagnetically isalafieom animals treated with vehicle (Veh) or
BzATP and exposed to normoxia (Nx) or hypoxia (Hxdtal RNA was isolated and subjected to qRT-
PCR for analysis of: A) INOS B) IL-6 and C) TMFHypoxia for 2 hours increased the expression of
iINOS and IL-6. BZATP treatment also increased iND8 IL-6 expression in hormoxia, but these effects
were prevented in hypoxia. Neither treatment eff@cTNFe. gene expression. Solid lines indicate
statistically significant differences with a Two WANOVA and dashed lines with a t-test. *p<0.05;

***p<0.001. Data are graphed as fold change retato vehicle treatment.
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FIGURE 2
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Figure Legend 2

Effects of BZATP treatment and hypoxia exposure omicroglial P2X receptor gene expression.
Brainstem microglia were immunomagnetically isatateom animals treated with vehicle (Veh) or
BzATP and exposed to normoxia (Nx) or hypoxia (Hxptal RNA was isolated and subjected to qRT-
PCR for analysis of: A) P2X7 B) P2X4 and C) P2X&eagtors. Whereas hypoxia alone had no effect on
P2X receptor expression, BzZATP treatment incred®2d7 and P2X4 expression in normoxia, effects
that were prevented in hypoxia. Neither BZATP treait in normoxia, or hypoxia exposure affected
P2X1 gene expression, but BzATP increased P2X1 mR&&ls in hypoxia. Solid lines indicate
statistically significant differences determined Bwo Way ANOVA and dashed lines by a t-test.

*p<0.05; **p< 0.01; **p<0.001. Data are graphes f@ld change relative to vehicle treatment.
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Figure Legend 3
Correlations between P2X4 and P2X7 receptor mRNAs mal INOS and IL-6 gene
expression differ in normoxia and hypoxia. Multiple linear regression analyses were
performed on inflammatory and P2X receptor gengeasgion data (logarithmically transformed
interpolated @ values) in normoxia and hypoxia. Correlations lestw A) INOS and P2X7, B)
INOS and P2X4, C) IL-6 and P2X7 and D) IL-6 and B2Zre shown. iINOS expression
significantly correlated with both P2X7 and P2X4&eptors in normoxia whereas in hypoxia,
correlation with P2X7 was lost. Likewise, IL-6 erpsion correlated with both P2X4 and P2X7

in normoxia, but correlation with P2X4 was loshiypoxia.
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Figure Legend 4

The correlation between P2X4 and P2X7 receptor mRN#in normoxia is lost in hypoxia
when P2X1 receptor expression negatively correlatedultiple linear regression analyses
were performed between P2X receptor data (logarithlhg transformed interpolatedrvalues)
in normoxia and hypoxia. Correlations between AX®2and P2X7 B) P2X1 and P2X4, and C)
P2X1 and P2X7 are shown. P2X4 expression signifigacorrelated with both P2X7 in
normoxia, an effect that was lost hypoxia. In hyippX¥2X1 negatively correlated with both

P2X4 and P2X7.
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ABSTRACT

Our understanding of how histone demethylation riouties to the regulation of basal
gene expression in the brain is largely unknowany injury model, and especially in the
healthy adult brain. Although Jumonji genes arerofiegulated transcriptionally, cell-specific
gene expression of Jumonji histone demethylasteibrain remains poorly understood. Thus,
in the present study we profiled the mRNA level26fJumoniji genes in microglia (CDI)p
neurons (Neul) and astrocytes (GFAPfrom the healthy adult rat brain. We optimized a
method combining a modified zinc-based fixative @fJ and flow cytometry (FCM) to
simultaneously sort cells from non-transgenic afsm&/e evaluated cell-surface, intracellular
and nuclear proteins, including histones, as wethassenger- and micro-RNAs in different cell
types simultaneously from a single sorted sample fd\ind that 12 Jumonji genes were
differentially expressed between adult microgli@yimons and astrocytes. WhilklJD2D was
neuron-restricted?HF8 andJMJD1C were expressed in all three cell types thoughesgion
was highest in neurondviJD3 andJMJD5 were expressed in all cell types, but were highly
enriched in microglia; astrocytes had the lowesgtression ofJTX andJHDM1D. Levels of
global H3K27 methylation varied among cell typed appeared to be lowest in microglia,
indicating that differences in basal gene expressicspecific Jumonji histone demethylases
may contribute to cell-specific gene expressiothexCNS. This multiparametric technique will
be valuable for simultaneously assaying chromatdifications and gene regulation in the adult

CNS.
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INTRODUCTION

The CNS is comprised of highly interconnected,fyattionally heterogeneous CNS cell
populations. Understanding how these cells fundbioti individually and within a network is
crucial to unraveling their role in health and dise. Interpretation of many existing epigenetic
and gene regulation studies in the adult CNS amgptioated by the fact that they are typically
performed on tissue homogenates, so effects wittlkiidual cell types cannot be distinguished.
Another major technical hurdle in evaluating gerpressiorin vivo is the inability to efficiently
isolate nucleic acids (RNA) from paraformaldehyded and sorted cells since major CNS cell
types are best characterized by proteins expresgadellularly. As a result, investigations of
gene regulation in the brain often utilize cultu@dS cells that are usually derived from late
embryonic or neonatal animals, confounding undedstay of these processes in the adult. Laser
capture microdissectiol?, live cell sorting by flow cytometry from transgemnimals
expressing fluorescent proteins driven by cell-tgpecific promoterd, ribosomal-tagging for
mRNA isolation from transgenic animéi§ and alcohol-based fixation to sort neurons for
subsequent RNA analysisre commonly used methods permitting assessmeRiNA in
specific CNS cell populations, but each have tbein drawbacks. Although each technique has
enabled significant advances in neurobiology, theitations include investigations of only a
single cell type at a time, the need to use andtaiai transgenic animals, and/or the inability to
concurrently analyze nucleic acids and intracetlplateins in a single sample. Therefore, we
endeavored to overcome these obstacles by optign&zimovel method using non-transgenic,
adult rats where proteins and nucleic acids cacobeurrently analyzed by flow cytometry
(FCM) in multiple neurons and glial cell types sitaneously identified using a combination of

intracellular and extracellular markers.
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Although FCM is commonly used to analyze and soreell populations, the ability to
efficiently recover nucleic acids from formaldehyfileed cells is nof. This limitation is
particularly significant for neuroscience resedrelbause the best-characterized cell-type
specific markers for neurons and astrocytes aradeliular, thus requiring fixation and
permeabilization for immunostaining-based detect@umez-Barber and colleaguereported the
use of an alcohol-based fixative to sort neuroasifnon-transgenic animals for subsequent
RNA analysis, the utility of which for evaluatingicleic acids in sorted neurons has been
demonstrated several tim&S. However, when endeavoring to isolate nucleicsifiodm
identified and sorted neuron and glial cell popolsd simultaneously, based on a combination of
intracellular and cell surface identification mamkealcohol fixation was ineffective in our
studies. We thus turned to a zinc-based fixatii@H)Avhich was previously shown to preserve
cellular structure, proteins, and nucleic acidkigtological and cellular studiéé'* Because a
modified ZBF (mZBF) was previously shown to pregemucleic acids better than standard zinc
fixation methods, we evaluated intracellular, est¢thular and nuclear proteins, as well as post-
translational modifications to histone tails witlZBF after a mechanical dissociation protocol.
found that all parameters were readily preservead-microglia, neurons and astrocytes were
sorted based on cell surface (CD11b) and intrdeelinarkers (NeuN and GFAP, respectively),
and we obtained high quality messenger and smaHlcoding RNAs (miRNAs). We also
observed differences in basal histone H3 lysin@H3K27) methylation status among cell types,
suggesting fundamental differences in chromatincstire between CNS cell types. The purity of
sorted cell populations from the adult CNS was cordd by evaluation of mRNA levels of cell-

type specific genes in individual cell populations.
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The importance of histone demethylation in the rmalier regulation of CNS gene
transcription is becoming increasingly appreciatedr overall research goal is to understand the
role of histone demethylation in regulating gera@scription in individual CNS cell types
(microglia, neurons and astrocytes), since celtifigegene regulation strongly contributes to
cell-cell communication in CNS health and disedseo families of histone demethylases have
been identified: lysine specific demethylases (L&BJ Jumonji C (JmjC) domain family
proteins'®. Whereas the Jumonji demethylases comprise thesdtigene family of histone
demethylases, little is known about their exprassiofunction in the adult CNS, in any cell
type. To begin to understand how epigenetic regulanfluences CNS cell function, and
because so little is known about the expressidepfJumonji demethylases in any CNS cell
type in the adult, we used the present methoddepandently profile the expression of the 26
best characterized Jumoniji histone demethylasdyangmbers in microglia, neurons and
astrocytes. We found that seven Jumonji genes teadeg than a 3-fold change in mMRNA
expression levels between cell types. Of thBs#;8, IMID1C, andIMJID2D had neuron-
specific expression, wheredlglJD3 andJMJD5 were primarily expressed in microglidTX
andJHDM1D had very low expression in astrocytes comparetwtoons and microglia.
Collectively, these data suggest that there istgp#-specific regulation of basal histone
demethylase expression in the CNS. Moreover, beddese enzymes have different histone
targets and enzymatic specificiti€sthese results also suggest that histone demétylikely
plays different functional roles in the controlggne expression in neurons, astrocytes and
microglia in the healthy brain. The present tecbhaigrovides a simple experimental means with
which to beginn vivo studies of cell-specific epigenetic gene reguratiromultiple CNS cell

types simultaneously.
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MATERIALS AND METHODS
Animals

This study was carried out in strict accordancé e recommendations in the Guide
for the Care and Use of Laboratory Animals of theidhal Institutes of Health. Experiments
were performed on adult, male, Sprague-Dawley(kaslan, Indianapolis, IN) weighing 300 g
+ 50 g. Rats were housed and handled in accordaticehe Guide for Care and Use of
Laboratory Animals in an AAALAC-accredited facilitpll surgical and experimental
procedures were approved by the University of Wisag Madison Institutional Animal Care
and Use Committee. All efforts were made to mingrtize number of animals used and their
suffering.
Materials

Hank’s Buffered Salt Solution (HBSS) was purchasedh Cellgro (Herndon, VA).
Calcium acetate, zinc chloride, zinc trifluroacetaglycerol, DEPC, EDTA, and TRI reagent
were purchased from Sigma Aldrich (St. Louis, MBgrcoll was purchased from GE Healthcare
(Waukesha, WI). DNase was purchased from Wortbm@iochemicals(Lakewood, NJ).
Lightning Link Antibody conjugation kit was purchesfrom Novus (Littleton, CO). Glycoblue
reagent was purchased from Ambion (Austin, TX). NEW VILO™ miRNA cDNA Synthesis
Kit, and RNase AWAY, and DAPI were purchased framitrogen (Carlsbad, CA). Primers
were designed using Primer 3 software and werehagex from Integrated DNA Technologies
(Coralville, IA). Power SYBR green was purchaseamhfrApplied Biosystems (Foster City, CA).
CD11b and GFAP antibodies were purchased from Bi3&ences (San Jose, CA). NeuN,
EAAT2 (GLT-1), H3K27me3, H3, and the rabbit IgGtigme control antibodies were purchased

from Millipore (Billerica, MA). The H3K27mel antilty was purchased from Epigentek
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(Farmingdale, NY). The goat anti-rabbit PE-CY7 batly, was purchased from Santa Cruz
Biotechnology (Dallas, TX).
Control of RNAse and DNAse contamination

Special precautions were taken during sample daleand processing to preserve RNA
integrity. Only certified nuclease-free plastic wand/or glassware baked at 400°C for 4 hours
were used. All surfaces and tools were treated Ritlase AWAY (Invitrogen) to prevent RNase
contamination. All solutions were prepared with [MEPeated water.
Mechanical dissociation and fixation of neural tisae

Rats were euthanized with an overdose of isofluearesthetic, and perfused with cold
0.1M phosphate buffered saline (PBS). The braiolughkng olfactory bulbs, brainstem and
cerebellum was dissected, and placed into cold H&5iSse. Samples remained on ice for the
duration of the procedure, and all centrifugatiteps were performed at 4°C. We modified a
mechanical dissociation protoc8lifor creating single cell suspensions of CNS tisdue
pushing the tissue through a pre-moisteneduftOfilter with a syringe plunger and flushing the
filter with ice-cold HBSS supplemented with 0.01lmgDNase and 0.1mM EDTA. Myelin was
removed by high speed centrifugation at 850g fomltutes in a solution consisting of 26%
Percoll in 0.1M PBS. Dissociated cells were washede-cold HBSS and pelleted by
centrifugation at 3509 for 5 minutes. Cells werguspened in a modified zinc-based fixative
(mZBF) (0.5% zinc chloride, 0.5% zinc trifluroacteta0.05% calcium acetate in 0.1M Tris-
HCL, pH to 6.4-6.7) and glycerol (1:1), as previgudescribed?* Samples were stored at -
20°C overnight or until ready to be used. Conststéth previous reports’, we have stored

samples for several weeks with no detectable lbsslbintegrity or immunostaining efficiency
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(data not shown). To assess the effects of théidix@rocess on RNA quality, comparisons
between fresh and fixed tissues, and fixed/sontdld were performed.
Cell population analysis by flow cytometry

Fixed samples were washed 3X in ice-cold PBS antgabilized on ice for 20 min in 1X
PBS + 0.2% saponin + 0.1% BSA. All staining occdroa ice in the permeabilization buffer,
protected from light. Cells were stained with adéuN-Alexa 488 (1:200), anti-CD11b-PE-Cy7
or PE (1:200), and anti-GFAP- Alexa 647 (1:50) woti-&£AAT2 (GLT-1)-Alexa 647 (1:100)
antibodies for 45 min on ice. Prior to stainingg BAAT2 (GLT-1) antibody was custom
conjugated to Alexa 647 utilizing the Lightning-kiantibody conjugation kit, according
manufacturer’s instructions. Samples were washddesuspended for sorting in
permeabilization buffer containing DAPI (/ml) to identify cells with intact nuclei. Flow
cytometry analysis and cell sorting was performgidgia FACSAria Il equipped with 350-,
405-, 433-, 532-, and 633-nm lasers, a standaed §kt, and FACSDiva software (BD
Biosciences). All appropriate compensation and Fdd6Xrols were performed and utilized in
the analysis. Intact cells were identified usingMard and side-scatter parameters, singlet gates,
and DAPI staining to identify cells in cell cyclethe time of fixation. Samples were first gated
to exclude doublets and any events off scale vghfollowing singlet gates: FSC-Width/SSC-
Area, SSC-Width/FSC-Area. We then used a cell cgate to identify cells with intact nuclei
based on DAPI-Width/DAPI-Area plotted on a lineaale. Cell populations were identified and
gated using FMO controls. Cells were identifieddabsn their fluorescence properties, and were
sorted through a 1201 nozzle at 14 psi into 1.5 ml Ependorff tubes.t&drcell populations
were defined as the following: neurons (Né(@®D116/GFAP or GLT-1), microglia

(CD11b/NeuN/GFAP or GLT-1), and astrocytes (GFAP or GLTACD116/NeuN).
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Immediately following the sort, the cells were p&dd and resuspended in Tri Reagent for RNA
isolation. Following the sort, an aliquot of then@ning, unsorted, fixed and stained cells was
taken for comparison to the unfixed and fixed/sibitells. Post-sort population analyses and
graphical representations were performed in Flosoftware v.10. (TreeStar Inc.). Data are
representative of 3 separate experiments with dgaddent samples per experiment.
Cell-Type Identification on ImageStream

Cortical tissue was mechanically dissociated insingle cell suspension, fixed in mZBF,
and stained with CD11b-PE, NeuN-Alexa488, GFAP-xae47, and DAPI as described above.
Fluorescent images were visualized on the Amnigifaream. Cellular expression and
distribution of these cell identifiers were analyze >20,000 cells at 40X magnification, using
IDEAS software (Amnis).
Detection of histone-tail post-translational modifcations

To test whether the mZBF is compatible with detecof histone-tail post-translational
modifications by flow cytomery, samples were prepaas described in the previous sections,
with the following modifications. Cells were statheith anti-NeuN-Alexa 488 (1:200), anti-
GFAP- Alexa 647 (1:50), anti-CD11b-PE (1:200), aalbit-anti-H3K27me3 (1:100), rabbit-
anti-H3K27mel (1:100), or rabbit-anti-H3 (1:100}ibadies for 45 min on ice. Samples were
washed, and stained on ice for 30 min with an @itbit-PE-Cy7 (1:750) secondary antibody.
Following incubation with the secondary antibodhe tells were washed and resuspended in
permeabilization buffer containing DAPI (/ml). The cells were analyzed on a BD LSR I
equipped with 350-, 405-, 433-, 561-, and 642-ngeis, a standard filter set, and FACSDiva
software (BD Biosciences). All single stain compitns and FMO controls were performed

and utilized in the analysis. In single stains &M control samples, we included rabbit IgG
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isotype control (1:100) for the histone antibogiess secondary antibodies when appropriate, to
control for nonspecific antibody binding. A totdl250,000 events were collected for each
sample. Populations were identified and definegrasiously described, and the median
fluorescent intensity for H3, H3K27me3, and H3K27meere calculated for each cell
population. All data analyses were performed usilogvJo software v. 10 (TreeStar Inc.). Data
are representative of 4 independent rat brain sesnpl
DNA, mRNA & miRNA extraction/reverse transcription

Total RNA was extracted from fresh, fixed, and éi)sorted cells according to the Tri
Reagent protocol, with the addition of Glycoblueidg the isopropanol incubation for RNA
isolation. cDNA was synthesized from Op2pof total RNA using the NCode™ VILO™ miRNA
cDNA Synthesis Kit according to manufacturer’s pamtl. This enables amplification of both
MRNA and miRNAs by gPCR.

Custom Jumonji histone demethylase arrays

A custom Jumonji gqRT-PCR array was performed inlidage on pooled samples
(n=4/pool) for the initial broad screen. MRNA exgsi®n levels of 26 characterized Jumoniji
genes were present on the array and results wengafiped to the averager©f the control
genes 18s argttubulin, using the deltaOnethod"’. The expression of a given gene was
averaged across all cell types, and expressionniatigiven cell type was normalized to this
average. The normalized values were subjected_tmgransformation and were graphically
displayed as a heat map created with TreeView soéifl. All genes whose expression differed
among cell types by greater than 3-fold were inddpatly confirmed by gene-specific qRT-
PCR in each of 4 independent sorted samples, defioe 4 different animals.

Quantitative Real-Time PCR (qRT-PCR)
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gRT-PCR was performed on cDNA using Power SYBR G@® quantified using an
ABI 7500 Fast system. Primers were designed usimgelP 3 software and specificity of target
gene amplification was confirmed by NCBI BLAST sdes and verification that the
dissociation curves had a single peak withya&dnsistent with the expected amplicon. Primer
efficiency was tested through the use of seriaitihs. Genes were considered non-detectible if
the G value fell outside of the linear range of the giygimer set serial dilution curve. Values
from duplicate gPCR measurements were averagechatiaed to the average of two control
genes (18s an@ttubulin, for MRNA analyses; and snoRNA135 and 94AR34, for miRNA
analyses), and relative expression was determisieg the delta €method. Primer sequences
are provided in Table 1.
Statistical analyses

Statistical analyses were performed on delta&@ues using Sigma Plot 11.0 software. A
one-way ANOVA followed by the Tukey post hoc testsautilized when comparing multiple
groups. The student t-test was utilized when compgdwo groups. Statistical significance was
set at the 95% confidence limit (p < 0.05). A sengymbol above a bar represents p < 0.05; two
symbols p < 0.01; and three symbols p < 0.001. (pasive data are expressed as the mean + 1

SEM.
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RESULTS
Mechanical dissociation and mZBF fixation is suitabe for the processing of brain
tissue for flow cytometry

Mechanically dissociated and fixed adult rat btéseue samples were analyzed by flow
cytometry. The gating strategy involved gating dotiblets and off scale events based on the
singlet gates obtained using FSC-width/SSC-ares5&@width/FSC-area. The plots shown in
Fig. 1 are from a single sample representativ@of independent samples analyzed on the same
day. Cells are readily distinguished from debrisdshon DAPI staining and forward-side scatter
properties (Fig. 1A,B). There is a clear separaitioime Forward-Side Scatter plot of
mechanically dissociated brain tissue (Fig. 1Apresenting a visible division between cells and
debris. These results are consistent with a rggeaformed on zinc-fixed epithelial cells,
showing that ZBF preserves forward-side scattepgnties™®. We used DAPI to distinguish
between debris and cells with intact nuclei/cailshie cell cycle at the time of fixation (Fig. 1B).
DAPI fluorescence was plotted as DAPI-Area/DAPI-Witb both identify the DAPIcells
while also serving as an additional singlet gates DAPI cell population accounts for 49.2 +
3.1% (n=4) of the total number of events. The DARIn is essential, as it acts as an additional
means to identify intact cells and to exclude defrom the sample (Fig. 1C). This reduces
background autofluoresence and signal from non#spaty bound antibody.
Microglia, astrocytes, and neurons can be simultaraisly identified in the non-
transgenic, adult CNS

Dissociated and fixed samples were stained wittihadies to identify microglia (cell
surface, anti-CD11b), astrocytes (intracellulatj-&FAP or cell surface, anti-GLT-1), and

neurons (intracellular, anti-NeuN). Distinct pogidas of DAPT microglia (Fig. 2A), neurons
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(Fig. 2A,C), and astrocytes (Fig. 2B,C) were idigedi based on their immunofluorescent
properties. There was clear separation between BR4.INeuN (Fig. 2A) and CD11b vs. GFAP
(Fig. 2B) immunostained cells. To determine if theras overlap between the NeuN and GFAP
staining, we plotted NeuN vs. GFAP in the CD1ddll population (Fig. 2C). There were
separate populations of cells that were singletipesior NeuN (42.6% + 2.29), GFAP (3.78% *
0.28) and CD11b (11.3% + 1.85) (n=4). However,¢heas also an unexpected population of
cells that were double positive for NeuN and GFAR4% + 0.21, n=4). In addition, there was a
population of DAPI1 cells that were triple negative for CD11b, Neuhg &FAP (39.0 + 1.3%,
n=4). All CNS cells are not recognized by immunositey with these three markers. On a per
100mg of tissue basis, Table 2 summarizes theoelllation frequencies, as well as the average
number of cells of each type obtained in 3 sepamatkindependent sample sorts. A wide
Forward Scatter (FSC)/Side Scatter (SSC) gateaessary to encompass all neurons and
astrocytes, and indicates that each cell type @&shilifferent but overlapping scatter properties
(Fig. 2D). Single positive CD11b-, GFAP-, and Nesfdined cells were visualized with an
ImageStream analysis system where distributioni@calization of immunostaining was
evaluated in single cells (Fig. 2E). Data showRim 2A-D are from a single sample
representative of four independent samples, andlgnehe same day.
mMZBF permits retrieval of intact ribosomal-, messeger-, and micro- RNAs from
sorted CNS cells

We next sought to determine if we could isolate RiAn the mZBF-fixed and sorted

cells. Table 2 indicates the average RNA conceaatratobtained from 50,000 cells, and the
purity of RNA obtained from each cell populatiorsbd on the 260/280 ratios. To assess

whether RNAs isolated from mZBF-fixed and sortedCé¢lls was of suitable quality for
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downstream analyses, we utilized gRT-PCR to comiperéevels of two commonly used
“control genes”, the ribosomal RNA18s, and the raeger RNA B-tubulin (n=8). We examined
this in live cells (unfixed), and cells that werther fixed and unsorted, or fixed and sorted, to
test the influence of both the fixation and sodgasses. We found that the @&lues for both
18s andB-tubulin with zinc fixation were higher when comedrto G values in live, unfixed
cells (Fig. 3A), indicating that RNA quality is semhat reduced by the fixation process, or that
there are factor(s) acting as PCR inhibitors. kgengly, 18s RNA appears to be more
negatively affected by the fixation process tRanbulin, suggesting a potential RNA size
effect. When compared to live cells, thev@lues for 18s were increased by ~3 cycles in both
the fixed/unsorted (p<0.001) and fixed/sorted (p8Q) samples, wherefisgubulin was
increased by ~1 cycle in the fixed/unsorted sampe8.260) and by 2 cycles in the fixed/sorted
samples (p=0.024). This suggests that larger RN&g Ime more susceptible to degradation
and/or that they are more difficult to isolate tismmaller RNAs. Although there is indication that
the fixation process causes some RNA degradatidd/iffibition, mRNA levels are readily
detectable, and the sorting process does not appé&ather compromise downstream analyses.
We next compared the levels of 18s @rtibulin among microglia, astrocytes and neurong. (F
3B). We found that 18s levels were significantlwés in astrocytes (GFAT compared to levels
in microglia (CD11B; p<0.002) and neurons (NetiNb=0.001). In addition, the expressionef
tubulin was significantly higher in neurons comghtre microglia (p<0.001) and astrocytes
(p=0.001).

Since we were effective in retrieving both rRNA anBNA from fixed/sorted cells, we
next evaluated the compatibility of zinc fixatiornthvthe recovery of small RNAs in four

independent samples derived from four separateasie screened two small noncoding
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nuclear RNAs that are often used as loading canfaslmiRNA qRT-PCR studies, snoRNA135
and snoRNA234. We successfully detected both snaRx(RAy. 3C), and found no cell-type
specific differences in the levels of either (p=@2and p=0.463, respectively). Finally, we
screened two microRNAs (miRNAs): miR-26 highly eassed in the CNE, and miR-146a, an
important regulator of innate immune responsesiaraglia?*%% Although they did not reach
statistical significance, we found that compareeéxpression levels in microglia, miR-26 tended
to be 2-3 fold more highly expressed in neuron®(P51) and astrocytes (p=0.080). miR-26
expression levels were comparable in astrocytesiancbns (p=0.696). miR-146a was highly
expressed in microglia, but as expected, it wagyeadetectable in both astrocytes (p=0.006)
and neurons (p=0.001).

It is unclear at this time if the differences in @lues among cell types for 18s ghd
tubulin are the result of cell type-specific ditfaces in expression of these RNAS, or if there are
inherent differences in the quality of RNA harvelstem different cell populations. We suspect
the latter because similar differences in exprespatterns were observed with two other
housekeeping RNAs (snoRNA135 and snoRNA234), afhdbey were not statistically
significant. snoRNA135 was similar in pattern tes 1hereas snoRNA234 was similaito
tubulin. In addition, the quantity of RNA obtainEdm the same number of cells based on
absorbance at 260nm appeared to be 3-4 times Hghastrocytes compared to neurons and
microglia (Table 2). To account for these differenm subsequent gene expression analyses, we
averaged the 18s afietubulin G values forACy calculations.

Cell-specific gene expression confirms purity of %ied, stained and sorted cells
Using gRT-PCR to analyze the expression of knoviirtgee specific genes, we assessed

the purity of sorted neuron, microglia, and astte@ell populations from four independent cells
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sorts. We found that the neuron specific genes N@uN tubulin, and neurofilament were
highly expressed in NeuNells, and that NeuN arfdlll tubulin were lowly expressed or
undetectable in microglia and astrocytes (Fig. B\)prisingly, neurofilament was somewhat
detectable in both microglia and astrocytes. Thaoglia-specific genes CD11b, Iba-1, and
CD68 were highly expressed in microglial (CDI)ltells, and lowly expressed or undetectable
in astrocyte (GFAP and neuron (NeulN populations (Fig. 4B). Likewise, the astrocytesific
genes GFAP, GLT-1, and ALDH1L1 were highly expresseGFAFP cells (Fig. 4C) and lowly
expressed in microglia and neurons.

Cell-type specific expression of Jumoniji histone deethylases

We used a custom gPCR array to analyze the expres6R6 JmjC-domain containing
histone demethylases (Jumonji demethylases) iedgonicroglia, neurons and astrocytes. For
initial screening purposes, we pooled equal amoointg®NA from 4 independent animal
samples into a single sample (run in duplicat®dtain the average expression of each Jumoniji
gene in all cell types. We found that 12 of theJ@onji mRNAs were differentially expressed
among cell types by at least 2-3 fold, and 7 hagigr than a 3-fold change relative to the other
cell types (Fig. 5A). We confirmed these resultsamples from four independent cell sorts,
obtained from four different animals, using qRT-PtRprofile the Jumonji MRNAs identified
by the array as being the most differentially espeal in all three cell types: PHF8, IMJD2D,
JMJD3, JMJD5, UTX, JHDM1D, and JMJD1C (Fig. 5B). Ydend the expression of PHFS8,
JMJD1C and JMJD2D to be highly specific to neurdnsaddition, we found that IMJD3 and
JMJD5 were primarily expressed in microglia (2. &0and 2.2+0.2 fold higher relative to
neurons, respectively). Finally, UTX and JHDM1D mRMvels were very low in astrocytes

(0.17+0.04 and 0.23+0.04 fold relative to that ieuNl" cells, respectively).
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Identification of histone-tail post-translational modifications by flow cytometry

To determine if investigations of the functiondlerof Jumoniji histone demethylases in
sorted CNS cells could be performed using this outlve next assessed whether histone-tail
post-translational modifications could be visuaizg flow cytometry in mZBF-fixed microglia,
neurons and astrocytes. We co-stained cells wiib@iies against monomethylated lysine 27
on histone H3 (H3K27me1l) (Fig. 6A,B) and trimethgthH3K27 (H3K27 me3) (Fig. 6C,D),
together with cell specific markers. As expected,detected both H3K27me3 and H3K27mel
in all cell types. However, neurons and astrocgfgseared to have increased and more
heterogeneous expression of mono- and tri-methd/ld&K27 than microglia as evidenced by
broader peaks on the histogram. We also used #odptagainst the H3 histone protein that
recognizes an epitope on the carboxy terminuseottiie histone not readily accessible in its
native conformation. With this antibody, we obserealy a slight shift in the mean fluorescent
intensity (Fig 6E,F) although pan H3 immunostainimgnicroglia, in contrast to the methylated
immunostaining at H3K27, appeared to be greater ithaeurons and astrocytes. These results
indicate that native histone structure is maintaimethe mZBF-fixed cells, that histone tail post-
translational modifications can be visualized loyflcytometry in this fixative, and that levels of

methylated histones differ among CNS cell types.
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DISCUSSION

To our knowledge, this is the first study to susteky identify and isolate distinct CNS
neuron and glial cell populations simultaneousbnfrthe adult, non-transgenic, rodent brain
based on a combination of intra- and extra-cellmarkers by flow cytometry. The modified
zinc-based fixative used here preserves cell sgriatracellular, and nuclear protein structure,
and we have used it to perform analyses of cele¢yastone tail modifications, and other
proteins prior to cell sorting, maximizing the inmwation obtainable from a single CNS tissue
sample. We show that the quality of ribosomal, reeger, and micro RNAs retrieved from the
sorted cells is adequate for subsequent downstggarFPCR analyses, providing a means to
study epigenetic regulation of gene expressiométisic CNS populations from the same
sample. This important technical advance represeptsticularly significant step forward for
gene expression studies in non-neuronal cell tigrawhich intracellular epitopes are the best
characterized, and/or for which antibodies agamstacellular epitopes of cell type-specific
surface markers are not widely available. An adddl benefit of this method is the ability to
store samples for many weeks for later analyses.

Cellular fixation and permeabilization are neceg$ar antibody-mediated detection of
intracellular antigens by FCM. Recovery of RNAsifrgtandard formaldehyde- or
paraformaldehyde-fixed cells is pdt? especially when cell numbers are limiting, andhtd
fixation is not ideal for extracellular marker-beseell identification (data not shown, affc).
Several recent studies have successfully usedccaha@ibased fixation method for recovery of
RNA from intracellularly-identified neuron populatis®**?® However, because we wished to
use a combination of intracellular and cell surfa@kers for cell identification, we applied the

modified zinc-based fixation method to isolate RN#Amsn fixed and sorted neurons and glia.
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Consistent with previous repors™* DNA could also be successfully isolated from Zined
cells (data not shown), increasing the utility lwéttechnique for the study of epigenetic DNA
modifications. Many fields are plagued by the ndesdite to fix samples prior to flow cytometric
analysis and/or cell sorting, and more informatian be obtained from fixed cells (because
intracellular proteins can be quantified). Fixataften adds a level of safety for more
biohazardous samples since significant biosafetig@ms are present when working with
human, pathogen-infected or virally-transduceds¢@érticularly in flow cytometry facilities
where the potential for aerosolization is highAlthough not tested here, this fixation method
may also be a useful alternative to live sortingwhucleic acid recovery is desired from
biohazardous samples.

We undertook the present study to begin to invastithe epigenetic control of gene
expression in microglia and neurons as it relaiestl-cell communication in pathology.
Although live microglia can easily be identifieddasorted based on cell surface marker
identification (e.g. CD11b%, the same cannot be done with live neurons, abehe
characterized markers are intracellular. Adultastre identification also suffers from the same
issues as neurons with regard to intracellular erarknd/or antibodies only being available
towards intracellular epitopes of cell surface neasi(e.g. GLT-1). Indeed, the dissociation
procedure reported here is not optimized for agtescas the mechanical disruption decreases
astrocyte viability, reducing their recovery. Howevthe mechanical method was optimal for the
retrieval of neurons and microglia, which are thegancell types of interest to us. In the course
of optimizing this technique for our purposes, warfd that enzymatic dissociation with papain
28 permitted much better astrocyte recovery, althdtigheatly decreased neuron retrieval (data

not shown). Efficiency of microglial recovery wibdoth methods was not different. The overlap
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observed between the GFA&nd NeuN cells (<1%; Fig. 2C) is likely a product of the
mechanical dissociation process. For example, iptet@ dissociation may result in astrocyte
debris sticking to neuronal cells. Alternativelyi-&P/NeuN double positive cells could
represent a population of neural progenitor celfressing both NeuN and GFAP mark&ts
Results from the ImageStream analyses supportédnmdions: whereas there were true
NeuN'/GFAP" double positive cells (likely precursor cells), mare double positive because
of cell debris stuck to an intact cell (data natwh). In addition, there was a large proportion of
cells (~39%) that were triple negative for the thcek identification markers used here.
Although additional studies are needed to spedificagentify the members of this cell
population, we speculate that these are likelyet@astrocyte/glial cells and endothelial cells that
were not identified by the primary markers usecehBor example, whereas GFAP is the most
commonly used marker for astrocytes, it is onlyregped by a fraction of astrocytes, the
intensity and percentage of which varies throughioeitbrain®®. Thus, while the present
dissociation method is not ideal for GFA®strocyte recovery, more efficient and universal
astrocyte identification may require simultaneadiagnéng with multiple astrocyte markers (e.g.
GFAP, GLT-1, ALDH1L1), regardless of dissociatiomtimod.

Because histone demethylation is commonly assatisitth the activation/repression of

l’l.]5,31

gene transcriptio and many microglial inflammatory activities requnew gene

transcription of cytokines and other mediatorsnéiiimmation® 33 we were particularly
interested in which histone demethylase enzymes @xgpressed in microglia and neurons. In
this study, we focused on the Jumonji histone deyate gene family that contains 30 members

based on sequence homoldgyThe Jumoniji demethylases catalyze a dioxygeressgion to

remove mono-, di- and tri-methyl groups from lysared arginine residues, primarily on histone
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H3, H4 and H1 substrates. This reaction is deparmtefre (1) andx-ketoglutaraté®. There is
very little known about the role of Jumoniji histalemethylases in the regulation of CNS
function in general, and nothing is known aboutrtbell-specific expression in the adult CNS.
Given the significant differences in gene exprasgimfiles in microglia, neurons and
astrocytes, we hypothesized that there would Heyged-specific differences in the basal
expression of the Jumonji demethylase genes.

We found that seven Jumoniji family genes were rdidtgrentially expressed between
neurons, microglia and astrocytes. PHF8, IMJD1@ JMJD2D were highly neuron-specific as
they were undetectable or very lowly expressedicraglia and astrocytes. Neuronal expression
of PHF8 and JMJD1C is consistent with previous rep3>> PHF8 is important for proper
neural developmerif, and its mutation is associated with Fragile Xdsgme, believed in part
to be responsible for the associated cognitivecidsfi®>*". IMID1C protein levels are high in
androgen-responsive neurons where it is proposbd tovolved in the co-activation of the
androgen receptdr. Although mutations in the JIMJD1C gene are linkethe development of
autism®° this relationship is not fully understood as fiigtone substrate for this enzyme has
not yet been identifietf. Very little is known about the role of IMIJD2Dthre CNS. However,
similar to JIMJD1C, JMJD2D acts as an androgen tecep-activator in the prostate Perhaps
in the CNS, JMJD2D plays a similar role to IMJDY¢: found that IMJD3 and JMJD5 were
more highly expressed in microglia than in astresydr neurons. JMJD3 is an important
regulator of both inflammato} **and anti-inflammatory activities in macrophadésand
JMJD5 expression in osteoclasts is an importantlaégr of osteoclastogenedis There is now
one report of a Jumonji gene family member (JMJiB3jicroglia *°. IMID3 was shown to be

critical for switching between inflammatory andianflammatory/reparative phenotypes in
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immortalized microglia, consistent with reportefeets in macrophages. Finally, we found UTX
and JHDM1D to be more lowly expressed in astrogytesipared to neurons and microglia.
UTX is an X-chromosome-linked gene and is more lgiglpressed in the female brdih but
nothing is known about its expression in astrocy@dy male rats were included in our study;
thus, it is possible that UTX levels may be higimeaistrocytes isolated from female rats.

Interestingly, a point mutation in the UTX geneulesin Kabuki syndrom&4°

characterized by
developmental delay, cognitive disabilities, anahiofacial abnormalities. Because these
morbidities are also associated with aberrant egtiecactivity (e.g. Alexander disease, Fragile X
disease}°, impaired or overactive UTX activity in astrocytgsecifically, may play an important
physiological role in neuropsychiatric disease.tlyaittle information is available on the role of
JHDM1D in the brain. It is known to regulate neutiferentiation>* and neural fate
specificatiorr? during embryogenesis. We find its expression éatult CNS to be lowest in
astrocytes and highest in neurons, consistenttivéhidea that the JHDM1D gene may be down-
regulated in astrocytes after progenitors have cibiadnto the glial phenotype. Whether
differences in basal Jumonji demethylase gene egme contribute to cell type-specific
regulation of gene expression in the adult CNStsyet known, but the present data are
consistent with this possibility.

There are apparent differences in the magnitugeasfo and tri-methylated H3K27
among CNS cell types, with neurons having the tsgbgpression of both marks. While the
significance of this is not yet clear, differente@$13K27 methylation at specific gene promoters
may contribute to fundamental, cell-specific diffieces in gene expression profiles among these

cell types. Additional studies involving chromatmmunoprecipitations are necessary to test this

hypothesis further. In addition to histone modificas, miRNAs are another important aspect of
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epigenetic gene regulation. In this study, we eatgld levels of miR-146a and miR-26 in sorted
microglia, astrocytes, and neurons to determitieefquality of recovered miRNAs from cells
processed in this way was adequate for subseqgueggtigation. While we could easily amplify
mMiRNAs, we found cell type specificity of the 2 MNRs we evaluated. We found that miR-146a
was highly expressed in microglia (but was very lowmeurons and astrocytes), consistent with
its expression primarily in myeloid lineage céfl$®> Because miR-26 is reported to be
preferentially expressed in astrocytdswe were surprised to find it equally detectahble i
astrocytes and neurons. However, the astrocytefgpexpression of miR-26 was determined in
differentiated murine stem cells vitro *°>. Our samples are rat, and there are significagtisp
differences in miRNAs. Alternatively, differencesynbe related to cell age. Our studies were
performed on adult cells isolated from the wholaitorstem cells differentiated vitro may not
accurately reflect identical gene expression leaals patterns of 3 month-old adult cefisivo.
Further, gene expression in neurons and astrooytégo are highly influenced by the CNS
microenvironment and cannot be identically recdaiadin vitro during stem cell

differentiation. Together, these results reinfdieeneed to study miRNAs in specific cell types
in vivo.

In conclusion, this technique adapts known flonoayetry and cell fixation methods to
the field of neuroscience, advancing our abilitgtiody epigenetics and gene regulation
simultaneously in glia and neurons. To lay the ftation for future studies of histone
demethylation-regulated gene expression, we utilthés procedure to investigate the profile of
Jumonji gene family histone demethylase expressimeurons, microglia and astrocytes from
the healthy CNS. Our findings are consistent whih ltmited available literature. More

importantly, the results provide new informatioroabcell-specific Jumonji gene expression in
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the adult CNS, underscoring the importance of ustdading cell-specific regulation of

epigenetic modifiers in the adult, non-transgemairb
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Figure Legend 1
FSC/SSC and DAPI staining identifies intact CNS ck. Rat brain tissue was mechanically
dissociated into a single cell suspension, fixech#BF, and processed for flow cytometry, as
described in the Methods. Doublets and off scatmtsvwere gated out based on FSC-Area/SSC-
Width and SSC-Area/FSC-Width. All plots startedhitihe same singlet gate. (A) Typical
Forward/Side Scatter plot for rat brain cells. T®)remove dead cells and debris from the
analysis, we used DABtaining to gate on cells that were in the cellewt time of fixation. (C)
Backgating on DAPIlcells identified where debris and intact cells apd on the Forward/Side

Scatter plot. Data shown are representative otlédpandent experiments.
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Figure Legend 2
Neurons, microglia, and astrocytes are simultaneotsidentified by FCM. Single cell
mZBF-fixed suspensions were processed for flowroginy. Singlet cells were gated as
described above, and then gated on DAPI as inllBg.DAPI" neurons, microglia, and
astrocytes were identified using antibodies agdhestell-specific markers NeuN (neurons;
A,C), CD11b (microglia; A,B), and GFAP (astrocyt&(). (C) CD11bcells were plotted
against GFAP and NeuN, revealing single positivéBR&nd NeuN populations as well as a
small GFAP and NeuN double positive population. fid)overlay of the single positive CD11b,
NeuN, and GFAP populations reveals that they haegl@pping and variable Forward/Side
Scatter properties indicating that these parameterse are not useful on their own for cell-type
identification in the CNS. The data shown are flmsingle sample that is representative of 4
independent experiments. (E) Representative imaigR4PI" cells staining single positive for
CD11b, GFAP or NeuN from a single experiment 20000 cells, at 40X magnification

obtained using ImageStream analysis.
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Figure Legend 3
Retrieved RNAs from sorted cells are suitable formalysis by gRT-PCR.RNA was
harvested and gRT-PCR was used to analyze thesleffelho commonly used housekeeping
genes: 18s rRNA angttubulin mMRNA. Comparisons were made between (&3lirtissue,
fixed/unsorted cells, and fixed/sorted cells (n34eB (B) sorted neurons (Ned)\ microglia
(CD11D), and astrocytes (GFAP(n=8). (C) The expression of two commonly used
housekeeping small non-coding RNAs (SnoRNA-135-284) and (D) two microRNAs miR-
26 and miR-146a in neurons (Nel)Nmicroglia (CD116), and astrocytes (GLT)Lwere also
evaluated (n=4). Symbols indicate significant défeces between samples as assessed by a One-
Way ANOVA. * vs. fresh tissue (A) or neurons (B-B3)ys. microglia; and $ vs. astrocytes. 1

symbol p<0.05; 2 symbols p<0.01; 3 symbols p<0.001.
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Figure Legend 4
gRT-PCR of cell-specific genes confirms sorted CN&ll purity. Total RNA harvested from
fixed/sorted cells was utilized for gRT-PCR of egibe specific genes to confirm the purity of
the sort. (A) The neuron-specific genes NeuN, nidaroent, and3(lll)- tubulin), (B) the
microglia-specific genes CD11b, Iba-1, and CD6&l @@) the astrocyte-specific genes GFAP,
GLT-1, and ALDH1L1 were evaluated in all three gabpulations (n=4-8). Symbols indicate
significant differences between samples as asségsa®ne-Way ANOVA. * vs. neurons; + vs.

microglia; and $ vs. astrocytes. 1 symbol p<0.08yrabols p<0.01; 3 symbols p<0.001.
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Figure Legend 5
Jumonji histone demethylase gene expression is eglpe specific in the CNS(A) Total
RNA was harvested from sorted cell populationspriign of the cDNA was pooled, and
screened in a custom-made qRT-PCR array consistia§ Jumonji histone demethylases. (B)
Genes with a greater than 3-fold difference betwesintypes were confirmed by gqRT-PCR in 4
independent samples. Symbols indicate significdfdgrdnces between samples as assessed by a
One-Way ANOVA. * vs. neurons; + vs. microglia; $ estrocytes; and # p= 0.060 vs.

astrocytes. 1 symbol p<0.05; 2 symbols p<0.01;8mls p<0.001.
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Figure Legend 6
Post-translational histone modifications can be angzed by FCM in zinc-fixed cells.mZBF-
fixed cell suspensions were stained with antibodgenst NeuN, CD11b, and GFAP to identify
neurons, microglia and astrocytes respectivelthénpresence of antibodies against the histone
mark (A,B) H3K27mel, (C,D) H3K27me3, or (E,F) paB-I$inglet and DAPIgated
populations were subsequently gated by cell-typd,changes in the median fluorescent
intensity (MFI) of the respective histone marks evassessed. Shifts in the MFI with primary
antibody relative to signal with IgG isotype cortaatibody are shown in the histograms, and

averaged data (n=4 independent samples) are shmotlva bar graphs.
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TABLE 1
NCBI
Protein Name | Gene Name| Reference Forward Primer (5) Reverse Primer (5')
Sequence
CGG GTG CTCTTA CTC GGG CCT GCT
18s M11188.1 GCTGAGTGTCCC G | TTGAACAC
NM_001109 | AGACCATGC TGG AGG ATG CCA CGG
B-Tubulin Tubb2a 119.1 AGG ACA ACA CTG ATG
NM_001134 | TGC CAATGG CTG TAG GGG AAA CTG
NeuN Rbfox3 498.2 GAA GCT AA GTC ACT GC
Neurofilament NM_012607.| GGC CTC CTA CCA TGC GCG GCC ATC
- heavy chain | Nefh 2 GGATGC AATTCAG |TCCCATTT
NM_139254. | TAG CCG AGT GAA ACC TCC CAG AAC
B-111 Tubulin Tubb3 2 GTC AGCATGAGG G | TTG GCC CCT ATC
NM_012711. | GGG CAG GAG ACG TGC CCACAATGA
cd11b Itgam 1 TTT GTG AA GTG GTA CAG
NM_017196.| TCATCG TCATCT GCT TTT CCT CCC
Iba-1 Aifl 3 CCCCACCT TGC AAATCC
NM_001031 | GGA CTAATG GTT TGG GTC AGG TAC
CD68 CD68 638.1 CCC AGC CA AAG ATG CG
NM_017009. | GGG CGA AGA AAA ATG ACC TCG CCA
GFAP GFAP 2 CCG CAT CACCA TCC CGC ATC
NM_022547.| CCT GGA CAC TGG ACG ATT GTA CAG
ALDH1L1 Aldh1l1 1 TGACCTTC CGT GCT CA
NM_017215.| GCA TCA ACC GAG CCCAGG TTT CGG
GLT-1 Slcla2 2 GGT GCC AAC AA TGCTITGGCT
NM_001170 | TTA CCC GCA GAG ACT GCA GCG ACG
C2orf60 Tywb 473.1 AAA GCC TC TGAATCTT
NM_001277 | TGAACT GTCTTC AGT GTC CCT GTA
Jarid1A Kdmb5a 177.1 TGC CCT GG AGT CTG GAT TG
NM_001107 | GCC ACC ATT CGC TTACACGTGTTT
Jarid1B Kdm5b 177.1 TTGTGATG GGG CCT CC
XM_241817.| GGT TCC TTG CTA TAC ACT GCA CAA
Jarid1C Kdmb5c 7 CGC TCT CA GGTTGG CT
ATG CCT CTG CAA AGA TCA CAC CGC
Jarid1D Kdm5d FJ775729.1| CCT CCATC AGA GCT TC
XM_003752 | GCA GGC GAATCT GCT GAT TGC AAA
Jarid2 Jarid2 957.1 GGTTTT GG AGG GGA CA
NM_001108 | GCATCC CTG GAG TAC CAC GCA ATC
JHDM1A Kdm2a 515.1 TGGTTTCT TCT GGC TG
NM_001100 | CTT TCC CCC TCC GCQ GTC GTATCT CTG
JHDM1B Kdm2b 679.1 AAA AT GCG GTC AAT
XM_003749 | TGATGG CTC CAA TTC ATC GGC ACT
JHDM1D Jhdm1d 720.1 ACC TGT TCA TGG GAA GAC
NM_175764 | TTG CTC TGA GGT GCA GTA CAG CCA
JMJD1A Kdm3a 2 CTC TCCCA AGC AGG AT
JMJD1B Kdm3b XM_001061| GGA CCT AGC GAT AGC GTG AAC CTT|
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636.2 CTT TGT GGA AAC CCA GG
NM_001191 | TGC GCT GAC CTT GTT CGG GCT TTA
JMJID1C Jmjdlc 719.1 CAA ACC AT GGCTGT CT
NM_001107 | AAA GAC AGT GGG ACC TGG AGC CTA
JMJID2A Kdm4a 966.1 ATC GGC G AAG CCCTA
NM_001044 | ACT GCG CTG GAT GCT GCAGGATGC
JMJID2B Kdm4b 236.2 CGACTATG GTA CAAAC
NM_001106 | TGG AGA GTC CCC TTG GCA AGA CCT
JMJID2C Kdm4c 663.2 TAA ATC CCA GCT CGA TG
NM_001079 | AGG CGC AAATAA GGG GTG CAG CAG
JMJD2D Kdm4d 712.1 GTA CGG GG ATTCTCTT
NM_001108 | CAA ACC CCC GCT ATT TGG GTG GCA
JMJD3 Kdm6B 829.1 TTTCTG TG GGA GGA GG
NM_001105 | AGG GAG GCT ACT ATC CAC CAA GGA
JMJID4 Jmjd4 784.1 CCT CTC CAA GTCTCT GC
NM_001037 | CCG TGG AAG TGG CAT CCTTTG CCT
JMJID5 Kdm8 196.1 GTT CAA GA CGC TCA GA
NM_001012 | TAG CAG CTATGG CCC CAT CAC AAA
JMJID6 Jmjd6 143.2 CGA ACA CC CCA CCT GTA
NM_001114 | TGC TCG CGA CCT GGT AGA AGC AGA
JMJID7 Jmjd7 656.1 CAATGT A GCGGACTT
NM_001014 | TGG ACG ATT CGG ACT CTGTTT CCA
JMJD8 Jmjd8 116.1 TCTGCTTT TCCCCCTTC
NM_153309 | ATG CCA AAG AAA GTAGCT CCTCTT
Mina53 Mina53 2 GTG AAG CCC TCA CCT GCT
NM_001107 | TCA GAC ACC AGA TCG GGC CAG TAG
PHF2 Phf2 342.1 ATG TCC AGC TTTTCC AC
NM_001108 | TTT GGG ACC GTG GTC AGA AAG GCA
PHF8 Phf8 253.1 GACGTTT GCA ACA AGC
NM_009483 | CCACCC TGC CTA CCA CCT GAG GTA
uTXx Kdm6a A GCAATT CA GCAGTG TG
ATT ATC TCT CAC CGA AGA AGC TGC
UTx Uty NM_009484 | TACTGC TGC CC TGT CTA ATC CAC
SNoRNA135| NR_028541.| AGT ACT TTT TGA
/ Snord65 1 ACCCTTTTC CA
SnoRNA234| NR_028554.| TTA ACA AAA ATT
/Snord70 1 CGT CACTAC CA
NR_029742.] GGT TCA AGT AAT
mir-26 1 CCA GGA TAG GCT
NR_031892.| TGA GAA CTG AAT
mir-146a 1 TCCATGGGTT
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Table Legend 1
Primer Table. The table includes the primer sequences usedasagene expression by gPCR,
the associated protein name, gene name, and thé &C8ssion number for the gene on which

the primer sequences are based.
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TABLE 2
0 +
% of DAPI #ofcglls/lOOmg RNA (ng)/50,000 RNA 260/280
Cells tissue cells
NeuN" | 42.7 + 1.14([275972 + 16,950 | 2457 + 5.04 |1.93 + 0.05

CD11b" [11.3 + 0.92| 44526 + 3,877 | 3364 + 515 |1.85 = 0.09
GFAP" | 3.8 + 0.14| 12,325 + 1243 |111.05 + 1129|186 + 0.06

Table Legend 2

Expected cell numbers and cell-specific RNA quanidation and purity from mZBF-fixed

and sorted rat brain cells.Half of a rat brain was weighed (~650mg), mechahjalksociated,
and processed for flow cytometry as describedenMlethods. Doublets and off scale events
were gated out based on FSC-Area/SSC-Width and A8&FSC-Width, and intact cells were
gated based on DAPI positivity (Fig. 1B). Singlespioe CD11b, NeuN, and GFAP cells were
sorted from the entire tissue sample. The totalbemof neurons (Neul), microglia (CD116),
and astrocytes (GFAPobtained from the sort were normalized to tissegght, and total RNA
isolated from the sorted cells was normalized érthmber of cells sorted. The % of DAPI
cells, the number of cells obtained per 100mgssiue, the total RNA per 50,000 cells, and the
average RNA 260/280 ratios are presented in tHe tabeach of the three cell populations

(average + the SEM, from n=4 independent samples).
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CHAPTER 4

CHRONIC INTERMITTENT HYPOXIA EXERTS CNS REGION-SPEC IFIC EFFECTS

ON RAT MICROGLIAL INFLAMMATORY AND TLR4 GENE EXPRES SION

Stephanie M.C. Smith, Scott A. Friedle and JyoWaiters

The work from this chapter was publishedhoS One, 2013. 8e81584.
Chronic Intermittent Hypoxia Exerts CNS Region-Spe&ffects on Rat Microglial
Inflammatory and TLR4 Gene Expression. Stephani@.Nmith, Scott A. Friedle and Jyoti J.

Watters.
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ABSTRACT

Intermittent hypoxia (IH) during sleep is a halltkaf sleep apnea, causing significant
neuronal apoptosis, and cognitive and behaviofatitein CNS regions underlying memory
processing and executive functions. IH-induced oi@flammation is thought to contribute to
cognitive deficits after IH. In the present studies tested the hypothesis that IH would
differentially induce inflammatory factor gene eggsion in microglia in a CNS region-
dependent manner, and that the effects of IH wdiifdr temporally. To test this hypothesis,
adult rats were exposed to a paradigm of interntittgpoxia (2 min intervals of 10.5%,\for 8
hours/day during their respective sleep cycledf@ or 14 days. Cortex, medulla and spinal
cord tissues were dissected, microglia were immuwagmatically isolated and mRNA levels of
the inflammatory genes iNOS, COX-2, TWHL-1p and IL-6 and the innate immune receptor
TLR4 were compared to levels in normoxia. Inflamongtgene expression was also assessed in
tissue homogenates (containing all CNS cells). Buad that microglia from different CNS
regions responded to IH differently. Cortical migiia had longer lasting inflammatory gene
expression whereas spinal microglial gene expressas rapid and transient. We also observed
that inflammatory gene expression in microglia trextly differed from that in tissue
homogenates from the same region, indicating thiég other than microglia also contribute to
IH-induced neuroinflammation. Lastly, microglial RE mRNA levels were strongly
upregulated by IH in a region- and time-dependegmimer, and the increase in TLR4 expression
appeared to coincide with timing of peak inflamnmgtgene expression, suggesting that TLR4
may play a role in IH-induced neuroinflammationgé&ther, these data indicate that microglial-
specific neuroinflammation may play distinct roleghe effects of intermittent hypoxia in

different CNS regions.
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INTRODUCTION

Intermittent hypoxia (IH) during sleep is a halliwéeature of sleep apnea. IH induces
significant cognitive and behavioral deficits tiatolve disruptions of connections among CNS
regions underlying memory processing and execttimetion. For example, IH promotes
apoptosis of hippocampal CA1 and frontal corticalimons™? as well as cerebellar Purkinje and
fastigial neurong in rodents. Similar gray matter losses have atsmtpbserved in hippocampal
and para-hippocampal brain regidrisand the temporal gyrus and cerebelflim humans with
sleep apnea. Interestingly, there also appears ONS region-specific neuronal vulnerability to
IH. Neurons in the hippocampal CA3 region do nadengo apoptosis as a result of IH, whereas
CA1 neurons are highly sensitié To the best of our knowledge, there are no repmfrt
neuronal loss occurring in the brainstem or spioatl of adult animals exposed to IH protocols.
Indeed, the dorsocaudal brainstem and the CA3megice considered to be protected from IH-
induced neuronal apopto<is

Many mechanisms are thought to contribute to nealrdeath following chronic
exposure to IH including oxidative stréssand inflammatiort®** In particular, enzymatic
inhibition and/or genetic deletion of NADPH oxiddsé™* cyclooxygenase-2, and inducible
nitric oxide synthasé&' protect against IH-induced neuronal apoptosiscamghitive impairment,
suggesting that inflammatory processes play an itapbrole in IH-induced neuropathology.
Neuronal apoptosis in the CA1 region and cortexataessed by single stranded DNA
immunostaining) indicates that apoptosis peaks éetvl and 2 days of IH, is significantly
decreased by 7 days, and has returned to baseliels by 14 days This neuronal apoptosis
profile coincides with INOS and COX-2 gene expressn cortical homogenates where mRNA

and protein levels peak at 1 day of IH and therinethereafter®*: Although COX-2 levels
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remain elevated above baseline at 14 days df IMOS levels remain elevated above basal
only for 3 to 7 days', suggesting differential gene regulation of the§emmatory molecules
in cortical homogenates.

Whether inflammatory molecules besides iINOS and €0ate produced in the CNS
during IH is not known, nor is the cellular sourfethese molecules, although INOS has been
attributed to neuron¥. Microglia, CNS resident immune cells are consideto be contributors
to IH-induced neuroinflammatiofy but their activities have never directly beertedsin this
model of IH'>*® Thus, a major goal of the present studies waketermine the contributions of
microglia to IH-induced neuroinflammation over tifr@and to elucidate the expression profile of
inflammatory factor genes. Microglia can be majourses of inducible nitric oxide synthase
(INOS) and cyclooxygenase-2 (COX-2) in the CNS timeo models of CNS neuroinflammation
1719 and Toll-like receptor 4 (TLR4) activation is ived in microglial inflammatory responses
to many insult£®?® TLR4 is a key pattern recognition receptor whpsatotypical ligand is
gram-negative lipopolysaccharide (LPS). In additionNOS and COX-2, TLR4 activation also
leads to the production and release of cytokinekidling interleukin (IL)-B, IL-6 and tumor
necrosis factor (TNF)?%?*?* All of these molecules have been implicated inrogal injury,
death and/or functional impairments in the CR&32

Importantly, it is now well established that TLR4@mediates “sterile inflammation” in
the CNS, primarily by responding to a host of eredags ligands including, proteins associated
with cell damage (e.g. heat shock proteins 60 @)dektracellular matrix turnover, and
oxidatively modified lipids’. A proteomic study comparing the profile of IHdirced proteins
in sensitive (CA1) and resistant (CA3) hippocanmpagions showed that several heat shock

proteins were upregulated by IH, and some difféaéiptin CA1 versus CA3*, suggesting that
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IH may region-specifically increase endogenousnidgafor TLR4 that could contribute to
microglial activation and IH-induced neuroinflammoatin this region. Interestingly, serum
levels of the TLR4 ligands myeloid related protejRP) 8 and 14° correlate with severity of
disease in children with OSR suggesting a relationship between IH-inducedimfhation and
TLR4 activity. No studies to our knowledge haveleated the levels of TLR4 in the CNS,
although recently, upregulated TLR4 levels havenlreported on circulating monocytes in
adults with obstructive sleep apra

Because there is CNS regional susceptibility toroial damage during chronic IH, in
the present studies, we tested the hypothesisrticabglia differentially induce inflammatory
factor gene expression in response to IH, andtliga¢xpression profiles of these genes would
differ over time in IH-sensitive and -resistant CNgions. Adult rats were exposed to a
paradigm of intermittent hypoxia (2 min intervafsl®.5% 0O2) for 8 hours/day during their
respective sleep cycles for 1, 3 or 14 days. Corteedulla and spinal cord tissues were
dissected, microglia were immunomagnetically issddaind mRNA levels of inflammatory
genes were compared to those in tissue homoger@itsning all CNS cells. We found that the
inflammatory genes induced by IH differed in midragrom different CNS regions, and that the
general temporal profiles of inflammatory gene esgron differed in IH-sensitive and -resistant
CNS regions. Further, we observed that the expmesdiinflammatory genes in microglia
compared to that in regional tissue homogenatesiémrtly differed, especially at the 14 day
timepoint, indicating that cells other than miciagllso produce inflammatory factors in
response to chronic IH exposure. Lastly, microgliaR4 mRNA levels were strongly

upregulated in a region- and time-dependent maianerthat its expression frequently coincided
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with increased inflammatory gene expression, suggethat TLR4 may play a role in IH-
induced neuroinflammation.
MATERIALS AND METHODS
Animals

Ethics Statement: This study was carried out in strict accordandé tine
recommendations in the Guide for the Care and Walworatory Animals of the National
Institutes of Health. All surgical and experimergabcedures were approved by the University
of Wisconsin Madison Institutional Animal Care ddde CommitteeAll efforts were made to
minimizethe number of animals usedd their suffering Experiments were performed on
Sprague-Dawley rats weighing 150 g = 20 g (Harladianapolis, IN). All animals were
maintained in an AAALAC-accredited animal facilayd housed under standard conditions,
with a 12 hour light/dark cycle with food and wagemilablead libitum.
Reagents

Neural Tissue Dissociation Kit, anti-PE magnetiad®e and MS columns were
purchased from Miltenyi Biotech (Germany). PE-Moasé#é-rat CD11b was purchased from BD
Biosciences (San Jose, CA). Hank’s Buffered Sallit®n (HBSS) was purchased from Cellgro
(Herndon, VA). TRI reagent was purchased from Siduddaich (St. Louis, MO). Glycoblue
reagent was purchased from Ambion (Austin, TX). MKMReverse transcriptase was purchased
from Invitrogen (Carlsbad, CA). Oligo dT, Randomnkers, and RNAse inhibitor were
purchased from Promega (Madison, WI). Primers wlesdgned using Primer 3 software and
were purchased from Integrated DNA Technologiegddle, IA). Power SYBR green was
purchased from Applied Biosystems (Foster City, CA)

Intermittent Hypoxia (IH) Exposures
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Animals were placed in computer controlled, custoanufactured chambers that mix
02, N, and CQto the desired concentration with a flow rate af'éhin to enable rapid
dynamics and minimal C{accumulation. The treatment groups were expasattdérnating 2
minute episodes of hypoxia (10.5% inspired O2) mmunoxia (21% inspired £for 8 h/day
during their respective night cycle for 1, 3, ordalys. The control group underwent identical
handling, but their chambers were continually flegkvith room air (21% inspiredAD
Following exposure, rats were returned to theilesag
CD11b" Cell Isolation

Rats were harvested 16 hours after their last hgpesposure, and CD11lzells were
isolated using previously described meth&tf8 Briefly, rats were euthanized and perfused
with cold phosphate buffered saline (PBS). Theéesgmedulla (pontomedullary junction to
obex) and spinal cord (C1-L6) were removed, andatisited into a single cell suspension using
the neural tissue dissociation kit (Miltenyi) aatiog to the manufacturer’s protocol. Myelin
was removed by high speed centrifugation at 85Gg0r® M solution of sucrose in HBSS.
CD11b cells were tagged with a PE-conjugated anti-CD Hihibody followed by an anti-PE
antibody conjugated to a magnetic bead. Magnétitafjged CD11bcells were isolated using
MS columns according to the Miltenyi MACS protoc®rior to CD11b cell isolation an
aliquot of tissue cell suspension was taken for @@ ogenate tissue analysis. Reagents were
kept chilled at 4°C and cells were kept on ice véven possible. As we have previously shown,
this method results in >97% pure population of CB1CD45" cells**° |solated CD11b
cells will subsequently be referred to as “micragli

RNA extraction/ reverse transcription
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RNA was extracted from tissue homogenates andlfrésblated microglia according to
the TriReagent protocol, with the addition of Gligbuee during the isopropanol incubation.
cDNA was synthesized from g of total RNA using MMLV Reverse Transcriptase as
previously describetf.

Quantitative PCR

cDNA was used in real-time quantitative PCR witmwoSYBR Green using either the
ABI StepOne or ABI 7500 Fast system. Primers (@dblwere designed using Primer 3
software and the specificity was assessed thro@BINBLAST. Primer efficiency was tested
through the use of serial dilutions. Verificatidrat the dissociation curve had a single peak with
an observed Tm consistent with the amplicon lemgih performed for every PCR reactiony C
values from duplicate measurements were averageéd@malized to levels of the ribosomal
RNA, 18s. Relative gene expression was determised the relative standard curve method as
previously describetf.

Statistical analysis

Statistical analyses were performed on the normd)imterpolated €valuesfrom the
standard curves for each gene, as previously destfi using a one-way ANOVA followed by
the Holm-Sidak multiple comparisons post hoc testgiSigma Plot 11.0 software (San Jose,
CA). Data sets that failed normality were logaritbatly transformed prior to statistical
analyses. Statistical significance was set at 8% 8onfidence limit (p < 0.05). A single symbol
above a bar represents p<0.05; two symbols p<@id three symbols p<0.001. Quantitative
data are expressed as the mean = SEM of up toep@mdient experiments containing n=4-6

animals/group for normoxia and IH treatments.
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RESULTS
IH time-dependently increases the expression of ilfmmatory genes (but not TNFe) in
cortical microglia.

IH treatment increased cortical microglial inflamory gene expression (compared to
normoxic controls) over the course of the 14 dagXgosure. There was a statistically
significant 4-fold increase in COX-2 (p=0.002) &bld increase in IL-f (p=<0.001) mMRNA
levels after 14 days of IH. Although there wasapparent 5-fold increase in the expression of
IL-6 after 14 days (p=0.09) and a 4-fold increasédNOS expression at 3 days (p=0.074), these
genes did not reach statistical significance by AMO Interestingly, relative to expression in
normoxia, TNFE! mRNA levels significantly decreased at 1 day (2@) but had returned to
baseline levels by 3 days. In contrast, in cortiismue homogenates, although the mRNA levels
of all genes showed an increase of approximatefgl@-after 3 days of IH and this increase is
maintained after 14 days, these increases dideagtrstatistical significance as determined by
ANOVA although TNF. came close (p=0.055; iNOS p=0.09; COX-2 p=0.289tf p=0.25;

IL-6 p=0.11).

IH promotes early and long-lasting increases in IL1p and IL-6 gene expression in
medullary microglia, but multiple inflammatory genes are upregulated by IH in
homogenates.

Medullary microglia appeared to have a more ragidmmatory response to IH relative
to cortical microglia. Whereas in cortical micraglL-13 and IL-6 mRNA levels did not appear
to peak until 14 days of IH, in the medulla, midragIL-1p and IL-6 mRNA levels were
increased at 1 day of IH and remained elevated aiays. Interestingly, microglial ILBland

IL-6 expression profiles paralleled each otherathithe medulla and cortex. In addition, while
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cortical microglial COX-2 mRNA levels were highedtl4 days, in the medulla, microglial
COX-2 was elevated at 3 days of IH and seemed tetbening to baseline levels by 14 days. IH
exposure did not change iNOS (p=0.56) or tNp=0.71) mRNA levels at any timepoint tested
here. Unlike microglia, medullary homogenates belasimilarly to cortical homogenates.
COX-2, TNFu, IL-1p and IL-6 mRNA levels were significantly increage@-3 fold) at 3 days
of IH, and with the exception of TNE-the expression of these genes remained elevaied a
days. INOS levels in medullary homogenates remaiumathanged over the course of IH
treatment (p=0.479).

IH promotes transient inflammatory gene expressionn spinal microglia but longer
lasting effects in homogenates

IL-1B expression was the only inflammatory gene to akhilstrong upregulation after 1
day of IH in spinal microglia (p=<0.001). Howevby, 3 days of IH, INOS, COX-2, ILfiland
IL-6 mRNA levels were increased by 3-5 fold, butyp@OX-2 (p=0.007) and IL{1 (p<0.001)
levels attained statistical significance (INOS p£d) TNFu p= 0.28; IL-6 p= 0.099). COX-2 and
IL-1B expression returned to basal levels by 14 dayld.oH did not appear to increase
microglial IL-6 mMRNA levels until 14 days althougiis 3-fold change was not statistically
significant (p=0.099). Spinal homogenates behawy similarly to brainstem homogenates
where the expression of all inflammatory genes emathwas increased between 3 and 8-fold at
3 days of IH. COX-2 and IL{1expression remained elevated at 14 days of IH.(&3)and
p=0.033 respectively), but INOS mRNA levels wergineing to baseline despite remaining
significantly elevated above basal levels in norra@gr=0.044). Also, as in medullary
homogenates, spinal homogenate IL-6 mMRNA level®weghest at 14 days of IH (p=<0.001)

while TNFa levels peaked at 3 days (though not statisticadjgificantly; p=0.074).
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IH differentially increases microglial TLR4 expresson in cortex, medulla and spinal
cord

Because TLR4 plays an important role in mediaitrfigmmatory gene induction in

microglia, and endogenous TLR4 ligands are incikaséH-susceptible CNS regions, we
evaluated the expression of TLR4 over time follayvill exposure. Very interestingly, the
largest increase in TLR4 mRNA levels occurred ignaylia from the cortex where expression
was increased by approximately 12-fold at 14 ddysl¢p=0.001). The apparent 2-fold increase
at 1 day of IH was not significant (p=0.398 by ANAN TLR4 expression in microglia from the
medulla was increased by 7-fold at 3 days of IH(@801), and remained elevated (by 4-fold at
14 days (p=0.001). In spinal microglia, TLR4 exgrea was not significantly increased at any
time point tested, although an approximate 3-foldeéase at 3 days of IH was observed (p=

0.085 by ANOVA).
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DISCUSSION

In this study we were interested in understandihgtiver microglial inflammatory gene
expression was altered by IH, whether those regsodifered based on CNS region from which
the microglia were derived, if there was tempoegiulation of IH-induced inflammatory gene
expression, and whether assessments of neuroinfiéiomin tissue homogenates were
accurately reflective of microglial activities ipecific. We show here that IH induces
differential inflammatory gene profiles in microglirom different CNS regions, and that
patterns of IH-induced inflammatory gene expressiifier in tissue homogenates (in which all
cell types are present) versus isolated microglimfthe same region. Lastly, we find that the
expression of the pattern recognition receptor TisRdme- and CNS region-dependently
upregulated by IH in microglia in a manner thainooiles with microglial inflammatory gene
expression. This report is the first to directhakate microglial phenotype following
intermittent hypoxia exposure, and to reveal dédfees in microglial responses based on CNS
region and time of exposure. Our data also inditeemicroglia are likely not the only CNS
cell type contributing to neuroinflammation follavg chronic exposure to IH.

Microglia make up approximately 5-10% of all CN3Igewith the cortex having more
microglia than caudal CNS regions such as the Steim and spinal corl. Because microglia
comprise such a small percentage of total CNS,agiisnges in microglial gene expression may
not necessarily be evident in tissue homogenatessithe changes are very strong. For
example, the approximately 50% reduction in TN the 4-fold increase in COX-2 mRNA
levels in cortical microglia are not apparent imtimal homogenates. Our data also indicate that
cell types other than microglia can and do syn#eesiflammatory molecules in response to IH

exposure. For example, in spinal tissue homogentesnRNA levels of INOS, COX-2 and IL-
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6 are significantly elevated above normoxic le\al44 days of IH when expression of these
genes in microglia are not different from contrdibe identity of the cells contributing to the
expression of these neuroinflammatory mediator®is/et known, but such results suggest that
conclusions made about microglial activities basedhe expression/presence of inflammatory
molecules in tissue homogenates may not alwaysteate.

The observation that microglia respond to the siin&imulus differently in different
parts of the CNS may be related to differencesénldcal CNS environment as well as potential
fundamental differences in the microglia themseleshe cortex, microglial inflammatory gene
expression (COX-2, ILf}, and IL-6) appears to increase over time aftetHbwever, these
effects are gene-specific because INOS expressidmdiurned to baseline by 14 days and dNF
expression was not increased at any time poinuated. Indeed, TNEexpression was
significantly decreased in cortical microglia addy of IH. This was the only CNS region in
which we observed a decrease in the expressionyahflammatory gene. We do not yet know
the significance of this rapid and acute TiNdownregulation as the biological functions of
microglial produced TNé& versus TNk produced by other cell types have not been
distinguished. Additional studies are necessadetmeate mechanisms underlying this
microglial-specific inhibition of TNE in the cortex.

When comparing the cortex where IH-induced neurapabtosis occurs® to the
spinal cord where there are no reports of IH-induteuronal loss, we find that microglia from
these two CNS regions behave very differently feanh other. In cortical microglia, we
observe a general pattern of time-dependent inesgasnflammatory gene expression that
appear to be peaking at 14 days of IH. Spinal ngiamn the other hand, respond acutely and

transiently to the IH stimulus such that the expies of inflammatory genes had returned to
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basal levels by 14 days. Although we do not yetktite reasons underlying these regional
differences, we hypothesize that the availabilitgrndogenous TLR4 ligands may play a role, at
least in part. Endogenous TLR4 ligands are incekaséhe IH-susceptible CA1 hippocampal
region, but not in the CA3 region where the neurapysear to resistant to apoptotic effects of IH
3442 \Whereas similar proteomic studies have not beefopned in the cortex, because there is
significant IH-induced cortical neuron loss, wesrs that cortical results would be similar to
those in the CALl region. Why certain CNS regiornseap to be susceptible to or protected from
IH-induced neuronal loss is not yet clear, butet#htial induction of IH-regulated proteiffs
and changes in basal metabolism in different regjibhave been suggested. Regardless, we
hypothesize that these differences contributegmrespecific alterations in microglial
inflammatory gene expression profiles and tempdyabmics.

To the best of our knowledge, there are no remdnt®uronal loss occurring in the

dorsocaudal brainstem of adult animals exposeH fardtocols’*?

although some brainstem
regions including the nucleus tractus solitariuB3pand the nucleus ambiguus in the
ventrolateral medulla are susceptible in the depielpCNS*. However, in the dorsocaudal
brainstem, IH increases NMDA receptor subunit esgicn* and alters antioxidant responses in
pontine neuron®. Thus, although the dorsocaudal brainstem is predefrom IH-induced
neuronal apoptosis, neuronal function in severahistem nuclei are altered by IH. Our
observations that inflammatory gene expressiosatated microglia and homogenates from the
medulla had some similarities to both the cortex spinal cord are consistent with the varied

activities of IH in different brainstem nuclei. Tobkanges in microglial inflammatory and TLR4

gene expression in our medullary samples may thexeéflect responses of heterogeneous
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microglial populations that cannot be distinguishisthg the present immunomagnetic isolation
methodology.

TLR4 expression and activity is increased on motexcfrom patients with sleep
apned’, and ligands for TLR4 are increased in the serfiohiddren with sleep apnéa TLR4
is also upregulated in the CNS in many injuries aedrodegenerative disease proce$s€s°
Although TLR4 mRNA and protein levels are increabgathronic sustained hypoxia in
microgliain vitro **, whether this also occurs following exposure terimittent patterns of
hypoxia,in vivo, was not known prior to this study. We found thaR% was very strongly
upregulated in cortical microglia after 14 daystéf and in medullary microglia at 3 and 14
days, consistent with the timing of peak inflammmgatgene expression in the respective CNS
regions. Since the function of upregulated TLREMS disease is thought to promote and/or
maintain neuroinflammation, chronically upregulameitroglial TLR4 in the cortex may
contribute to IH-induced neuroinflammation and r&al lossln vitro, sustained hypoxia
transcriptionally upregulates TLR4 expression was$activation of the TLR4 promoter by
hypoxia inducible factor (HIFYiin macrophage¥. Interestingly, we also observe a strong
increase in HIF-&@ mMRNA at 14 days of IH in microglia (data not shgwsupporting the idea
that IH may contribute to chronically elevated rogital TLR4 levels via similar HIF-1-
dependent transcriptional mechanisms.

The biological significance of microglia-mediategunoinflammation in response to IH
may be different in different CNS regions, espégigiven the differences in time domains. For
example, in the cortex, microglial inflammatory gesxpression appears to be maximal at 14
days (the longest time point measured here), stiggebat microglia may contribute to

neuroinflammation and neuronal loss/damage in linensc state. In contrast, spinal microglia
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also respond to IH by increasing inflammatory gexjression, but these effects appear to be
rapid and acute as inflammatory mRNA levels hadrretd to baseline by 14 days. Although the
function of transient microglial inflammation indfspinal cord is not yet known, our recent
studies have suggested that acute spinal inflaromatontributed to in part by microglia, can
abrogate phrenic nerve long-term facilitation (pl.T&form of spinal motor neuron plasticity
Interestingly, in rats exposed to IH for 7 daysTplis greatly enhanced compared to normoxia-
exposed rat¥’, suggesting that this form of motor neuron pléstimay return when IH-induced
microglial inflammation subsides.

The IH model used here simulates a hallmark feaitisteep apnea. Recent estimates
indicate that up to 34% of men and 13% of womemween 30 and 70 yrs of age are affected by
obstructive sleep apnéawhich causes serious neural morbidities includiegroinflammation,
neuronal death and cognitive impairmént However, equally as important, sleep disordered
breathing and associated IH is also severe in >80patients with other major health problems
including ischemic (e.g. stroke), traumatic (emnal injury), neurodegenerative (e.g.
Alzheimer’s, Parkinson’s, ALS, MS) and genetic raulisorders (e.g. Down’s syndrome,
Fragile X)°>"®3 IH triggers the upregulation of endogenous TLigdrds in the CN$’, and we
find that TLR4 expression is upregulated in miciady IH. Because TLR4 activation causes
neurodegeneraticH, and several neurodegenerative diseases (e.gAR®and MS) are
associated with abnormal TLR4 functitii®™? collectively, our data suggest that IH-induced
TLR4 upregulation may play a previously unrecogdiege in many CNS disorders. Thus, IH-
induced neuroinflammation and neuronal death awglerate or exacerbate ongoing pathology

associated with other primary disorders. We sugipestiH-induced microglial activation may
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therefore be a critical, underappreciated contabtd many seemingly unrelated neural

disorders.
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Figure Legend 1
Intermittent hypoxia-induced inflammatory gene expression peaks in cortical microglia at
14 days of exposureNOS, COX-2, TNF], IL-107 and IL-6 gene expression was analyzed by
gRT-PCR in immunomagnetically-separated microghpdr tissue homogenates (B) from the
cortex of healthy male rats exposed either to naranor IH for 1, 3 or 14 days. Means +/- 1
SEM are presented relative to expression in normoamntrols. *p<0.05; **p<0.01; ***p<0.001;

*p=0.009.
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Figure Legend 2
Intermittent hypoxia-induced inflammatory gene expression differs temporally in
brainstem microglia and brainstem tissue homogenageiNOS, COX-2, TNFfe, IL-13 and IL-
6 gene expression was analyzed by gRT-PCR in immagaetically-separated microglia (A) or
tissue homogenates (B) from the brainstem of heatthle rats exposed either to normoxia or IH
for 1, 3 or 14 days. Means +/- 1 SEM are presergkadive to expression in normoxic controls.

*p<0.05; *p<0.01;"p=0.06.
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Figure Legend 3:
Intermittent hypoxia-induced inflammatory gene exgession is rapid and transient in
spinal microglia but sustained in spinal tissue homgenatesiNOS, COX-2, TNFe, IL-13 and
IL-6 gene expression was analyzed by qRT-PCR inumomagnetically-separated microglia
(A) or tissue homogenates (B) from the spinal adrbealthy male rats exposed either to
normoxia or IH for 1, 3 or 14 days. Means +/- INb&'e presented relative to expression in

normoxic controls. *p<0.05; **p<0.01; ***p<0.00fp=0.074.
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Figure Legend 4
Intermittent hypoxia-induced TLR4 gene expressionn microglia differs by time and CNS
region. TLR4 gene expression was analyzed by qRT-PCR inunomagnetically-separated
microglia from the cortex, brainstem and spinabooi healthy male rats exposed either to
normoxia or IH for 1, 3 or 14 days. Means +/- INb&re presented relative to expression in

normoxic controls. **p<0.01; **p<0.001"p=0.085.
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TABLE 1
Gene Forward Primer (5" Reverse Primer (5')
18s AACGAGACTCTCGG ATGCTAA  CCGGACATCTAAGGGCATCA
Cyc'?ggﬁ‘;;‘ase 2 TGTTCCAACCCATGTCAAAA CGTAGAATCCAGTCCGGGTA
Inducible nitric
oxide synthetase AGGGAGTGTTGTTCCAGGTG TCTGCAGGATGTCTTGAACG
(iNOS)
TUMOr NecrosiS - 1~ \r6GCCCAGACCCTCACAC  TCCGCTTGGTTTGCTACG
factor-a (TNF-u)
'”te(::f_ti'é';"ﬁ CTGCAGATGCAATGGAAAGA TTGCTTCCAAGGCAGACTTT
'”te(ﬂ_e_‘é‘)“”‘G GTGGCTAAGGACCAAGACCA GGTTTGCCGAGTAGACCTCA
TLR4 AGGCAGCAGGTGGAATTGTATC

TCGAGGCTTTTCCATCCAATAG
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ABSTRACT

Intermittent Hypoxia (IH), a hallmark of sleep apneauses severe neurologic deficits.
Inflammation underlies much IH-induced neuropathglancluding cortical/hippocampal
neuronal apoptosis and cognitive deficits. Inrditenodel, we recently demonstrated that IH-
induced microglial pro-inflammatory gene expressiéwmditionally, microglial TLR4 mRNA
was significantly up-regulated by IH. In these stsdwe test whether TLR4 is regulates
microglial inflammation following IH. Rodents weexposed to alternating intervals of hypoxia
and normoxia during their respective night cyctasif, 4, 7, 14, and 28 days. We utilized multi-
color flow cytometry to analyze the protein levefgro-inflammatory molecules expressed by
microglia following IH exposure. We found that Ikffdrentially increases microglial expression
of CD11b, CD45, IL-B, and TLR4 over the course of IH exposure. To stigate the
mechanism whereby IH activates microglia, we treatécroglial cultures with CNS
supernatantslhe soluble factors from IH-treated animals induaetivation of cultured
microglia, pro-inflammatory effects that were alisermicroglia with nonfunctional TLR4.
These data suggest that endogenous molecule(aseeleluring IH may signal through TLR4 to
promote microglial activation and neuroinflammatiarvivo. Additionally, microglia exposed
to IH invitro increase pro-inflammatory gene expression, andihiaduced inflammatory
gene expression is mediated, at least in part ¢irdiLR4-mediated signaling. Finally, we
tested if microglial TLR4 up-regulatian vivo primes microglia to become more pro-
inflammatory to a secondary inflammatory exposuBerprisingly, microglial inflammatory
responses to a systemic administration of LPS wiemuated in microglia exposed to 14 days

of IH, suggesting that microglia may undergo a ghgoic transition during chronic exposure to
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IH that attenuates inflammatory processes. Thikadirst study to investigate the role of TLR4

in IH-induced microglial gene expression.
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INTRODUCTION

Intermittent hypoxia (IH) is a hallmark featuresdéep disordered breathing and is most
commonly experienced in the form of obstructiveeplapnea (OSA). By recent estimates, 13%
of men and 6% of women between the ages of 30-géreence moderate-severe sleep
disordered breathirfiga condition that if left untreated, can have Higant deleterious effects
on mood, behaviot >, and cognitive processifigin addition to increasing risk for developing
cardiovasculdr® and metabolic disordéts In rodent models, IH protocols designed to $iteu
moderate-severe sleep apnea cause significantto@gdeficits that are attributed to increases in
neuron death in hippocampal and frontal corticglaes®™* Much of this IH-induced
neuropathology is thought to be a result of incedasxidative stress and inflammatiolf as
pharmacologic inhibition and/or genetic deletioM#DPH oxidasé’***’ cycoloxygenase-2
(COX-2)", and inducible nitric oxide synthase (iNO$5}ignificantly protect against IH-induced
cognitive impairments and neuronal death.

Recent work from our laboratory demonstrated tbaiaal, spinal, and medullary
microglia, resident CNS immune cells, increaseipflaammatory gene expression in response to
IH in the rat, and the inflammatory profile diffenesgionally and temporally following chronic
IH exposuré®. In addition to increased production of COX-2 #X®S, we found significant
increases in the expression of the pro-inflamamegtgkines interleukin (IL)- f and -6 in
microglia from all regions studied (although regbaxpression varied temporally), while tumor
necrosis factor-alpha (TN levels decreased or remained largely unchandaterestingly,
microglial expression of IL{flincreased acutely after just 1 day of IH and retdrto control
levels by 14 days in the medulla and spinal cottkreas IL-B expression did not increase in

cortical microglia until 14 days of IH exposureggesting significant regional differences in
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microglial responses to i However, the functional importance of and thehamisms
underlying the regional heterogeneity of microgirdlammatory responses to IH are yet
unknown.

Despite comprising only 5-10% of the total CNS @elpulation, microglia play essential
roles in the maintenance of healthy brain functight®®and they provide the first line of
defense against invading pathogens and tissue d&dhfagWhen disturbances in cellular
homeostasis are detected, microglia rapidly treomstb an ‘active’ phenotype marked by
morphologic changes, increased pro- or anti- inffeatory molecule production, proliferation,
migration, and/or phagocytoéi€* Acute inflammation following insult is necessanyd
beneficial in the CNS as it eliminates pathogeasiaves cellular debris, and promotes tissue
repaif>. However, chronic/prolonged inflammation is neaxic and is believed be a common
factor contributing to all neuronal disord€rsAdditionally, many cytokines traditionally
characterized as pro-inflammatory have concentradigpendent effects in the CNS where low
levels promote neurogenesis and synaptic plastioitiyhigh levels contribute to
neurotoxicity>?"*® Among the cytokines found to have dual, conegitn-dependent
functions within the CNS are ILBE**° IL-6%122 and TNR>**** the expression of all of which
we found to be altered in some capacity by IH isroglial cells®.

Toll-like receptors (TLRs), a family of pattern ogmition receptors (PRRs) highly
expressed by microglial celfs®® are becoming increasingly appreciated for meutigsierile
inflammation in the CNE*® as is experienced during IH and OSA. They ast ksown for
their ability to recognize highly conserved mosfgressed by microbial cells, known as
pathogen-associated molecular patterns (PARIP$jowever, dozens of endogenously

produced proteins, known collectively as damage@ated molecular patterns (DAMPS) have
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been identified as putative TLR liga##&. The majority of these endogenous TLR ligands are
intracellular proteins that under normal conditiamsl are not freely available to interact with
TLR receptors. Consequently, when they are reteae the extracellular space by stressed,
damaged, and/or dying cells, they act as dangeas@r ‘alarmins’ that initiate microglial
inflammatory pathways via TLR activation.

We previously reported that microglial TLR4 genesws@regulated in rats exposed to IH,
in a time course that largely corresponded withugtibn of pro-inflammatory gene expression
Consistent with these findings, a recent study stbthiat monocytes isolated from patients with
OSA have increased expression of TLR4 and TLR®¥edkas pro-inflammatory cytokines,
when compared to matched control (non-OSA) subjettscts which were reduced following 8
weeks of continuous positive airway pressure (CPARdditionally, TLR4 expression is

increased in microglia by sustained hypaxiaitro****

and mediates microglial inflammation in
neonatal rats exposed to sustained hypoxia foustio Several known endogenous TLR4
ligands (DAMPs} are increased in the serum of patients with OSAiifing: ligand monocyte
responsive protein (MRP)-8/14 (S100A8/S100A9, dprcaectinf®*” high mobility group box-
1(HMGB1)*®, heat shock protein (HSP)-70fibrinogen®>2 and oxidized LDP3>** However

their cellular source(s), and whether they are adtemased into the extracellular space in the CNS
are currently unknown. In addition to these ciating DAMPs that are increased in OSA
patients, HMGB1 and HSP8F° are also released from stressed/dying CNS celtstteey act

on microglia to promote their inflammatory actiesi via TLR4 activation?. HSP60 is also

acutely and selectively increased in the CA1, lmit@A3 region of the hippocampus (within 6

hours), a major site of IH-induced neuron deatlofoing IH exposure’. However, it is
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unknown if this protein is increased intracellwWadnd/or if it is released into the extracellular
space to act as a DAMP.

In the present studies, we tested the hypothesislitR4 plays a role in controlling IH-
induced microglial inflammatory responses in tlental cortex and hippocampus, the most
susceptible CNS regions to IH-induced neuron de¥fl. used flow cytometry to assess
microglial production of inflammatory proteins amtdlR4 expression in mice exposed to IH (90
sec intervals of 6% and 21% for 12 hours/day during their respective nightleg for 1, 4, 7,
14, and 28 days. We found pro-inflammatory praeind TLR4 to be upregulated in a time-
and gene-specific manner. Since we hypothesizédetttingenous TLR4 ligands were increased
in the brains of IH-exposed animals, we treatedogital cultures with soluble proteins isolated
from frontal cortical and hippocampal tissue of enexposed to IH, and found that pro-
inflammatory gene expression was increased in angrahat required TLR4. Direct exposure of
microglial cultures to IH also promoted pro-inflaratary gene expression, but the induction of
only certain genes appeared to require TLR4 agtiaitleast in part. Lastly, because we
hypothesized that increased TLR4 levels on theagl@l surface would “prime” them to be
more pro-inflammatory to a subsequent inflammastipulus, we exposed mice to IH for 14
days after which time systemic inflammation wasuicetl by LPS treatment. Surprisingly, we
found that not only was LPS-induced pro-inflammgtgpene expression in microglia reduced
compared to normoxia treated controls, but antamMmatory gene expression was potentiated in
the IH animals, suggesting that the early pro-mfiaatory activities of TLR4 may be somehow
altered by chronic IH exposure. Altered TLR4 sigmgin microglia may enable their adaptation
to a more anti-inflammatory/neuroprotective phepetjo minimize the neuroinflammatory

effects of chronic IH.
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METHODS
Materials

LPS (E.coli 0111:B4) Sigma Chemical Company (SuispMO). Hank’s Buffered Salt
Solution (HBSS) was purchased from Cellgro (Herndoh). Glycoblue reagent was purchased
from Ambion (Austin, TX). Oligo dT, Random Primeend RNAse inhibitor were purchased
from Promega (Madison, WI). Power SYBR green waslpased from Applied Biosystems
(Foster City, CA). Calcium acetate, zinc chloridiec trifluroacetate, glycerol, DEPC, EDTA,
and TRI reagent were purchased from Sigma Aldi&thl(ouis, MO). Percoll was purchased
from GE Healthcare (Waukesha, WI). DNase was @seti from Worthington Biochemicals
(Lakewood, NJ). Gas permeable 24-well tissue calplates were purchased from Coy
Laboratories (Great Lake, Michigan). TAK-242 wasghased from Invivogen (San Diego,
CA). SB202190 and U0126 were purchased from Catigioc(Billerica, MA). MMLV reverse
transcriptase, RNase AWAY, and DAPI were purchdsad Invitrogen (Carlsbad, CA). IL-6,
TNFa, and caspase-3 antibodies were purchased fromiB&iBnces (San Jose, CA). CD11b
antibody was purchased from eBioscience (San Di€g9d, NeuN antibody was purchased
from Millipore (Billerica, MA). TLR4 antibody wasyrchased from Biolegend (San Diego, CA).
pro-IL-1B antibody was purchased from R&D Systems (MinngapbiN).
Animals

Experiments were performed on adult, male, C57/Bd#&rlan Laboratories, Madison,
WI) or B6.B10ScN-Tlr4lps-del/Jthd (Jackson Laborgt@ar Harbor, ME) mice, weighing 25-
28g. Mice were randomly assigned to intermitterdxia or room air groups. Mice were
housed in clear polycarbonate cages under stadaditions conditions, with a 12 hour

light/dark cycle (6:00am-6:00pm) aid libitum food and water. All protocols were approved by
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the University of Wisconsin Institutional Animal @aand Use Committee All efforts were made
to minimize animal distress and reduce the numbsed, while permitting the formation of
statistically reliable conclusions.
Intermittent Hypoxia (IH) Exposure

All animal exposures were performed using a comrakyedesigned system
(BioSpherix, Redfield, NY). Animals were housedstandard polycarbonate cages with access
to food at watead libitum and maintained in a specialized chamber (12x20x8Xygen and
carbon dioxide concentrations were continuouslysuesd by an @and CQ analyzer and were
changed by a computerized system controlling gstsy(Oxycycler model G2 and Watview
software). During the sleep cycle (light-on hout)ygen concentrations were modified to
generate a cyclical pattern of either 6% or 21%gexyevery 90 seconds (intermittent
hypoxiaf®°° During their awake period (lights-off) ,@oncentration was maintained at a
steady 21%. During the IH exposure, the rapidairfvas sufficient to prevent GO
accumulation, and during the normoxia period, r@nwas periodically flushed through the
system maintain a Goncentration below 0.3%. Normoxic control anisnakre either housed
outside of the hypoxia chamber in room air or meiméd inside the chamber with circulating
room air to mimic the IH exposure.
Mechanical dissociation and fixation of neural tisae for flow cytomtery

CNS tissues were dissociated as previously destfif@hapter 3). Briefly, mice
euthanized with an overdose of isoflurane and geduntra-aortically with cold 0.1M
phosphate buffered saline (PBS). The frontal coatek hippocampus were dissected out, placed
into cold HBSS on ice, and mechanically dissocidtggushing tissue through a pre-moistened

100uM cell strainer with a syringe plunger and veaktvith cold HBSS supplemented with
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0.01mg/ml DNase. Dissociated tissues were resudgokein 26% Percoll in 0.1M PBS and
centrifuged at 850g for 15 minutes to remove myefamples were divided, where half was
taken for analysis of non-secreted proteins andimasediately fixed in a modified zinc-based
fixative (mZBF) (0.5% zinc chloride, 0.5% zinc tufoacetate, 0.05% calcium acetate in 0.1M
Tris-HCL, pH to 6.4-6.7§* and glycerol (1:1), and stored at -20°C overnighuntil ready to be
stained for flow cytometf}®> The other half was taken for intracellular cyt@kstaining and
incubated at 37°C for 4 hours in 1 ml of DMEM sugpknted with 10% FBS, 100 U ML
penicillin/streptomycin, and 3ul of GolgiPlug, adildin-A — containing compound that blocks
the canonical secretory pathways through interastieith golgi apparatd3prior to mzBF

fixation.

Staining for Flow Cytometry

Fixed samples were washed 3X in ice-cold PBS. €ieface protein stains CD11b-
APC-Cy7 (1:150), CD45-APC (1:100), and/or TLR4-PEAY1:25) were performed on ice in
50ul of 1X PBS supplemented with 0.1% BSA for 2hutés. Cells were washed 3X and re-
suspended in permeabilization buffer (1X PBS + 0szdonin + 0.1% BSA). Intracellular
staining was performed in 50ul permeabilizationféudn ice for 45 minutes. They cytokine
panel consisted of: IL-6- PE (1:100), TMAPE-CY7 (1:100), and pro-ILft FITC, and the non-
cytokine panels was stained with NeuN-Alexa 488@0), and caspase-3- PE (1:20). Samples
were washed and resuspended for in permeabilizhtifier containing DAPI (1ug/ml) to
identify cells with intact nuclei. Cells were anaggl on a BD LSR 1l equipped with 350-, 405-,
433-, 561-, and 642-nm lasers, a standard filteras®l FACSDiva software (BD Biosciences).
All appropriate compensation and FMO controls werdormed and utilized in the analysis.

Intact cells were identified using forward and ssdatter parameters, singlet gates, and DAPI
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staining to identify cells in cell cycle at the &rof fixation. Samples were first gated to exclude
doublets and any events off scale with the follaysimglet gates: FSC-Width/SSC-Area, SSC-
Width/FSC-Area. We then used a cell cycle gatdeatify cells with an intact nuclei based on
DAPI-Width/DAPI-Area plotted on a linear scale. [IG®pulations were identified and gated
using the FMO controls. Microglia were identifiedsed on CD11b and CD45 surface markers.
See supplementary figure 1 for a representativenplaof the gating strategy utilized in these
studies. Analysis of flow cytometry data was perfed in FlowJo software v.10. (TreeStar
Inc.). Regions from 2 animals were pooled to @@asingle individual sample. Data are
representative of 4 individuas.
Cell Culture

Murine BV2 microglial cell&* were routinely cultured in Dulbecco's modified Exsy
medium (DMEM; Cellgro, Herndon, VA) supplementediwi0% fetal bovine growth serum
(FBS, Hyclone, Logan, UT) in 200 mm BD Falcon ptat€ells were grown to ~90%
confluency and passaged every 1-3 days. For lidreapant experiments, cells were seeded at a
density of 2.5x1bper well and the following day were treated wiistie supernatants. For IH
experiments, cells were grown on a gas-permeabielbrane in a specialized 24-well plate to
facilitate rapid gas exchange at the cellular le\rdr overnight IH experiments, cells were
seeded at a density of 3.5X3r well in a 24 well plate and 6 hours later weeated and
exposed to IH.

Primary microglial cultures were prepared as presip describel. Briefly, mixed glial
cultures were prepared from C57/BL6 or B6.B10ScNHpk-del/Jthd mice (postnatal days 3-7)
and cultured in DMEM supplemented with 10% fetalibe serum and 100 U niL

penicillin/streptomycin. Primary microglia wereasien from the mixed glial cultures and were
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seeded at a density of 150,000 cells/well in a 2-gas permeable tissue culture plates, and IH
exposures started the following day.

In Vitro IH Supernatant Treatments

CNS tissues were mechanically dissociated to siogllesuspensions as described above.
Cells were pelleted and supernatants were savedetment of microglial cells vitro. Protein
concentrations in the supernatants collected flmamntvivo IH studies above were determined
by BCA assay. BV2 microglia were treai@ditro with 20ug of cellular supernatants + a TLR4
inhibitor (TAK-242, 1uM, 1hr pre-treatment) for 18hrs. mRNA was colled®dqRT-PCR
analyses of pro-inflammatory cytokines.

In vitro intermittent hypoxia exposure:

Intermittent hypoxia exposures were performed uaisgmmercially-designed cell
culture system (BioSpherix, Redfield, NY). Cellsen& maintained in a specialized incubator
chamber at 37°C. £and CQ concentrations were continuously measured witlart@ CQ
analyzers, and were changed with a computerizédraysontrolling gas outlets (Oxycycler
model C42, Biospherix, Redfield, NY). Cells wempesed to normoxia (Nx; 21% 02, 5% &O
balance M), or intermittent hypoxia (IH; 10min cycles of 1&ad 21%02 held at a constant 5%
CO,, balance M.

Immunomagnetic Microglia (CD11b+) Cell Isolation from IH Treated Mice + LPS

Mice were exposed to 14 days of IH. Immediateliofeing the last hypoxic exposure,
mice were injected intraperitoneally with 1mg/kg3.» sterile HBSS or sterile HBSS vehicle
control, and were harvestest 13+1.5 hours after wP&hicle administration CD11b+ cells
were isolated using previously described metffttis Briefly, mice were euthanized with an

overdose of isoflurane and perfused with cold ORBS. The whole brain minus (the
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cerebellum, medulla, and olfactory bulbs) was ditsgout and dissociated into a single cell
suspension using 0.7mg/ml Papain and 50pug/ml DiMald®SS. Myelin was removed by high
speed centrifugation at 8509 in a 26% solutionestBll in 1X PBS. CD11b+ cells were tagged
with an anti-CD11b antibody conjugated to a magnesiad. Magnetically-tagged CD11b+ cells
were isolated using MS columns according to thaeviii MACS protocol. Reagents were kept
chilled at 4°C and cells were kept on ice when@assible to preserve microglial phenotypes.
We have previously shown, this method results#92% pure CD11% CD45%" cell
populatiort®®’ and thus, this population will subsequently Hemred to as “microglia.”

RNA extraction/ reverse transcription

RNA was extracted from BV2 and, primary, and immmagnetically isolated microglia
according to the TriReagent protocol, with the &ddiof Glycoblue during the isopropanol
incubation. First-strand cDNA was synthesized ftotal RNA using MMLV Reverse
Transcriptase, and an oligo(dT)/random hexamertadckcDNA was used for gRT-PCR
analysis.
Quantitative-Real Time PCR:

cDNA was used in real-time quantitative PCR witmwoSYBR Green using either the
ABI StepOne or ABI 7500 Fast system (Applied Bidsyss/Life Technologies). Primers (Table
1) were designed using Primer 3 software and tkeipty was assessed through NCBI
BLAST. Primer efficiency was tested through the a§serial dilutions. Verification that the
dissociation curve had a single peak with an olexeiim consistent with the amplicon length
was performed for every PCR reaction. CT valuemfduplicate measurements were averaged
and normalized to levels of the ribosomal RNA, 1Blative gene expression was determined

using theAACT method®,
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Statistical analyses:

When comparing two population means, statistid@rences were made using a
Student’s t-test or a paired Student’s t-test, whagaplicable. When three or more groups were
compared across 2 parameters, comparisons wereusgmea two-way ANOVA or two-way
RM ANOVA, where applicable. Holm-Sidak post hosttewere used to assess statistical
significance in individual comparisons. All stéital analyses were performed in SigmaPlot
(Sigma Stat version 11(Systat Software, San Jo&g, Statistical significance was set at p <

0.05. Mean data are expressed + 1 SEM.
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RESULTS:
IH bi-phasically increases the percentage of ILfi+ and reduces the frequency of IL-6+
microglia in the frontal cortex and hippocampus

IH induced a bi-phasic increase in the percentdgeiaoglia (CD11b+ cells) expressing
pro-IL-1B in the frontal cortex and hippocampus, peaking and 7 days of IH (Fig. 1, Supp.
Fig. 2). The proportion of IL{i+ cells following 1 day of IH was increaesd in fhental cortex
(41.40% + 7.22, p=<0.001) and hippocampus (36.08P®©, p=<0.001) compared to hormoxia
(1.51% = 0.38 and 1.08% =+ 0.29, respectively).sTgopulation decreased to 7.63% £+ 3.40 in
the frontal cortex and 9.67% + 3.76 in the hippopas after 4 days of IH, though it remained
significantly elevated over levels in normoxia (B@2 and p=0.005, respectively). After 7 days
of IH, the percentage of ILB microglia again increased to 42.90% + 2.72 (p8€@) and
24.28 *+ 3.2 (p=<0.001) respectively in the froraitex and hippocampus, and then declined to
21.95% £ 1.64 and 12.54% * 4.16 at 14 days ofhdHugh again, remaining significantly
elevated over control levels in normoxia (p=<0.@@1both). However, by 28 days of IH the
percentage of IL{i+ microglia returned to normoxic levels in both fhental cortex and
hippocampus (2.15% * 0.36, p=0.618 and 0.83% =+, (220.437).

Whereas the frequency of microglia expressing plwhs low in control animals, more
microglia in the frontal cortex and hippocampusresp detectable levels of IL-6 (9.99% + 1.14
and 9.39% = 1.94, respectively) (Fig. 2, Supp. Blg. Interestingly, IH decreased this
population by ~70% at the 4 and 14 day time poiptsQ.005 and 0.008) in the frontal cortex.
Similar trends were observed in the hippocampusevh¢ reduced the percentage of IL-6+
microglia by ~40%, although this did not reach statal significance by an ANOVA (p=0.066).

Similarly, a large percentage of microglia expresEbFa (22.22% + 3.71 and 20.40% + 2.93)
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in the frontal cortex and hippocampus (Fig. 3, Supg. 4). IH had no significant effect on the
frequency of TN+ microglia at any time point tested in either ttemtal cortex (p=0.068) or
hippocampus (p=0.215), although there appeared totkend towards reduced levels at 4 and 7
days in the hippocampus.

IH induces early and persistent increases in micrdgal CD45 and CD11b expression.

Since CD11b and CD45 marker upregulation are afted as indicators of pro-
inflammatory activity of macrophages and microglie, evaluated their expression following
IH. We found that IH induced a significant increasenicroglial expression of both CD11b and
CD45 in frontal cortical and hippocampal microgha, reflected by an increase in their
respective medain fluorescent intensities (MFIy(Bi, Supp. Fig. 5). In the frontal cortex, the
CD11b levels were significantly increased by ~36%0(p01), ~29% (p=0.013), and ~44%
(p=<0.001) following 1, 7, and 14 days of IH, resipeely, but not at 4 or 28 days (p=0.147 and
p=0.502) (Fig. 4B). CD45 levels followed a simitegnd in the frontal cortex with significant
increases in after 1 (~36%, p=<0.001), 7 (~25%, p36D, 14 (~40%, p=<0.001), and 28 days
of IH (~16%, 0.010) relative to nomoxic controlghalugh these increases were not observed at
4-days of IH (p=0.336) (Fig. 4C). In the hippocampCD11b levels were increased by ~37%
(<0.001), ~ 30% (0.001), ~31% (0.003), and ~33% (0.804, 4, 7, and 14 days of IH,
respectively, and had returned to normoxic levgl@® days (p=0.515) (Fig. 4D, Supp. Fig. 5)
as in the cortex. CDA45 levels were significantigreased over normoxic levels at all IH time
points examined by ~35% (p=<0.001), ~17% (p=0.0172% 80=<0.001), ~39% (p=<0.001),
and ~20% (p=0.004) following 1, 4, 7, 14, and 28sjagspectively.

IH long-lasting increases the percentage of micro@ expressing complexed TLR4/MD2
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We had previously observed that microglial TLR4 gerpression was increased by IH
in a time course that corresponded with pro-inflatory gene expression in the’ratHowever,
it was unknown whether this increase in gene espyadranslated into increased functional
TLR4 proteininvivo. Since TLR4 requires the adaptor protein MD2ffmctional activity, we
used an antibody that recognizes the TLR4/MD2 cemfid determine if IH increases cell
surface expression of functional TLR4 protein. Tieguency of TLR4/MD2+ microglia in the
frontal cortex and hippocampus was almost doubidd and 28 days of IH, although changes
were not evident at earlier time points (Fig. S5p@uFig. 6). In the frontal cortex, the percentage
of TLR4/MD2+ microglia increased from 7.10% £0.62normoxia to 13.60% +2.24 (p=0.001)
at 14 days and to 10.99 £0.53 (p=0.016) at 28 déiid (Fig. 5A,B). Similarly, the proportion
of hippocampal microglia expressing TLR4/MD2 inged from 5.45% +0.38 in normoxia to
10.06% +1.62 (p=0.002) and 10.65% +0.80 (p=<0.@0tEr 14 and 28 days of IH, respectively.
Interestingly, the increased frequency of TLR4/MDgieroglia remained observable at 28 days
of IH when other markers of microglial activatiorciuding IL-13 (Fig. 1) and CD11b (Fig. 4)
had returned to normoxic levels.
Supernatants from frontal cortex and hippocampus ofiH-treated animals induce pro-
inflammatory gene expression in cultured BV2 microgja via a TLR4-dependent
mechanism

Since TLR4 is up-regulated during IH and endogeridiR4 ligands (DAMPs) may be
released by stressed and/or dying cells in responisé we hypothesized that IH would increase
DAMPs that would signal through TLR4 to induce rogifal inflammation. Thus, we treated
BV2 microglial cultures with supernatants collecteliowing mechanical dissociation from the

frontal cortex and hippocampus of mice exposedtonoxia (Nx), 1, 3, 7, 14, and 28 days of
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IH. We found that frontal cortex (Fig. 6) and higampus (Fig. 7) supernatants from mice
exposed to IH induced cyclooxygenase-2 (COX-2)lang, but not IL-13 or TNFo mRNAS in
BV2 microglia when compared to supernatants frormatfs treated with Nx, and that these
increases were prevented in the presence of the Tiufibitor, TAK-242.

COX-2 mRNA levels were significantly increased bgrital cortex supernatants from
mice exposed to 4, 14, and 28 days of IH by 2.0715 (p=0.039), 6.13 £+ 2.15 (p=0.002), and
3.80 = 0.91 (p=0.010) fold respectively (Fig. 6A8lthough supernatants from 1 and 7 day IH
animals also increased COX-2 mRNA levels by 2.4B40 and 2.96 + 0.93 fold, these did not
quite reach statistical significance (p=0.05 ari8, respectively). In the presence of the TLR4
inhibitor, TAK-242, the induction of COX-2 gene erpsion by these supernatants was
abolished, with statistically significant decreasbserved in COX-2 expression induced by
supernatants from animals exposed to IH-1 (p=0,d2B} (p=0.009), IH-7 (p=0.008), IH-14
(p=0.004), and IH-28 (0.002). IL-6 gene expressias likewise increased in BV2 microglia
treated with supernatants from mice exposed tot4 (7.45 £ 2.24 fold; p=0.018) and 28
days (6.12 £ 1.41 fold; p=0.019), and this inductieas blocked by the TLR4 inhibitor (p<0.001
at both time points) (Fig. 6B). Additionally, TAR42 significantly decreased the IL-6
expression in microglia treated with 4 (p<0.001J @day (p=0.008) supernatants, despite the
lack of significant IL-6 gene induction by supeas at these time points (p=0.667 and 0.224,
respectively). While there were modest increasdk-iLp (Fig. 6C) and TNE (Fig. 6D) gene
expression in these samples, they did not reatiststal significance at any time point.
However, interestingly, there were significant retitins in the expression of both genes in the

presence of TAK-242.
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Findings from hippocampal supernatants were sinla@nose from the frontal cortex.

COX-2 gene expression was increased in BV2 micadgiiated with hippocampal supernatants
from animals exposed to IH for 4, 7, 14, and 28sday 3.66 + 0.59 (p=0.003), 2.65 £+ 0.44
(p=0.035), 3.58 £ 0.59 (p=0.003), and 3.08 + 0@E0(021) fold, when compared to normoxic
controls (Fig. 7A). In contrast to the complete latwm by TAK-242 of COX-2 gene expression
induced by frontal cortex supernatants, TAK-242gigantly reduced COX-2 gene expression
in microglia treated with hippocampal supernatdirasn 4 (p=0.022) and 14 day (p=0.002) IH
exposed animals, but levels were not decreaseahtinat levels. They tended to remain
approximatelyl1.6- 2.5 fold higher than control lesvalthough p-values were not significant
(ranged from p=0.187 to 0.339). IL-6 gene expassias significantly increased by
hippocampal supernatants from 1, 4, 7, and 28 dpgreatants by 8.33 £3.73 (p=0.009), 9.64
+4.26 (p=0.007), 10.57 +4.58 (p=0.003), and 10.22& (p=0.002) fold, respectively and by
3.01 +0.66 fold in 14 day samples, though it ditlreach statistical significance (p=0.062).
TAK-242 completely abolished IL-6 gene inductiontbgpocampal supernatants at all IH time
points (p<0.001 for IH-1, IH-4, IH-7, and IH-14 aa¢=0.001 for IH-28) (Fig. 7B). In addition,
there was no statistically significant differenceang supernatants in TAK-242 treated cells (p
values ranged from 0.325 to 0.685). Similar tatssrom the frontal cortex, hippocampal
supernatants from IH-treated animals induced mddestases in IL-A gene expression with
fold changes ranging from 1.9-2.7 when comparatbtanoxic controls, although they did not
reach statistical significance (2-way ANOVA p vauanged from 0.077 to 0.296) (Fig. 7C).
However, there were significant reductions in [R.dene expression with TAK-242 treatment at
all IH time points (IH-1 p=0.010; IH-4, p=0.003; 1H p=0.007; IH-14, p=0.020) except for IH-

28 (p=0.267). There was no observable inductiohMffa gene expression at any time point by
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hippocampal supernatants (p=0.273- 0.917). Sumgtis TAK-242 induced TNE gene
expression in cells treated with supernatants 28nday IH-exposed animals (p=0.032) (Fig.
7D).

Microglia exposed to IH in vitro increase pro-inflammatory gene expression through
TLR4-dependent and independent mechanisms.

To study the direct effects of IH on microglia sifieally, we exposed primary microglia
to IHinvitro. IH increased pro-inflammatory gene expressidetise to cells exposed to room
air (nhormoxia). COX-2 mRNA levels were increasgdlB.31 + 4.99 fold (p=0.003), IL-6 by
5.01 + 1.48 fold (p=0.003), and TNBy 3.69 +0.24 fold (p=<0.001) (Fig. 8A). IBIappeared
to be mildly increased with a 2.12 + 0.39 fold e&se over normoxia, although it did not reach
statistical significance (p=0.077). Additionallye examined the expression of the
inflammatory/chemoattractant cytokines, macrophafieammatory protein (MIP)-d (or CCL3)
and MIP-3B (or CCL4) to determine if IH altered their expriess Interestingly, IH significantly
increased the expression of both molecules by 824 (p<0.001) and 3.53 £0.47 (p=0.003)
fold, respectively (Fig. 8C). Since TLR4 géhand protein expression (Fig. 5) were up-
regulated in microglia by exposure to iliHvivo, we examined whether microglia exposed to IH
invitro had a similar response. We did not observe amétidged increase in TLR4 mRNA in
primary microglial cultures (Fig. 8E). However, €D a scavenger receptor that complexes
with TLR4 to confer responsiveness to LPS, wasagu#ated by IH (2.42 £+ 0.46 fold, p=0.023),
as was TLR2 (1.54 + 0.14 fold, p=0.045), a TLR ttzdres many functional similarities to
TLR4 and can also be activated by DAMPSs.

To test whether TLR4 was involved in IH-induceflammation, we compared

responsiveness to IH in primary microglia derivezhf wild-type (WT) and B6.B10ScN-
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Tlr4lps-del/Jthd (TLR#Y) mice. These mice harbor a naturally occurringtieh of the TLR4
gene locu®. There were no significant differences in basalegexpression levels between WT
and TLR4® microglia for all genes studied, as determinec Isyudent’ t-test on theCT-

values, with the exception of ILB1where the WTACT values were ~2 cycles lower (i.e. higher
basal expression) compared to the TER4nicroglia (p=0.003). Data are graphed relative t
their respective normoxic controls.

The IH-induced expression of COX-2 (p=0.049) and pL(p=0.003) was attenuated in
TLR4% microglia (Fig. 8B), and IL-6 mRNA levels trendemvards a decrease, but they did not
attain statistical significance (p=0.075). Intéiregy, IH-induced expression of TNEMIP-1a,
and MIP-B were not affected in the TL&#microglia (p=0.736, 0.736, and 0.908 respectfully)
(Fig. 8D). Similarly, IH-induced expression of Cband TLR2 were not changed in microglia
without TLR4 (p=0.637 for both) (Fig. 8E) suggestihat IH is sufficient to induce pro-
inflammatory gene expression in microglial cultydest TLR4 only plays gene-specific roles.
Microglia exposed to IH in vitro have heightened iflammatory responses to TLR4
ligands

We next wanted to test the hypothesis that IH sggdanicroglia would have exacerbated
pro-inflammatory responses to subsequent inflammatimuli, perhaps as a result of increased
TLR4 activity. However, primary microglia did ngcapitulate the increase in TLR4 levels
observed following IH exposura vivo, so we turned to BV2 microglia to evaluate theet$ of
IH on TLR4 and TLR2 levels. We found that IH upuiged TLR4 mRNA by 1.79 +0.18 fold
(p=0.012) and TLR2 by 1.72 +0.22 fold, although TL&d not reach statistical significance
(p=0.061) (Fig. 9C A). We also assessed theirtghiti respond to IH with an increase in pro-

inflammatory gene expression (Fig. 9A, B, C). WiasréH also increased the expression of
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inflammatory genes in BV2 cells, their gene expmsgrofiles differed somewhat in their
magnitudes compared to primary microglia (Fig.ig, BD). IH-induced the expression of
TNFa (1.92 +0.24 fold, p=0.038), MIPe1(2.71 +0.50 fold, p=0.028), MIPRL(2.14 +0.24,
p=0.023), IL-B (8.17 * 1.77- fold, p=0.006) and COX-2 (1.57 +0.81d, p=0.200) in BV2
microglia. Having identified similarities betwedd tesponses in BV2 microglia and microglia
invivo, we then exposed them to either IH or Nx for 16ar&l then stimulated them with LPS
or vehicle control for 6 hours (Fig. 9D). We foutiét LPS-induced IL-6 (p=0.006), COX-2
(p=0.029), and MIP-1 (0.005) gene expression was potentiated in cedidrpated with IH.
Chronic IH exposure in vivo attenuates microglial nflammatory responses in response
to systemic inflammation

To test if exposure to Ilh vivo would also “prime” microglia to become more pro-
inflammatory to a subsequent inflammatory stimulus,exposed mice to 14 days of IH
followed immediately by an intraperitoneal injectiof LPS or vehicle control. Microglia were
isolated from the whole brain approximately 14 tsdater, and inflammatory gene expression
was evaluated. To our surprise, we found thaathkty of LPS to induce microglial pro-
inflammatory gene expression was attenuated in eMpesed to 14 days of IH (Fig.10). LPS
significantly increased pro-inflammatory gene esgren of: COX-2 (6.65+ 1.87-fold), ILAL
(8.47+ 1.53-fold), TNE (17.05+ 4.89-fold), MIP-& (5.42+ 0.84- fold), MIP-f (2.78+ 0.46-
fold) as well as the anti-inflammatory cytokine 110-(4.23+0.63-fold) (p <0.001 for all
molecules). However, the expression of B,-INFa, and MIP-I were significantly decreased
by ~50% in IH-exposed mice (p= 0.044, 0.008, and®,.Gespectively), although LPS-induced
COX-2 expression was not significantly reducedialgh it appeared to trend lower (p=0.118).

Likewise, IH had no effect on the LPS-induced egpien of IL-10 (p=0.228) or MIP£L
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(p=0.914). But interestingly, IH alone significhnincreased the expression of IFldnd BDNF
by 5.32+0.90 (p=0.007) and 5.40+ 1.19 (p=0.038] fokspectively, and LPS treatment did not

alter this.
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DISCUSSION:

Previously, we showed that IH-induced microgliedqnflammatory gene expression
varied regionally and temporally in a rat modeltéf and that observed increases in
inflammatory gene expression correlated with uplegd TLR4 mRNA levef€. In order to
better understand the role of microglia in the ppttysiology of IH-induced neural injury, we
studied microglial gene expression in the CNS mgimost susceptible to IH-induced neuronal
death, the frontal cortex and hippocanpis’® Additionally, we sought to expand our previous
observations implicating TLR4 as a potential meatiaf IH-induced microglial activation, and
to further explore its potential role in microgli@sponses to IH.

Here, we show that microglial activation by IH iretmouse is bi-phasic with an
acute/early phase followed by a slower and morg-lasting chronic activation state that
subsides by 28 days of IH. We found that the peegge of microglia expressing detectable
levels of the functional TLR4/MD2 complex on theell surface increased at later IH time
points and remained elevated when other indicatibpso-inflammatory activation were
decreasing or had already returned baseline levaslitionally, we identified that microglial
inflammatory responses to IH are mediated throulgR4Fdependent an independent
mechanisms. This report is the first to directlplerate the functional significance of TLR4 in
IH-induced microglial activation and indicate a hagism for microglial adaptation to the
chronic neuroinflammatory IH stimulus, making thkss reactive and more anti-
inflammatory/neurotrophic.

We used flow cytometry to quantify the effects ldfdn microglial protein levels over a
time course spanning 1 to 28 days. Flow cytomgbges unique advantages over other protein

analysis methods including immunohistochemical iamadunoblot assays, as flow cytometry
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enables sensitive, multi-parametric analysis ofgins in specific cell populations, while also
distinguishing between cell surface and intracatlprotein expression. This is essential as the
microglial inflammatory response often includesr@ased production and subsequent release
small (~5-20kD), secreted cytokines and chemokihasare difficult, if not impossible to detect
by other methods. Additionally, we previously stealthat IH increased the expression of pro-
inflammatory genes in both microglia and non-midiedd"NS cells® so analyzing protein
expression in microglia specifically is an advaetadhe optimized tissue processing and
fixation methods used here to study CNS cells tw ftytometry were recently developed in our
laboratory® (Chapter 3).

IH-induced microglial production of I3-in microglia is bi-modal, where the proportion
of microglia expressing detectable levels of pretfLwas transiently increased at 1 day, and
then again increased at 7 and 14 days, beforenretuto normoxic levels at 28 days of IH
exposure. Similarly, the expression of the CDaat CD45 scavenger receptors on the
microglial cell surface increased similarly to IB-1Increased CD11b and CD45 expression is
common in the activated or pro-inflammatory sthteonsistent with the notion that microglia
become activated by IH. The biphasic changesdre®pression of these activation markers
suggest that microglial activities during chrortitéxposure change with time. We also
observed changes in the cell cycle of microgli¢dofeing IH exposure, where we observed more
microglial cells in the S- and G2- phases, as assklsy DAPI staining, following 1, 4, and 28
days of IH in the frontal cortex, and 4 and 28 daythe hippocampus (Supp. Figs. 7 and 8).
These results suggest that IH may promote micriggi@iferation in these regions.
Interestingly, this response was also bi-phasitpkak frequency of microglia in S/G2- phases

was highest when microglial activation markers weve While there was essentially no
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detectable microglial expression of I3-in normoxia, we did observe that ~10% and ~20% of
microglia from the healthy CNS contain IL-6 and Td\roteins, respectively. While IL-6 and
TNFa are traditionally regarded as pro-inflammatory ecolles, they can be neuroprotective at
low concentrations, and they are necessary for Somes of neuroplasticify22-3%333
Consistent with our previous findings in the ratdalp we did not observe increases in TNF
MRNA levels; if anything, basal levels of TiEecreased with IH. Similarly, we found that the
frequency of IL-6+ microglia decreased at 4 andlays of IH in the hippocampus. While the
significance of decreasing basal TiN&nd IL-6 are unknown, if basal expression of these
molecules is indeed neuroprotective and requiredéaronal plasticity, then IH-induced
decreases may contribute to IH-induced injury.

Surface TLR4 protein expression was increased a@nogilia following 14 and 28 days of
IH exposure. Several endogenous TLR4 ligands, dwetuHSP60 and HMGBL1, are released
from damaged/dying neurons which can in turn, irdeicroglial-mediated inflammation
through TLR4 activatioti®’>"® We observed increased expression of the protapopnarker
caspase-3 in frontal cortical and hippocampal nesies early as 4 days following IH (Supp.
Figs. 9 and 10), supporting our hypothesis thasilhducing neuronal death/stress which may
contribute to increased microglial activation. Aduhally, HSP60 is selectively increased in the
IH-sensitive CA1 region of the hippocampus compacetthe resistant CA3 regioh We
hypothesized that TLR4 played a crucial role initiigation of IH-induced inflammation, via
TLR4-mediated activation by DAMPs. To test thig tkeated BV2 microglia with tissue
supernatants collected from the frontal cortex lipgocampus of mice exposed to IH. These
supernatants significantly increased COX-2 and Bxpression relative to supernatants from

normoxic controls, and these increases were block#te presence of the selective TLR4
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inhibitor, TAK-242"*"> These data suggest that IH may increase le¥gistmnidentified
endogenous TLR4 ligands in the hippocampus anddraortex, and that they may facilitate
IH-induced inflammation via microglial TLR4 activah. Preliminaryin vitro studies currently
underway support this hypothesis, where microgéated with conditioned medium from IH-
treated neuronal cultures increase microglial mfiaation and this is partially blocked in the
presences of a TLR4 inhibitor (Supp. Fig. 12). tdwer, larger N are needed to confirm the
validity of these result.

Exposure of primary and BV2 microglia to IRvitro increased the expression of pro-
inflammatory molecules. IH induced increases inX=X) IL-1f3, and IL-6 expression were
abolished in TLR4 deficient microglia, whereas hdhiced TNk, MIP-1a, and MIP-B mRNA
levels were unaffected. Thus, IH appears to iednftammatory gene expression through both
TLR4-dependent and -independent mechanismiro, potentially through the activation of
mitogen activated protein kinase (MAPK) pathwaysp® Fig. 11). The observation that IH
could activate microglia via a TLR4-dependent madma, in the absence of known TLR4
ligand, was unexpected. We hypothesize that IH imédiyce the autocrine/paracrine release of a
TLR4 ligand that acts to activate microglia vialaRB-dependent mechanism. MRP8/14 and
HMGBL are putative TLR4 ligands that could be reged in this mannét’”. For example,
MRP8/14 is highly expressed in the cytosol of mgtes, and it was recently shown to be
released from monocytes following LPS activatioemnhance LPS-induced inflammatigrand
during ischemic injury to induce TLR4-mediated amfimatiorl®. However, it is unknown if
MRP8/14 is released from microglia in responsdHo HMGBL1 is a nuclear protein that is
rapidly trafficked to the cytosol following cellulatress, and it can be released through a NLRP3

inflammasome-mediated, non-canonical secretoryymthsimilar to that of IL-f and IL-
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18> |n addition to activating TLR4, HMGB1 can aldgral through TLRZ and CD11P° to
induce inflammation, both of which we found to bereased by IH.

Based on tissue culture studies where we found.f&tinduced microglial pro-
inflammatory gene expression was exacerbated is &t had been previously exposed to IH,
we hypothesized that IH would also prime microggidoe more pro-inflammatory to a
subsequent inflammatory stimulisvivo. Microglia from mice exposed to 14 days of IH
followed by an acute peripheral injection of LPBowed attenuation in pro-inflammatory gene
expression such that LPS was less efficaciousdaicing inflammation in the microglia from IH
mice even though TLR4/MD2 levels were elevatedoAfderesting is the gene-specific effects
of LPS since the ability of LPS to alter anti-inflenatory/neurotrophic factor gene expression
IL-10 and BDNF were not changed by IH, whereasfiis further upregulated. These data
suggest that the chronic up-regulation of TLR4 nigiiH correlates with reduced microglial
inflammatory activities and increased neurotrogaator production, suggesting the potential for
a neuroprotective role of TLR4 and microglia. T™ata also indicate that microglia adapt to the
chronic IH exposure, and that they change theparses over time.

Together, the results presented here implicatengitant role for TLR4 in mediating at
least some aspects of IH-induced neuroinflammagene expression, suggesting the potential
for TLR4 inhibitors to be beneficial for reducinguroinflammation and its CNS morbidities in
disorders characterized by chronic IH. Furtherpibly be a useful model for promoting both
inflammatory and neurotrophic activities of micraglas it creates a situation in which natural
microglial adaptation to the chronic inflammatoky dtimulus can be studied. This has

application and significance to many neurodegenefatflammatory disorders.
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Figure Legend 1
Microglia exhibt a bi-phasic induction of pro-IL-1 over the IH time course
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifgotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD1Tkper the FMO
controls were gated on for subsequent analysisshbtereby be refered to as microglia(A)
Representatitve dot plots of IlBVs. CD11b from frontal cortical tissue for all ifrepoints
(B) Frontal cortex, graphed average data of thegmtage of microglia expressing 1[3-1(C)
Hippocampus, graphed average data of the perceatagieroglia expressing ILfl
Respective tissues from 2 animals were pooleddaterl sample. Data are representative of at
least 4 individual samples. Mean % FrequencySEM are presented relative to expression in
normoxic controls. Statistical significance waseadetined by a One-Way ANOVA, and a Holm-
Sidak post-hoc test. * symbol represents stagiksignificant differences from normoxic

control. *p<0.05; **p<0.01; ***p<0.001
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Figure legend 2
Microglia decrease IL-6 expression following 4 and4 days of IH
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifeotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD11kper the FMO
controls were gated on for subsequent analysisshbtereby be refered to as microglia(A)
Representatitve dot plots of IL-6 vs. CD11b fromntial cortical tissue for all IH-timepoints (B)
Frontal cortex, graphed average data of the peagendf microglia expressing IL-6. (C)
Hippocampus, graphed average data of the perceatagieroglia expressing IL-6. Respective
tissues from 2 animals were pooled to create 1 kanipata are representative of at least 4
individual samples. Mean % Frequency + 1 SEMpaesented relative to expression in
normoxic controls. Statistical significance waseadetined by a One-Way ANOVA, and a Holm-
Sidak post-hoc test. * symbol represents statissigmificant differences from normoxic control.

*p<0.05; **p<0.01; ***p<0.001
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Figure Legend 3
Microglial expression of TNFe. does not change withn vivo IH treatment
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifeotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD11kper the FMO
controls were gated on for subsequent analysisshbtereby be refered to as microglia(A)
Representatitve dot plots of TMs. CD11b from frontal cortical tissue for all litrepoints
(B) Frontal cortex, graphed average data of thegrgage of microglia expressing TWKC)
Hippocampus, graphed average data of the perceatagieroglia expressing TNE
Respective tissues from 2 animals were pooleddaterl sample. Data are representative of at
least 4 individual samples. Mean % FrequencySEM are presented relative to expression in
normoxic controls. Statistical significance wasedetined by a One-Way ANOVA, and a Holm-
Sidak post-hoc test. * symbol represents stagiksignificant differences from normoxic

control. *p<0.05; **p<0.01; ***p<0.001
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FIGURE 4
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Figure Legend 4
Microglial expression of CD11b and CD45 increase flowing IH treatment.
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|SiRAPI+/NeuN-/ CD11b+ cells were
identified based on FSC/SSC and staining propeatieswill hereby be refered to as microglia.
See Supp. Fig. 1 for the detailed gating strat€g@y.Representatitve dot plots of CD45 vs.
CD11b from frontal cortical tissue for all IH-timejnts (B) Frontal cortex, graphed average data
of the mean fluorescent intensity of CD11b (C) Hippmpus, graphed average data of the mean
fluorescent intensity of CD11b. (D) Frontal cortgraphed average data of the mean
fluorescent intensity of CD45 (E) Hippocampus, tneghaverage data of the mean fluorescent
intensity of CD45. Respective tissues from 2 atémagere pooled to create 1 sample. Data are
representative of at least 4 individual samplééean MFI + 1 SEM are presented relative to
expression in normoxic controls. Statistical sigraihce was determined by a One-Way
ANOVA, and a Holm-Sidak post-hoc test. * symbepiresents statistical significant differences

from normoxic control. *p<0.05; **p<0.01; ***p<0.0D
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FIGURE 5
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Figure Legend 5
Microglial surface expression of TLR4/MD2 increasdollowing 14 and 28 day of IH
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|SiHRAPI+/NeuN-/ CD11b+ cells were
identified based on FSC/SSC and staining propeatieswill hereby be refered to as microglia.
See Supp. Fig. 1 for the detailed gating strat€@y.Representatitve dot plots of TLR4/MD2 vs.
CD11b from frontal cortical tissue for all IH-timejnts (B) Frontal cortex, graphed average data
of the percentage of microglia expressing TLR4/M[I2. Hippocampus, graphed average data
of the percentage of microglia expressing TLR4/MB&spective tissues from 2 animals were
pooled to create 1 sample. Data are representataeleast 4 individual samples. Mean %
Frequency + 1 SEM are presented relative to exjore#s normoxic controls. Statistical
significance was determined by a One-Way ANOVA, ardolm-Sidak post-hoc test. * symbol
represents statistical significant differences frmonmoxic control. + symbol represents

statistical significant differences from veh cohtrp<0.05; **p<0.01; ***p<0.001, + symbol
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Figure Legend 6
Frontal cortical supernatnats from IH treated animals increase expression of
proinflammatory genes through a TLR4 dependent mecanism
Frontal cortical tissues were isolated from micpased to Nx, 1, 4, 7, 14, or 28 days of IH.
Tissues were mechanically dissociated, the celftdation was removed through centrifugation,
and the supernatants were collected. BV2 micragl@ulture were treated with the isolated
supernatant (201 g) in the presence/absence ofitRd hhibitor TAK-242 (1uM), and were
harvested for gene expression analysis 18 houtstigagment. (A) COX-2 expression (B) IL-6
expression, (C) IL{, and (D) TNF. Data are representative of at two independegnemxents
each with an n= 2-4, total n=6-8. Mean fold changdsSEM are presented relative to respective
normoxic controls. Statistical significance waseadetined by a two-way RM ANOVA onCT
values, and a Holm-Sidak post hoc. * symbol repnés statistical significant differences from
normoxic control. + symbol represents statistiagihificant differences from veh control.

*p<0.05; **p<0.01; ***p<0.001
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FIGURE 7
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Figure Legend 7
Hippocampal supernatnats from IH treated animals ircrease expression of
proinflammatory genes through a TLR4 dependent mecanism
Hippocampal tissues were isolated from mice exptsédk, 1, 4, 7, 14, or 28 days of IH.
Tissues were mechanically dissociated, the celftd&tion was removed through centrifugation,
and the supernatants were collected. BV2 micragl@ulture were treated with the isolated
supernatant (201 g) in the presence/absence ofitRd hhibitor TAK-242 (1uM), and were
harvested for gene expression analysis 18 houtstigagment. (A) COX-2 expression (B) IL-6
expression, (C) IL{, and (D) TNF. Data are representative of at two independegnemxents
each with an n= 2-4, total n=6-8. Mean fold changdsSEM are presented relative to respective
normoxic controls. Statistical significance waseadetined by a two-way RM ANOVA onCT

values, and a Holm-Sidak post hoc. *p<0.05; **@#x0.***p<0.001
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FIGURE 8
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Figure Legend 8
In vitro IH-treatment increases microglial pro-inflammatory gene expression which is
mediated in part through TLR4
WT or TLR4™ primary microglia were exposed to IRlvitro for 18 hour and were then
harvested for mMRNA gene expression analysis. Aréated WT microglia with COX2, IL{,
IL-6, and TNFe. (B) IH-treated WT and TLRE microglia with COX2, IL-B, IL-6. (C) IH-
treated WT microglia with MIP-d and MIP-B. (D) IH-treated WT and TLRS' microglia with
with MIP-1a and MIP-B. (E) IH-treated WT microglia with TLR4, CD14, andR2. (D) IH-
treated WT and TLR4' microglia with with TLR4, CD14, and TLR2. N=4-6.¢dns fold
changes + 1 SEM are presented relative to resjgeetivmoxic controls. Statistical significance
was determined by a paired T-testA@T values for graphs (A, C, and E). Students Tuves
performed on IH fold changes normalized to respeatiormoxic control for graphs (B, D, and
F). * symbol respresents statistical significarmoa Nx (A, C, and E) or WT IH (B, D, and F).

*p<0.05; **p<0.01; ***p<0.001
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FIGURE 9
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Figure Legend 9
BV2 microglial cells exhibit similar responsesto |H. LPS mediated signaling is potentiated in
| H-treated microglia.
BV2 microglia were exposed to lid vitro for 18 hour and were then harvested for mRNA gene
expression analysis or exposed to 6 hours of LB8n&ml) or a vehicle control. (A) IH-treated
BV2 microglia with COX2, IL-B, IL-6, TNFo, MIP-1a and MIP-B. (B) IH-treated BV2
microglia with TLR4, CD14 and TLR2. (C) IH-treat&Y¥2 microglia exposed to LPS with
COX2, IL-1B, IL-6, MIP-10 and MIP-B. N=4. Mean fold changes + 1 SEM are presented
relative to respective normoxic controls. Statatgignificance was determined by a paired T-
test on Nx and IH veACT values for graphs (A and B) and Nx and IH LAST values for
graph (C). * symbol respresents statistical sigaifce from Nx (A and B) or LPS treatment in

NX (C). *p<0.05; **p<0.01; ***p<0.001
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Figure Legend 10
Microgliaisolated from mice exposed to | H-14 exhibit a decreased inflammatory response to
systemic LPS.
Mice were exposed to Nx or 14 days of IH. Immaesliafollowing the last hypoxic exposure
mice were either treated with Veh or LPS (IP, 1ngy/kMicroglia were immunomagnetically
isolated from the whole brain for gRT-PCR analygis) Fold changes in COX2, ILA1 IL-6,
and TNFe.. (B) Fold changes in MIPel and MIP-3. (C) Fold Changes in IL-10, IFN and
BDNF N=4. Mean fold changes + 1 SEM are presergkdive to the veh normoxic control.
Statistical significance was determined by a 2-\WAYOVA with the Holm-Sidak post-hotest.

N=6-7 for each group. *p<0.05; **p<0.01; ***p<0.@0
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TABLE 1

Gene Forward Primer (5'— 3) Reverse Primer (5> 3)

18S CGGGTGCTCTTAGCTGAGTGTCCCG CTCGGGCCTGCTTTGAACAC
COX2 TGTTCCAACCCATGTCAAAA CGTAGAATCCAGTCCGGGTA

IL-6 ACTTCCATCCAGTTGCCTTC GTCTCCTCTCCGGACTTGTG
IL-1B TCAAAGTGCCAGTGAACCCC GGTCACAGCCAGTCCTCTTAC
TNFa TGTAGCCCACGTCGTAGCAA AGGTACAACCCATCGGCTGG
?ACICPIL];; TACAGCCGGAAGATTCCACG TCAGGAAAATGACACCTGGCT
?/ICI(P:L]f) TGTGATGGATTACTATGAGACCAGC GCCTCTTTTGGTCAGGAATACCA
TLR4 GAGGCAGCAGGTGGAATTGTAT TTCGAGGCTTTTCCATCCAA
CD14 GCCAAATTGGTCGAACAAGC CCATGGTCGGTAGATTCTGAAAGT
TLR2 CGAGTGGTGCAAGTACGAACTG TGGTGTTCATTATCTTGCGCAG
IL-10 GCCTTATCGGAAATGATCCA TCTCACCCAGGGAATTCAAA
IFNPB TCTCCATCGACTACAAGCAG GTCTCATTCCACCCAGTGCT
BDNF TGCTTTACTGGCGTAAGGGAC TCCATCCCTACTCCGGGTG




SUPPLEMENTARY FIGURE 1

AllEvents

A.

50K

FSC/S5C Gate

S Soulber (e

Singlet Gate 1

Singlet Gate 2

T T T T T
00K

Side Szaner (Arsa)

I 200

MeulN+

NeulN+

FSCISSC Gate

VAP ey
s
F

Fomvrind Seitter (Heighit)

0K TO0E BEOK MO MK

TIAT (Width)

Singlet Gate 2

HenM: Al 488

236

DAPI+

CD11bh+

FSC/88C

TT T T T T T T T T T [ TT T T[T TTTT T
200K

Forwerd Scarer (Area)

SOE 130K IE0K




237
Supplementary Figure Legend 1
Representative gating strategy for identification 6CD11b+ (microglia) and NeuN+
(neurons) cells.
Frontal cortical tissue was mechanically dissodateo a single cell suspension, fixed with
mZBF, and stained for flow cytometric analysis asatibed in the methods section. A)dhte:
FSC/SSC parameters, cells with low or high FSC/g&perties were excluded from analysis.
B) 2" gate: events falling within gate 1 were plotted®Awidth) vs. DAPI (area). DAPI+
events were gated on and represent cells withtantinuclei at the time of fixation. C*3jate:
singlet gate on DAPI+ cells based on FSC paramedidrd" gate: second singlet gate on DAPI+
cells based on SSC parameters. Eyate: singlet DAPI+ cells were plotted CD11b vsuN.
Single positive CD11b+ (microglia) and NeuN+ (nengpgates were drawn based on FMO
controls. F) CD11b+ cells with high FSC/SSC paramsewere excluded from analysis. This
population of CD11b+ cells were used for subseqaeatyses, and are refered to as microglia.
G) NeuN+ cells with high FSC/SSC parameters werotuded from analysis. This population

of NeuN+ cells were used for subsequent analyselsaee refered to as neurons.
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SUPPLEMENTARY FIGURE 2
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Supplementary Figure Legend 2
Representative IL-1p flow cytometry data from hippocampal microglia
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifeotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD11kper the FMO
controls were gated on for subsequent analysisshbereby be refered to as microgliaData

are representatitve dot plots of IB-¥s. CD11b from hippocampal tissue for all IH-tireps.
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Supplementary Figure Legend 3
Representative IL-6 flow cytometry data from hippo@ampal microglia
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifeotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD1Tkper the FMO
controls were gated on for subsequent analysisshbereby be refered to as microgliaData

are representatitve dot plots of IL-6 vs. CD11limfroippocampal tissue for all IH-timepoints.
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Supplementary Figure Legend 4
Representative TNFa flow cytometry data from hippocampal microglia
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|&inglls were gated based on FSC-H/SSC-
A, and SSC-H/FSC-A, and then gated on DAPI to ifeotlls with an intact nucleus at time of
fixation. We then plotted SSC-W vs. CD11b, anddéks that were CD11kper the FMO
controls were gated on for subsequent analysisshbereby be refered to as microgliaData

are representatitve dot plots of TiN¥s. CD11b from hippocampal tissue for all IH-tiroegs.
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Supplementary Figure Legend 5

Representative CD11b and CD45 flow cytometry datadm hippocampal microglia

Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|SiRAPI+/NeuN-/ CD11b+ cells were
identified based on FSC/SSC and staining propeatieswill hereby be refered to as microglia.
See Supp. Fig. 1 for the detailed gating stratddgta are representatitve dot plots of CD45 vs.

CD11b from hippocampal tissue for all IH-timepoints
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Supplementary Figure Legend 6

Representative TLR4 flow cytometry data from hippo@mpal microglia

Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Single cell mZBF-fixed
suspensions were processed for flow cytometry.|SiHRAPI+/NeuN-/ CD11b+ cells were
identified based on FSC/SSC and staining propeatieswill hereby be refered to as microglia.
See Supp. Fig. 1 for the detailed gating stratddgta are representatitve dot plots of TLR4 vs.

CD11b from hippocampal tissue for all IH-timepoints
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Supplementary Figure Legend 7
IH increases the percentage of frontal cortical mimglia in G2 and S-phase.
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Singlet/DAPI+/NeuN-/
CD11b+ cells were identified based on FSC/SSC taidisg properties and will hereby be
refered to as microglia. See Supp. Fig. 1 fordéiiled gating strategy. (A) Representatitve
dot plots of microglia plotted DAPI (width) vs. DARarea) from frontal cortical tissue for all
IH-timepoints. Extent of DAPI staining in microdlieells represent different cell cycle stages,
where DAPI staining is lowest in G1, doubled in @&d between G1 and G2 during S-phase.
(B) Frontal cortex, graphed average data of thegmgage of microglia in G1, G2, or S-phase at
each IH time point analyzed. Respective tisstma £ animals were pooled to create 1 sample.
Data are representative of the means +/- 1 SEM lefat 4 individual samples. Statistical
significance was determined by a One-Way ANOVA, artdolm-Sidak post hoc test on the. *
symbol represents statistically significant diffeces from normoxia. *p<0.05; **p<0.01,;

***p<0.001
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Supplementary Figure Legend 8
IH increases the percentage of hippocampal microgliin G2 and S-phase.
Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Singlet/DAPI+/NeuN-/
CD11b+ cells were identified based on FSC/SSC taidisg properties and will hereby be
refered to as microglia. See Supp. Fig. 1 fordéiiled gating strategy. (A) Representatitve
dot plots of microglia plotted DAPI (width) vs. DARarea) from hippocampal tissue for all IH-
timepoints. Extent of DAPI staining in microglialts represent different cell cycle stages,
where DAPI staining is lowest in G1, doubled in @&d between G1 and G2 during S-phase.
(B) Hippocampal, graphed average data of the p&agerof microglia in G1, G2, or S-phase at
each IH time point analyzed. Respective tisstma £ animals were pooled to create 1 sample.
Data are representative of the means +/- 1 SEM lefat 4 individual samples. Statistical
significance was determined by a One-Way ANOVA, artdolm-Sidak post hoc test on the. *
symbol represents statistically significant diffeces from normoxia. *p<0.05; **p<0.01,;

***p<0.001
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Supplementary Figure Legend 9

IH-induced increases the percentage of frontal coital neurons expressing caspase-3.

Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Singlet/DAPI+/CD11b-
/INeuN+ cells were identified based on FSC/SSC #aidiag properties and will hereby be
refered to as neurons. See Supp. Fig. 1 for tteelee gating strategy. (A) Representatitve dot
plots of NeuN vs. caspase-3 from frontal corticgdue for all IH-timepoints. (B) Frontal cortex,
graphed average data of the percentage of neuxrpnsssing caspase-3 at each IH time point
analyzed. Respective tissues from 2 animals peoéed to create 1 sample. Data are
representative of the means +/- 1 SEM of at leasti#idual samples. Data did not reach
statistical significance was determined by a OnesWIHOVA, and a Holm-Sidak post hoc test,

p-value = 0.084.



254

SUPPLEMENTARY FIGURE 10
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Supplementary Figure Legend 10

IH increases the percentage of hippocampal neurorexpressing caspase-3.

Mice were exposed to Nx, 1, 4, 7, 14, or 28 daylof14 hours following the last hypoxic
exposure, microglia were harvested for analysifidwy cytometry. Singlet/DAPI+/CD11b-
/INeuN+ cells were identified based on FSC/SSC #aiding properties and will hereby be
refered to as neurons. See Supp. Fig. 1 for tteelee gating strategy. (A) Representatitve dot
plots of NeuN vs. caspase-3 from hippocampal tissuell IH-timepoints. (B) Hippocampal,
graphed average data of the percentage of neuxrpnsssing caspase-3 at each IH time point
analyzed. Respective tissues from 2 animals peoéed to create 1 sample. Data are
representative of the means +/- 1 SEM of at leastiidual samples. Statistical significance
was determined by a One-Way ANOVA, and a Holm-Sipa&t hoc test. * symbol represents

statistically significant differences from normoxi&<0.05; **p<0.01; ***p<0.001



SUPPLEMENTARY FIGURE 11

A.

Respective Nx Control

mRNA Fold Change Relative to

&

mRNA Fold Change Relative to
Respective Nx Control

EE Vchicle
/3 SB202190

ki

iI

iI

T T

CcOoXx2 IL-6 IL-1B TNFa  MIP-la.  MIP-13
I Vchicle
/™ U0126
T I_-l__l T T
COX2 1L-6 IL-18

256



257
Supplementary Figure Legend 11
In vitro IH-treatment increases microglial pro-inflammatory gene expression which may be
mediated in part by MAPK pathways.
BV2 microglia were exposed to IH or N vitro in the presence/absence of MAPK inhibitors
and were subequently harvested for mRNA gene esioreanalysis. (A) IH-treated BV2
microglia in the presence of the p38 MAPK inhibi(8B8202190, 10uM) with COX2, ILfl IL-
6, TNFo, MIP-1a and MIP-B. P38 may regulate IH-induced I3 Expression (n=4-7). (B) IH-
treated BV2 microglia in the presence of the MEKEHRK1/2) inhibitor (U0126, 10uM) with
COX2, IL-6, and IL-B. ERK1/2 may regulate IH-induced IL-6 and COX2 esg®ion (n=2-3).
Fold change means +/- 1 SEM are presented relatirespective normoxic controls. Black line
represents respective normoxic controls. StudbBiést was performed on IH fold changes
normalized to respective normoxic control. Dathmidt reach statistical significance, P-value

>0.05.
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Supplementary Figure Legend 12
Conditioned medium from HT22 neurons exposed to IHnay induce microglial
inflammation through pathway that is in part mediated by TLRA4.
Murine HT22 neuronal cells (kindly provided by Mraniel Dorsa, Oregon Health and Sciences
University, Portlang OR) were plated on agas pehieeamembrane in specialized 50mm tissue
culture plates (Starstedt, Newton, NC) at a derwfi.5X10. The following day, they were
treated with IH of Nxn vitro for 18 hours, as previously described in the methsattion.
Following treatment, the neuron-conditioned medss wollected. BV2 microglia were treated
with the conditioned medium from Nx or IH —treatdd@22s in the presence/absence of the
TLR4 inhibitor (TAK-242, 1uM) for 18 hours and sd#ogiently harvested for gqRT-PCR
analysis. Conditioned medium from IH-treated nesrappears to increase IL-6 and COX2
MRNA expression. However, this did not reach stiafl significance for either gene (p=
>0.05). Inhibition of TLR4 with TAK-242 selectivelreduced IL-6 gene expression, while
COX2 expression was unaffected (N=6-8). The me&hdhange +/- 1 SEM are presented
relative to respective normoxic HT22 media contrdlse black line represents respective
normoxic HT22 media controls. Students T-test per$ormed on fold changes. * symbol
represents statistically significant differencasnirvehicle control. *p<0.05; **p<0.01;

*xp<0.001.
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ABSTRACT

Microglia exhibit astounding phenotypic plasticibat enables them to sense and
respond to a variety of stimuli. We have previowsipwn that intermittent hypoxia (IH), a
hallmark of sleep apnea, induces microglial inflaationin vivo. However, the mechanisms
underlying IH-induced microglial activation are magll understood. We utilizeish vivo andin
vitro models to investigate the induction of IH-indudeifammation, and the role played by
JMJD3, a hypoxia-sensitive jumonji histone demethglthat has recently been shown to
regulate macrophage inflammatory processes. Irath&e found that IH upregulated JMJD3
MRNA in immuno-magnetically isolated microglia frahe hippocampus, in a time course that
correlates with that of inflammatory gene expressito test the requirement of JIMJD3 in IH-
induced microglial gene expression, we exposedaygii@al cell cultures to IHn vitro, in the
presence and absence of the small molecule IMJitor, GSK-J4 (7.pM). IH exposure
increased JMJD3 mRNA levels in microgiravitro, and IH-induced IL-f and IL-6 pro-
inflammatory gene expression was blocked in thegaree of GSK-J4, suggesting a critical role
of IMID3 in IH-induced cytokine expression. Thishis first study to investigate jumoniji
demethylase activity in the context of IH in angt®m, and the first to link IH-induced

microglial inflammation to JIMJD3 activities or aapigenetic modulator.
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INTRODUCTION

Microglia display significant phenotypic plasticityhich enables them to adapt to their
environment, maintain a healthy CNS, and resporadvariety of pathologies. In the healthy
CNS, microglia continuously survey the brain, mongynaptic activity, and mediate synaptic
remodeling™’. When disturbances in cellular homeostasis aectil, microglia respond by
altering their phenotyfi€. While these responses vary according to the &tisnthey often
include the production of pro- inflammatory andémiti-inflammatory/trophic molecules. The
microglial pro-inflammatory phenotype is a majonttbutor to neuroinflammation in most
neurodegenerative disorders, and their pro-inflatorgaactivities are thought cause a majority
of the associated neuronal toxi¢fty?2 Although most microglial plasticity is transdigmally
regulated and therefore highly susceptible to epmte modification, the epigenetic mechanisms
underlying these activities are largely unknowmiicroglia. We have recently reported that
microglia transition to a pro-inflammatory phenagyip response to intermittent hypoXjaa
hallmark feature of sleep apnea that causes signifihnippocampal and frontal cortical neuronal
death and cognitive impairments in animal mofel§ However, little is known about the
mechanisms regulating IH-induced pro-inflammatoepe transcription.

Jumoniji histone demethylases are highly conservetins that target specific lysine or
arginine residues on histone 3 (H3) or histone 4) (fdsulting in either the induction or
repression of transcription depending on the taregitiue and/or specific gerie Jumoniji
proteins are transcriptionally regulated, and eséngly, 17 of 22 characterized proteins are
hypoxia sensitive (4 are identified as direct HIFafgets)®. Even more interesting is that
jumonji proteins are dioxygenases and thereby yagdiistone demethylation via a reaction

requiring Fe (I1) a-ketoglutarate, and molecular oxydéi = Therefore, in hypoxia, when
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oxygen tension is low, these enzymes have reduatadlytic activity, and upon re-oxygenation,
their catalytic activity would be increased. Ith®ught that jumonji expression is increased
during hypoxia to compensate for their decreaséalyter activity, to prevent global histone
methylation (and genome-wide gene silencifigi However, the vast majority of research
investigating the hypoxia sensitivity of jumonjigieins comes from the embryogenesis and
tumor literature with sustained hypo¥ia> and no studies have evaluated the activities of
these enzymes in intermittent hypoxia when theosdllating low oxygen and reoxygenation.

The jumonji histone 3 (H3) lysine 27 (K27) deméésg, JIMJID3, has recently been
identified as an important modulator of macrophage microglial pro- and anti- inflammatory
phenotype® > Therefore, we tested the hypothesis that JIMIB3dvbe transcriptionally
upregulated in microglia during IH, and that itzymatic activities were necessary for IH-
induced microglial pro-inflammatory gene expressidie found that IH increased JMJD3
expression in microglia in a time course that cgpomnded with peak pro-inflammatory gene
expressionn vivo and in vitro. Additionally, IH-induced microglial pro-inflammatprcytokine
upregulationin vitro was attenuated in the presence of the JIMJD3 tohiGiSK-J4, suggesting

that IMID3 may be an important regulator of midedgesponses to IH in the CNS.
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METHODS
Materials:

Hank’s Buffered Salt Solution (HBSS) was purchasedh Cellgro (Herndon, VA).
Glycoblue reagent was purchased from Ambion (AydikK). Oligo dT, Random Primers, and
RNAse inhibitor were purchased from Promega (Madi$®l). Power SYBR green was
purchased from Applied Biosystems (Foster City, C/}I reagent was purchased from Sigma
Aldrich (St. Louis, MO). Percoll was purchased fr@k Healthcare (Waukesha, WI). Gas
permeable 24-well tissue culture plates were pw@thdrom Coy Laboratories (Great Lake,
Michigan). MMLYV reverse transcriptase, RNase AWAnd DAPI were purchased from
Invitrogen (Carlsbad, CA). GSK-J4 was purchasethfilocris Biosciences (Minneapolis, MN).
TAK-242 was purchased from Invivogen (San Diego)CA3K27me3 ELISA assay and
histone isolation kit were purchased from Abcarm(Beancisco, CA). Neural Tissue
Dissociation Kit, anti-PE magnetic beads, and Misoms were purchased from Miltenyi
Biotech (Germany). PE-Mouse anti-rat CD11b was lpased from BD Biosciences (San Jose,
CA).

Animals:

Adult, male, Sprague-Dawley rats and C57BL6 miceawabtained from Harlan
Laboratories (Indianapolis, IN). Rats weighing 20g were randomly assigned to intermittent
hypoxia or normoxia groups. Animals were housedear polycarbonate cages under standard
conditions conditions, with a 12 hour light/darkcley(6:00am-6:00pm) with food and watet
libitum. All animals were maintained in an AAALAC-accretl animal facility, and protocols

were approved by the University of Wisconsin Indidnal Animal Care and Use Committee.
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All efforts were made to minimize animal distressl aeduce the number of animals used while
permitting the formation of statistically relialdenclusions.
In Vivo Intermittent Hypoxia (IH) Exposure:

Intermittent hypoxia exposures were performed asipusly described. Briefly, rats
were placed in custom-manufactured chamberan@ CQ concentrations were continuously
monitored with a custom controlled computer sysse brought to desired concentrations with
a flow rate of 4L/min to enable rapid gas exchaageé minimal CO2 accumulation. IH
exposures consisted of 2 minute episodes of hydd@xi®% inspired O2) and normoxia (21%
inspired Q) for 8 h/day during their respective night cyabe 1, or 3 days. The control,
normoxic, groups underwent identical handling, euede placed into chambers continuously
flushed with 4L/min of room air. Following IH expores, rats were returned to their cages.
Immunomagnetic Microglia (CD11b+) Cell Isolation:

Rats were harvested 16 hours following the lasbRigpexposure. CD11b+ cells were
isolated using previously described metii8ds Briefly, rats were euthanized with an overdose
of isoflurane and perfused with cold 0.1M PBS. Thigpocampus was dissected out and
dissociated into a single cell suspension using#pain-based, neural tissue dissociation kit
(Miltenyi), per manufacturer’s protocol. Myelin waemoved by high speed centrifugation at
850g in a 30% solution of Percoll in 1X PBS. CD1MHells were tagged with an PE conjugate
anti-CD11b antibody followed by a secondary antidPibody conjugated to a magnetic bead.
Magnetically-tagged CD11b+ cells were isolated g9t columns according to the Miltenyi
MACS protocol. Reagents were kept chilled at 4A@ eells were kept on ice whenever

possible to preserve microglial phenotypes. Weshmeviously shown, this method results in a
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>97% pure CD11% CD45%" cell populatiori®®* and thus, this population will subsequently be
referred to as “microglia.”

Cell Culture:

Murine N&*? and BVZ* microglial cells were routinely cultured in Dultmets modified
Eagle's medium (DMEM,; Cellgro, Herndon, VA) supptarted with 10% fetal bovine growth
serum (FBS, Hyclone, Logan, UT) in 100 mm BD Falptates. Cells were grown to ~90%
confluency and passaged every 1-3 days. Cells sesrged at a density of 2.5
specialized 24-well plates with gas-permeable i@sg labs) to facilitate rapid gas exchange at
the cellular level. The following day, cells wgnee-treated with the selective H3K27
demethylase inhibitor, GSK-J4 (7.5uM)or the TLR4 inhibitor, TAK-242 (1uM}, for 45 min
prior to start of the IH protocol.

Primary microglial cultures were prepared as presiyp describe®f. Briefly, mixed glial
cultures were prepared from C57/BL6 mice (postrndagks 3-7) and cultured in DMEM
supplemented with 10% fetal bovine serum and 100 penicillin/streptomycin. Primary
microglia were shaken from the mixed glial cultuaesl were seeded at a density of 150,000
cells/well in a 24-well gas permeable tissue celfplates, and IH exposures started the
following day.

In vitro intermittent hypoxia exposure:

Intermittent hypoxia exposures were performed usicgmmercially-designed cell
culture system (BioSpherix, Redfield, NY). Cellsr& maintained in a specialized incubator
chamber at 37°C. £and CQ concentrations were continuously measured witlarta CQ
analyzers, and were changed with a computerizedraysontrolling gas outlets (Oxycycler

model C42, Biospherix, Redfield, NY). Cells werpesed to normoxia (Nx: 21%,(6% CQ,
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balance M), or intermittent hypoxia (IH: 10min cycles of 1&8ad 21% Q held at a constant 5%
CO,, balance M) for 18 hours.
RNA extraction/ reverse transcription:

RNA was extracted from N9, BV2, primary, and immomagnetically-isolated microglia
according to the TriReagent protocol, with the &ddiof Glycoblue during the isopropanol
incubation. First-strand cDNA was synthesized ftotal RNA using MMLV Reverse
Transcriptase, and an oligo(dT)/random hexamertadckcDNA was used for gRT-PCR
analysis.

Quantitative-Real Time PCR:

cDNA was used in real-time quantitative PCR witmwoSYBR Green using either the
ABI StepOne or ABI 7500 Fast system (Applied Bidsyss/Life Technologies). Primers (Table
1) were designed using Primer 3 software and tkeigity was assessed through NCBI
BLAST. Primer efficiency was tested through the a§serial dilutions. Verification that the
dissociation curve had a single peak with an olexeiim consistent with the amplicon length
was performed for every PCR reaction. CT valuemfduplicate measurements were averaged
and normalized to levels of the ribosomal RNA, 1B®lative gene expression was determined
using theAACT method®.

Statistical analyses:

When comparing two population means, statistidarences were made using a
Student’s t-test or a paired Student’s t-test, wlaaplicable. When three or more groups were
compared across 2 parameters, comparisons wereusguea two-way ANOVA or two-way
RM ANOVA where applicable. The Holm-Sidak post hest was used to assess statistical

significance in individual comparisons. All stéital analyses were performed in SigmaPlot
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(Sigma Stat version 11(Systat Software, San Jo&g, Statistical significance was set at p <

0.05. Mean data are expressed + 1 SEM.
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RESULTS
IH increases the expression of inflammatory genes ihippocampal microglia.

We assessed changes in inflammatory gene exprgssimpared to normoxic controls)
in hippocampal microglia following 1 and 3 daysdlidf time points which correspond with peak,
IH-induced neuronal death in the hippocantptfs Consistent with the notion that inflammation
contributes to IH-induced neuronal death, we olessignificant increases in ILB1IL-6, and
COX-2 mRNA levels in hippocampal microglia follovgnH exposure (Fig. 1A). At 1 day of
IH, only IL-1B expression was significantly increased (~2.0 fpkd).039); however, at 3 days of
IH, the expression of ILflwas increased by ~3-fold (p=0.014), COX-2 by ~218 {p=0.003),
and IL-6 by ~3.5 fold (p=0.005). TNFMRNA levels did not change at either time pointhwi
IH-treatment, as assessed by ANOVA (p=0.896).

IH-induced JMJD3 expression correlates with increasd pro-inflammatory gene
expression in hippocampal microglia.

We next sought to examine whether exposure to gidlaees JIMJID3 expression in
hippocampal microglia. We observed a ~5.5 foldease in JIMJD3 mRNA levels (p=0.004)
following 3 days of IH (Fig. 1B), the time pointiodiding with peak microglial pro-
inflammatory gene expression (Fig. 1A). Althoupkre appeared to be an ~2- fold increase in
JMJID3 mRNA levels at 1 day of IH, this did not reastatistical significance (p=0.098).

JMJD3 expression in increased in N9 and primary mimglial cultures in response to
IH exposurein vitro.

Since we observed IH-induced JMJD3 expressionianagliain vivo, we next tested

whether microglia exposed to i vitro exhibit similar resposnedN9 and primary microglia

were exposed to IH or Nx for 18 hours and JIMID3gexpression was analyzed. As observed
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in vivo, IH significantly increased JMJD3 mRNA ldsdy ~4.5- fold in N9 (p=0.027) and 6.8-
fold in primary microglia (p=0.002) (Fig. 2). Smt¢he UTX jumonji protein is structurally and
functionally similar to IMJD3, we assessed whetHeinduced similar changes in UTX
expression We did not observe any changes in UTX expressiaitiver N9 (p=0.440) or
primary microglia (p=0.343) exposed to IH.
J_MJD3 inhibition attenuates IH-induced cytokine but not COX-2 gene upregulationin
e IH significantly increased the expression of Iy ~6 fold (p=0.003), IL-6 by ~3-fold
(p=0.038), and TNé& by 1.5-fold (p=0.005) in N9 microglia, althoughdid not effect COX-2
expression (p=0.183) (Fig. 3A). These observatayesconsistent with our previous reports in
BV2 and primary microglia (Chapter 4). To test wiee JIMJID3 activity is necessary for IH-
induced inflammatory gene expression, N9 microgisie exposed to IH in the presence and
absence of the JMJD3 inhibitor GSK?34We found that GSK-J4 attenuated IH-induced
expression by ~65% for both IL3Xp=0.022) and IL-6 (p=0.046), although it did edfect the
expression of COX-2 (p=0.416) or TNFp=0.475), suggesting gene-specific regulation by
JMJD3 potentially through selective gene targeseaated with the H3K27 histone mark.
IH regulates microglial expression of IMJD3 via TLR} independent mechanisms.

We previously reported that microglial TLR4 exsies is increased by It is also
an important regulator of microglial pro-inflammatasesponses to IH (Chapter 4 & 5). As,
JMJD3 expression is increased in macrophages folpiLR4 activation’ 2 we tested the
hypothesis that TLR4 signaling underlies microgliptregulation of IMJD3 by IH. N9
microglia were exposed to I vitro in the presence/absence of the selective TLR4 itoinjb
TAK-242**. We found that IH-mediated increases in JMJD3esgion were regulated

independently of TLR4 activation, as IH-induced INJexpression was similar among vehicle
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(~6 fold increase, p=0.020) and TAK-242 (~8 fold ease, p=0.002) treated microglia.
Surprisingly, IH-induced JMJD3 expression appeaodae evelevated in the presense of TAK-
242, but this did not reach statistical significarjp=0.126) (Fig. 4A). These results indicate that
TLR4-independent mechanisms underlie IH-inducedaogical up-regulation of IMJD3.
Conversely, we tested whether IH-induced up-reguiatf TLR4 was dependent of IMID3
activity. We fould that IH-mediated increases itmoglial TLR4 expression was similar
between vehicle and GSK-J4 treated microglia (p&0).5indicating that IH regulation of TLR4
occurs through JMJD3-independent pathways (Fig. 4B)
Preliminary findings suggest JMJD3 may promote H3KZme3 demethylation in
response to IH.

JMDJ3 is reported to exert biological effects tlglodH3K27 demethylase dependent and
independent activitié&®? Preliminary studies performed in N9 and BV2 mgtia indicate
that IH exposuren vitro decreases global H3K27me3 levels in microglia by?61Big. 5).
Therefore, IMJD3 may regulate microglial responedsl through its histone H3K27

demethylase activites.
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DISCUSSION

In this study, we sought to delineate the roléMiD3 in the regulation IH-induced
microglial inflammatory responses to IH. We fouhdt hippocampal microglia up-regulated
the expression of pro-inflammatory cytokines follogl and 3 days of IH, and similar results
were observed vitro. Interestingly, IH also increased JMJD3 mRNA @ssion in microglia
bothin vivo andin vitro, in a time course corresponding with increased pfiaanmatory gene
expression. Additionally, GSK-J4 inhibition of J®3 demethylase activity attenuated IH-
induced pro-inflammatory gene expressioritro. Together, these results suggest that IMID3
may be an important regulator of microglial actastin response to IH, and warrant further
investigation.

Previous work out of our laboratory, found thatiltdluced pro-inflammatory gene
expression in cortex, brain stem, and spinal caataylia, and that the profile of microglial
activation varied regionally and temporally withrahic IH exposur¥. Here, we deomonstrate
that IH increases pro-inflammatory gene expressidnippocampal microglia isolated from rats
exposed to 1 and 3 days of IH. These time poiméewpecifically chosen, as they correspond
with the induction of (1 day) and peak (3 day) hdhiced hippocampal neuronal death in the rat
modef**® Of the genes examined, Il3-Was the only gene whose expression was increased a
the 1 day time point, whereas COX-2 and IL-6 mRNx@els were not increased until 3 days of
IH, suggesting that IL{1 may be an early response gene contributing ty #dsinduced
neuropathology in the hippocampus. The upreguladfdCOX-2 after 3 days of IH in
hippocampal microglia is in line with its previotge in IH-induced neuropathology in the
cortex, where COX-2 expression was increased &g &afl day following IH in cortical

homogenates, and its enzymatic inhibition protecatsifrom IH-induced neuronal de&thin



280
the hippocampus, microglial production of COX-2 nsayilarly contribute to IH-induced
neuronal loss.

The role of jumoniji histone demethylases in tigutation of gene expression during
conditions of IH was patrticularly intriguing duetftte unique molecular properties of these
enzymes that may make them particularly susceptibilis type of stimulus. Their expression is
up-regulated during periods of hypoXiand they require molecular oxygen for catalytic
activity suggesting that intermittent bouts of hypoxia eemkygenation may increase both
their expression and catalytic activity. Our poas studies identified JMJD3 as one of the most
highly expressed jumoniji demethylases in microgiils compared to other CNS cell tyffes
(chapter 3), and JIMJD3 regulates macrophage infiaiony responsé&®“*3 Thus, we assessed
whether IMJD3 played a role in IH-induced micrdghia-inflammatory gene expression. We
found that IH increased the microglial expressibdMJD3 in hippocampal microglia isolated
from IH- treated animals as well as in cultured nogtia exposed to IHh vitro. Additionally,
enzymatic inhibition of IMJID3 with the small-moléeinhibitor GSK-J4° significantly
decreased IH-induced expression of [Land IL-6in vitro. Together these finding suggest that
JMJD3 may play an important role in the regulatdmicroglial responses to IH.

We recently identified the TLR4 cascade as an mapd signaling pathway mediating
microglial inflammatory responses to'fHn vitro (see chapter 4). Interestingly, JMJD3 activity
is necessary for TLR4-mediated pro-inflammatoryegproductio®?**” While TLR4
activation by lipopolysaccharide (LPS) has previpbigen shown to increase JMJD3 expression
through NB-dependenrif and STAT1/3- dependent mechaniétnee found that IH-induced
increases in JMDJ3 and TLR4 microglial gene expoessere regulated independently of each

other. The mechanisms by which IMJD3 induces pitarnmatory gene expression are not well
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understood, and JMJD3 mediated-inflammation has begorted to occur through histone
demethylase dependéhand independent mechanishi$** We have preliminary evidence
that IH results in a ~10% reduction of global H3KZ81evels in microglia, thus IH may
promote JMJD3 demethylase activity. However, tloddgical significance of this histone
demethylation, and the molecular mechanisms raggl#tte decrease are currently unknown.
JMJID3 was recently shown to have transcriptionofaltke properties that are independent of its
H3K27 demethylase activity, and that synergize WBTAT1/3 signaling to enhance pro-
inflammatory gene expression in LPS-stimulated agtal cells. The mechanistic and
functional properties of IMJD3 are poorly undergtdmut recent evidence supports JIMJID3 as
having multiple functional roles within the cellymand demethylase activity. Here, we have
demonstrated that IH is an important regulator JB1attivity in microglial cells, and that
JMJD3 activity contributes to the regulation of noiglial pro-inflammatory responses to acute
IH. However, the mechanisms by which IMJD3 exete effects, and how these functions

change with chronic exposure to IH are unknown.
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Figure Legend 1
Microgliaisolated from the cortex of rats exposed to 1 and 3 days of I|H increase pro-
inflammatory and JMJD3 gene expression
Microglia (CD11b+ cells) were immunomagneticallgleted from the hippocampus of rats
exposed to Normoxia (Nx), 1, or 3 days of IH (IHH;3) and processed for gene expression
analysis. (A) Fold-induction of hippocampal micliagpro-inflammatory gene expression
following 1 and 3 days of IH relative to normox{8) Fold-induction of hippocampal microglial
JMJID3 mRNA expression following 1 and 3 days ofrétative to normoxia. Mean fold
changes +1 SEM are presented relative to the namilix) control. Statistical significance was
determined by a 1-Way ANOVA with the Holm-Sidpdis hoc test. N=3-4 for each group. *
symbol represents a statistically significant difece relative to Nx control. *p<0.05; **p<0.01;

***p<0.001
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Figure Legend 2
IH induces IMJD3 but not UTX gene expression N9 and Primary microglia
N9 microglial cell line or BL6 primary microglia we exposed to IH or Nbn vitro for 18 hours
and were subsequently harvested for mMRNA gene ssiore analysis. Data represent the fold-
induction of IMJD3 and UTX in microglial culturegpmsed to IH relative to Nx. N=4-6. Mean
fold change +1 SEM are presented relative to noronoontrols. Black line represents respective
Nx controls. Statistical significance was deteraify a paired T-test akCT. * symbol
represents a statistically significant differenekative to Nx control. *p<0.05; **p<0.01;

***p<0.001
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FIGURE 3
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Figure Legend 3
IH induces pro-inflammatory gene expression in N9 microglia, and thisinduction is partially
blocked by the IMJD3 inhibitor, GSK-J4
N9 microglial cultures were exposed to IHor Mwitro for 18 hours £ the JIMJD3 inhibitor,
GSK-J4 (7.5uM), and were subsequently harvestethRINA gene expression analysis. (A)
Fold induction of COX2, IL-f, IL-6, and TNF in N9 microglia exposed to IH relative to Nx.
(B) GSK-J4 partially blocks IH-induced microgliat@ression of pro-inflammatory genies
vitro. N=4. Mean fold change +1 SEM are presented relabivespective treatment normoxic
control. Black line represents respective Nx cdatrétatistical significance was determined by
a paired T-test oACT values for graph (A). Students T-test was pearéa on IH fold changes
normalized to respective treatment normoxic costfot graph (B). * symbol represents a
statistically significant difference relative to rntrol (A) or IH Vehicle (B). *p<0.05;

**p<0.01; **p<0.001
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Figure Legend 4
IH-induced microglial expression of IMJD3 isindependent of TLR4 activation, and
conversely, increased expression of TLR4 expression by IH isindependent of IMJD3 activity.
N9 microglial cultures were exposed to IH or Mwitro for 18 hours + the JIMJD3 inhibitor,
GSK-J4 (7.5uM), or the TLR4 inhibitor, TAK-242 (1gMand were subsequently harvested for
MRNA gene expression analysis. (A) Fold-inducoddMJD3 in microglia exposed to IH
relative to Nx is not changed in the presence efithR4 inhibitor, TAK-242. (B) Fold-
induction of TLR4 in microglia exposed to IH relagito Nx is not changed in the presence of
the JMJD3 inhibitor, GSK-J4. N=4. Mean fold chargl SEM are presented relative to
respective treatment normoxic control. Black liepresents respective Nx controls. Statistical
significance of IH-induced gene induction relatieeNx was determined by a paired T-test on
ACT values (denoted by a * symbol). Treatment axdons were assessed with a Student’s T-
test was performed on fold changes normalizedgpeetive normoxic controls (denoted by a

line over the respective bars with the associatedlpe). *p<0.05; **p<0.01; **p<0.001



291

FIGURE 5
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Figure Legend 5
Preliminary studiesindicate that microglial cultures exhibit a mild reduction in H3K27me3

expression following in vitro exposureto I H.

N9 or BV2 microglial cultures were exposed to IHNotin vitro for 18 hours, and were
subsequently harvested for histone isolation. H3K&3 levels were measured with an ELISA
based assay and results were graphed relative fdxitontrol. Preliminary studies indicate that
there is a reduction in H3K27me3 levels (~10% desgean N9 and BV2 microglial cultures

exposed to IHn vitro. N=1.
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TABLE 1
Gene Forward Primer (5'— 3’) Reverse Primer (5> 3’)
185 CGGGTGCTCTTAGCTGAGTGTCCCG CTCGGGCCTGCTTTGAACAC
(mouse/rat)
COX2 TGTTCCAACCCATGTCAAAA CGTAGAATCCAGTCCGGGTA
(mouse/rat)
TNFa (rat) | TCCATGGCCCAGACCCTCACAC TCCGCTTGGTGGTTTGCTACG
IL-1B (rat) | CTGCAGATGCAATGGAAAGA TTGCTTCCAAGGCAGACTTT
IL-6 (rat) GTGGCTAAGGACCAAGACCA GGTTTGCCGAGTAGACCTCA
E]rl\e/llng CAAACCCCCGCTTTTCTGTG ATTTGGGTGGCAGGAGGAGG
I(Ir_r;guse) ACTTCCATCCAGTTGCCTTC GTCTCCTCTCCGGACTTGTG
I(Ir'n(])'g se) TGTGCAAGTGTCTGAAGCAGC TGGAAGCAGCCCTTCATCTT
Irygﬁse) TGTAGCCCACGTCGTAGCAA AGGTACAACCCATCGGCTGG
;rnI;(F)Qljlse) GAGGCAGCAGGTGGAATTGTAT TTCGAGGCTTTTCCATCCAA
JMJD3
(mouse) CGCTGGAGGACCAGTTTGAA CTTCATGATGTTTGCCAGCCC
tjr;r(;(use) CACCACCTCCAGTAGAACAACA GCTGTTCCAAGTGCTGTAATTTCT
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INTRODUCTION

In Osler’s 1892 booRhe Principles and Practice of Medicine, he reported that children
with “loud and snorting” respirations coupled witolonged pauses during sleep were often
“stupid looking” and slow to respond to questidmsgcoming the first documented report of
cognitive deficits associated with SBBBHowever, this observation went largely unnotiaed
unstudied for close to a century, until a 1978 pé&yyeGuilleminaultet al. brought renewed
attention to SDB and the associated cognitive isficSince then, steady research efforts have
consistently reported the detrimental impact of SBDcognitive function. However, despite
this concentrated research effort that has spaseweral decades, there remains very little
known about the cellular mechanisms underlying Si3Beciated cognitive deficits.

Intermittent hypoxia (IH), a hallmark feature of BOnduces neuronal death and
cognitive impairments in animal models, which iggkly attributed to increased oxidative
stres&® and inflammatioh®in the CNS. While this is a significant advanceur
understanding of IH-induced CNS injury, there is #till surprisingly little known about the
cellular source(s) and regulatory pathways undeglyH-induced neuroinflammation.
Microglia, the only resident CNS immune cells, haeen widely speculated as a primary source
of inflammation following IH exposuré™% Indeed, microglial pro-inflammatory activitiesea
a common feature among practically all neuropathigs and they are a potential target for
therapeutic intervention. However, until now, thpact of IH on microglial cells had not been
directly studied.
SUMMARY OF FINDINGS

The studies detailed in this thesis primarily fadi®n profiling the microglial

inflammatory response to IH, and investigatingrii@ecular mechanisms regulating microglial
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responses to chronic IH. We found that IH doeg@adincrease microglial pro-inflammatory
gene expression (Chapter 4), and that these infltomynresponses are mediated in part, through
toll-like receptor 4 (TLR4) activation (Chapterd&nd the Jumonji histone demethylase, JIMJD3
(Chapter 6). Additionally, we show that microgligipoxia —induced inflammatory gene
expression is subject to purinergic receptor mdduieby P2X4 and P2X7 (Chapter 2).

Guided by our previous work demonstrating the ingoatrregulatory role of extracellular
nucleotides on microglial inflammatory activitlés"’, our initial studies investigated the impact
of a single hypoxia/reoxygenation (HRO) event ogroylial activation, and how purinergic
receptor regulation of microglial-associated inflaation was altered under these conditions.
Previous studies demonstrated that ATP is releamsedhe extracellular space following
hypoxia in the ventral meduff and high concentrations of nucleotides in theaeelular
space, where concentrations are typically low,a&ras ‘alarmins’ or danger signals to
microglia and initiate inflammatory pathway$® In chapter 2, we demonstrated that a single
sustained hypoxic event followed by reoxygenatidRQ) was sufficient to induce microglial
pro-inflammatory gene expression in the medulld, s inflammatory response was
susceptible to purinergic receptor modulation etdestingly, intracisternal administration of
BzATP, a potent P2X receptor agonist, up-regulatedullary microglial pro-inflammatory
gene expression under normoxic conditions but Ipgabsite effects during HRO. Indeed,
BzATP attenuated HRO-induced microglial pro-inflaatory gene expression. Correlation
analyses between pro-inflamamtory gene expressidiP2XR expression identified P2X4 and
P2X7 potential regulators of microglial inflammataesponses to BzATP. This is consistent
with previous studies that P2X4 and P2X7 work tbhgeto regulate microglial immune

responseés?2  Additionally, the down regulation of purinergieceptor-mediated microglial
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inflammation following HRO may serve as a protegtimeasure to prevent over-expression of
pro-inflammatory molecules in a system already grable due to hypoxic challenge.

In the remaining studies, we turned our attenéiaray from the effects of a single
hypoxic challenge, to focus on the mechanisms Uyidgrmicroglial responses to chronic IH, a
protocol designed to simulate aspects of $DBn immuno-magnetically isolated microglia
(CD11b+ cells) from the cortex, medulla, and spowh, we found that: 1) microglia increased
pro-inflammatory gene expression in response t®2)Hhe profile of gene expression changed
over time, and 3) the microglial inflammatory gemefiles were regionally distinct (Chapter 4)
24 Interestingly, microglia exhibited an acute arahsient increase in pro-inflammatory gene
expression at 1 and 3 days in spinal microglia,re/evels were back down to baseline by 14
days of IH. Conversely, cortical and medullary rogtia exhibited a slower inflammatory
response to IH that remained elevated after 14 daggposure to IH. This was the first direct
demonstration that IH promoted microglial pro-imflaatory gene expression and that there was
regional heterogeneity in these microglial respense

Toll-like receptor (TLR)-4 gene expression was agtiated by IH in rat cortical and
medullary microglia in a time course that that &ygcorresponded with increased inflammatory
gene expression (Chapter 4). Similarly, in the sepI'LR4 surface protein expression increased
following 14 days of IH in frontal cortical and upcampal microglia, and remained elevated at
the 28 day time point when other markers of migebgictivation including IL-§, CD11b, and
CD45 had returned back to normoxic, baseline le(@tsmpter 5). Since TLR4-mediated
inflammation is known to play an important roletle progression of numerous
neuropathologi€s, we hypothesized that TLR4 may also be involvetHiinduced microglial

inflammation. We tested this hypothesisitro in Chapter 5, where IH increased pro-
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inflammatory gene expression as well TLR4 expressiddditionally, this IH-induced increase
in pro-inflammatory gene expression was partialbcked in microglia lacking TLR4,
suggesting that TLR4 is an important signaling na@im by which IH-induces microglial
inflammation. Interestingly, the effects of TLRdletion only affected a sub-set of IH-induced
pro-inflammatory genes; where the induction of opalygenase-2 (COX2), interleukin (IL31
and IL-6 was sensitive to TLR4 deletion, the induciof tumor necrosis factor (TNFe)-
macrophage inflammatory protein (MIPy;land MIP-J was not. These results indicate that
IH-induced inflammation is mediated through bothRA-dependent and -independent pathways,
and these pathways exert differential regulatioprofinflammatory gene expression.

Having identified TLR4 as an important regulaton@troglial inflammatory processes,
we hypothesized that the IH-induced TLR4 up-regoitetvould translate into a “priming” effect
on microglia. In other words, we predicted thatnogtia would have a more pronounced
inflammatory response than what would normally geeted when challenged by an additional
inflammatory stimulus. Consistent with this hypedls, microglia pre-treated with litd vitro
had an exaggerated inflammatory response to thelEd®enist, lipopolysaccharide (LPS), when
compared to normoxic controls. Surprisingly, whestedn vivo, we found the opposite effect.
Microglia treated with 14 days of IH prior to inpritoneal administration of LPS, exhibited a
decreased inflammatory response to LPS when compamormoxic controls (Chapter 5).
Additionally, microglial expression of the neurotgative cytokine IFI§ and the trophic factor
BDNF were increased following 14 days of IH. Timsrease in IFI§ and BDNF following 14
days of IH may represent a protective/adaptivearse that protects CNS cells from chronic IH

exposure.
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While developing the flow cytometry method (Cha@gutilized in Chapter 5, we
identified the JIMJD3 Jumonji H3K27 histone demedisgl as being highly enriched in microglial
cells when compared to neurons and astrocytes D3N&Ja known regulator of macrophage
phenotype®* findings that have recently shown to be true ioraglia as wefi**? and JMJD3
is necessary for LPS-induced induction of pro-imfaatory genes in macrophadfe®.
Additionally, IMJD3 is part of a class of enzymieattare up-regulated under periods of
hypoxia, yet require molecular oxygen for catalgativity. It is hypothesized that these
enzymes are up-regulated during hypoxic to couotene reduced catalytic activity resulting
from low O, concentratior§. Surprisingly, until now, no Jumoniji protein Hzsen studied in
the context of IH where both hypoxic signals andretant molecular oxygen are present, which
in theory, could increase their activity due toreased protein expression while maintaining
conditions for optimal catalytic activity. We fodithat microglial expression of IMJD3 is
increased by IHn vivo in a time course similar to IH-induced pro-inflamiory gene expression
(Chapter 6). This was the first indication thatlID may be involved in microglial responses to
IH. Invitro, IH increased the expression of IMJD3. Additionaltibition of IMJID3 by the
selective inhibitor GSK-J4 partially blocked IH-induced pro-inflammatory geseression.
Since we previously found TLR4 to be importantité+induced inflammation, and TLR4
activation can increase JMJD3 expresSiowe tested whether the IH-induced increase in
JMJD3 is dependent on TLR4 activation. IH-indud&D3 expression was not changed in the
presence of the selective TLR4 inhibitor, TAK-34%, and conversely, IH-induced TLR4
expression was not affected by inhibition of IMIB&ggesting that microglial induction of

JMJID3 and TLR4 gene expression by IH are regulatgebendently. Overall, we identified
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JMJD3 as a putative regulator of microglial prdanimatory responses to IH vitro, however
the molecular mechanisms by which IMJD3 regulatesoglial responses are not yet known.
INTEGRATIVE MODEL FOR IH-INDUCED MICROGLIAL ACTIVAT ION

We utilizedin vitro andin vivo models of IH to delineate the effects of IH on rogiral
pro-inflammatory processes, and identify key patyysvagulating these responses. We found
that: IH promoted microglial inflammatidn vivo andin vitro, IH-induced inflammatory gene
expression correlated with increased expressidn.B4 and JMJD3n vivo andin vitro, and
TLR4 and JMJD3 are necessary for full inductionha microglial inflammatory response to IH
invitro. By integrating our findings with those of prevsty published works, we have
developed a schema depicting our working hypotHesisiechanisms by which IH induces
microglial activation (Fig. 1). This working modsldivided into two parts: am vitro model
and anin vivo model.
In vitro Model of IH-Induced Microglial I nflammation

Based on ouim vitro findings, we have identified 3 pathways by whichitiduces
microglial inflammation: 1) TLR4-dependent, 2) JMBHependent, and 3) TLR4/IJMJD3-
independent (Summarized in Figure 1). We hypoteetsie TLR4- and JMJD3- independent
pathway is mediated by an increase in reactive exygpecies (ROS). A single
hypoxic/reoxygenation (HRO) event increases midabgroduction of RO which is
sufficient to induce the production of pro-inflamimiy cytokined’° As demonstrated in
Figure 1, there are multiple sites where thesevgagh may converge on common signaling
molecules, thus facilitating the possibility fooses-talk between these signaling pathways.

A particularly interesting and surprising findingin these studies is that microglial

responses to I vitro were partially blocked in cells devoid of TLR4, gegting that IH-
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induces microglial inflammation through TLR4 in thlesence of other CNS cells and
exogenously added TLR4 ligand. This raises thaipoisy that IH-induced microglial pro-
inflammatory gene expression is self-regulatedubhothe release of endogenous TLR4 ligands
acting in an autocrine/paracrine fashion to indwéeroglial activation (Fig. 1). Thus far, the
putative endogenous TLR4 ligand(s) have not beentified, but the monocyte responsive
protein (MRP)8/14 and high-mobility group box 1 (BB1) are two known endogenous TLR4
ligands that are likely candidates. Both MRP&hd HMGB1 can be released from immune
cells following activation by an inflammatory stitng and/or by cellular stressors, and they
subsequently can induce/enhance pro-inflammatayoreses through TLR4 activatf8ri®
HMGB1 is known to be released from macrophageshamabcytes in response to oxidative
stres&? and MRP8/14 and HMGBLlevels are elevated irs#rem of patients with obstructive
sleep apnea (OSA), the most common form of SDBgesiing that they may be released in
response to I We hypothesized that the TLR4- and JMJD3- inddpat pathway is
mediated by increased ROS-production. Thus, IHited ROS production may facilitate
endogenous TLR4 ligand release from microglia, mag be one point where these two
pathways converge (Fig. 1).

Another point where the putative ROS and TLR4-ddpehpathways may converge is
on mitogen-activated protein kinase (MAPK) actigati TLR4 signaling and HRO both
increase activation of the p38 MAPK*®which can activate multiple transcription factors
involved in inflammatory processes including nucliegtor kappa-light-chain-enhancer of
activated B cells (NRFB). In cultured microglia, HRO-induced p38 MAPKtiaation is
necessary for production of pro-inflammatory gexressiofi’. Consistent with this,

monocytes exposed to IH in culture increased p3&KAnd subsequent NEB activity*
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Additionally, ROS is produced following TLR4 actii@n, and this ROS production is necessary
for TLR4-mediated induction of p38 MAPK® further supporting the close relationship
between TLR4, ROS, and p38 MAPK activation.

NF-kB is the central regulator of pro-inflammatory gexg@ression. In the context of IH,
NF-kB is preferentially activated by IH over the prgfatal hypoxia-responsive transcription
factor, hypoxia inducible factored(HIF-1a) in the vasculature, while HIFalis preferentially
increased by sustained hypdXiaAdditionally, cultured monocytes from OSA pateexhibit
increased NRB activity and pro-inflammatory gene expressioli supporting the notion that
NF-kB activity is an important regulator of inflammatian response to IH . Interestingly,
JMJID3 is a direct NF-kB target géfie While we found that the increased JMDJ3 expoesbiy
IH was independent of TLR4 activation, ROS-indub®8PK induction may increase NkB
activity and facilitate JMDJ3 expression, creatampther potential site for cross-talk between
these pathways.
In vivo Model of IH-Induced Microglial I nflammation

IH promoted microglial inflammation in a time coarthat correlated with increased
expression of IMID3 and TLRAvivo. While the direct role of TLR4 and JMJD3 in IH-
induced activation is unknown, based on iowitro studies, we hypothesize that they have an
important role the regulation of microglial respesso IHin vivo as well (Fig. 1) Microglia are
master surveyors of their environment. As discdsseletail in Chapter 1, there are many
potential triggers of microglial activation by liHdluding: peripheral inflammation, sensing
cellular stress/damage in the surrounding CNS,catid direct effects of IH on microglial
physiology (Fig. 1). Peripheral inflammation caduce central inflammation through multiple

pathways including direct cytokine entry into th&across the blood brain barrier (BBB)
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through active transport mechanistsr regions where the BBB is lackitfgbreakdown of the

BBB, or through vagal nerve transmisstor. While the link between systemic inflammation
and IH/OSA is well established, the impact of IHiiced systemic inflammation on microglial
activation is unclear.

TLR4-mediated inflammation is implicated in the gmression of numerous
neuropathologies, where it is hypothesized that BsNdamage associated molecular patterns)
are released from stressed/dying CNS cells thairaaticroglia through TLR4 to induce
neuroinflammatio ° Thus, we hypothesize that TLR4 signaling magiémportant
determinant of microglial inflammatory responses$Hpand DAMPs released from
dying/stressed cells may be the trigger. To thi ¢he profile of cortical microglial gene
expression supported this hypothesis, as IH-indneedonal death (occurring after just 1 day of
IH exposuré” ) precedes induction of microglial pro-inflammat@xpression profiles. Thus,
DAMPs released from injured CNS cells following scaxposure to IH may promote the
transition of microglia to the pro-inflammatory piedype observed following 3 days of IH
exposure (Chapter 4).

CLINICAL IMPLICATIONS

By recent estimates, the prevalence of moderagevere sleep disordered breathing
(SDB) has increased in the United States by ~45% tbeepast 2 decad®$? SDB is
associated with significant neurologitand cognitiv&® deficits which can only be partially
reversed by continuous positive airway pressuréA@)Rreatmerft-®3 Similarly, rodent models
of intermittent hypoxia (IH), a hallmark feature ®DB, display increased hippocampal-frontal

cortical neuronal death and cognitive impairm&t&he increased prevalence of SDB and
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incomplete treatment options necessitates the derednt of new, more effective treatments for
this pervasive public health problem.

When developing new therapies designed to targabglial activities, the extensive
cellular and biochemical heterogeneity within tHéSCmust be considered, as they are likely to
greatly affect microglial properties. Recent evice demonstrates that microglia are not a
homogeneous cell population and that microgliatregeneity extends beyond regional
difference8*® This is consistent with our findings that midiagresponses to IH are
regionally heterogeneotf{Chapter 4). Additionally, within the frontal ¢ek and hippocampus
we found that only a subset of microglia increasepression of IL-f in response to IH
(Chapter 5), and this population was distinct frinmse that basally expressed IL-6 or TINF
(data not shown). Together, these observationsstfie hypothesis that microglial
heterogeneity is at least two-fold: constitutivéenegeneity creates sub-populations of microglia
that perform different functions within a given r@g, and inducible heterogeneity occurs upon
stimulation to alter these normal functién® Because of this heterogeneity, microglial
responses to treatment are likely to vary regignalleven within a specific CNS region, and
therefore, treatments may induce beneficial effactme region but have deleterious effects in
others. Microglial heterogeneity is complex andngpunderstood. In response to IH, a
multitude of factors could underlie the observedroglial heterogeneity including: constitutive
heterogeneity, regional differences in the normakro@nvironment, regional differences in the
susceptibility of neuronal and other glial popwas to IH, and proximity to vasculature.
Greater appreciation for and understanding of ngicabheterogeneity is essential if we are to

safely manipulate these cells for therapeutic psepo
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We identified TLR4 as an important regulator of thieroglial inflammatory responses
to IH invitro (Chapter 5). TLR4 activation is known to causarndegeneration and undermine
many forms of neuro-plasticty®®’®~"# making it a potential target for therapeutic im@ntion.
TLR4 levels were increased following 14 days ofekposure, and we hypothesized that this up-
regulation would potentiate microglial responselHto Surprisingly, microglial expression of
the neuro-protective cytokine interferon (IFplnd the neurotrophin brain derived neurotrophic
factor (BDNF) were increased following 14 days laéf IAdditionally, microglial pro-
inflammatory responses to systemic LPS were blumeice exposed to 14 days of IH,
suggesting that chronic IH may shift microglialiaities towards the anti-
inflammatory/protective phenotype (Chapter 5). Nypothesize that IH-induced expression of
IFNB and BDNF is neuroprotective, and prevents chrtmmg-term IH-induced neurological
deficits, as BDNF has been shown to prevent arclieeBH-induced impairment of hippocampal
synaptic plasticit{. Thus, the microglial phenotype may shift withafic IH exposure from
pro-inflammatory to a more supportive phenotyp@(Fe 2). This is consistent with previous
reports that despite early neuronal death followit?J, chronic exposure to IH may promote
neurogeneslé.

Mechanistically, increased IFl\Nexpression is downstream of the TRIF-dependeptaid
the TLR signaling pathwd{. TLR3 and TLR4 are the only two TLRs that sigtabugh the
TRIF pathway. TLRS3 uses the TRIF pathway exclelsivwhile TLR4 can signal through the
MYD88 or TRIF pathwa{/*"®(Chapter 1, Fig. 2). We hypothesize the incresbi
expression is due to a shift in TLR4 signaling adrayn a MYD88 (pro-inflammatory)-
dominant cascade to a more TRIF- dominant signa@lasgade. However, we cannot rule out

the possibility of TLR3 involvement in the induatiof IFNB. More work needs to be performed
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to assess the individual contribution of thesepaars and their signaling pathways to the
differential phenotype exhibited by microglia folltng chronic exposure to IH, and to
understand the importance of this phenotypic switddNS health/injury during chronic IH
exposures. Indeed, the inhibition of TLR4 has be®posed for the treatment of various
neuropathologi€s, however this may have detrimental consequenaegibglia are indeed
exerting beneficial effects through TLR4 receptctivaation. This is particularly important when
considering microglial regional heterogeneity.

The functional significance of enhanced microgimpression of BDNF and IFN
following chronic IH exposures are currently unkmoand should be the focus of future
investigations. If these activities are indeedroptptective, increased importance should be
placed on determining the mechanisms that undibetransition, as it could lead to the
development of novel therapeutics that harnesgpemote the innate neuroprotective/
regenerative properties of microglia which couldédaidespread utility in the treatment of a
host of neuropathologies.

While we have primarily focused on the severe/patio forms of IH, it is important to
note that milder IH protocols exert beneficial etleon the CNS and induce forms of spinal
neuro-respiratory plasticity in rodent models (eswed in Reference 79 80). Additionally,
similar IH protocols are yielding promising resultisclinical trials where, chronic spinal cord
injury patients exhibit enhanced functional motcavery following IH treatmefit It is
plausible that these therapeutic forms of IH pramatcroglial production of
neurotrophic/protective molecules without inducthg inflammatory phenotype observed with

severe/pathologic forms of IH. However, at thisdj this is purely speculative and
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investigations into microglial responses to thetdiggforms of IH are currently underway in our
laboratory.

FUTURE DIRECTIONS

The studies presented in this thesis are thetfirdemonstrate IH-effects on microglial
cells, and identify potential mechanisms mediathrese responses, setting the foundation for all
future studies into microglial regulation by IH.i§hs a completely novel avenue of research,
and the potential future directions for these ®sdire numerous. As such, we will focus this
section to three future directions that expand unstudies, and address critical gaps in our
understanding of microglial responses to IH inahgdil) microglial responses to IH when
coupled with neurodegenerative diseases, 2) mialagsponses to IH during development, and
3) the role of Jumoniji proteins in the cellularpesses to IH.

An underappreciated fact is that over 50% of pagi&rnth ischemic (e.g.
stroke)/traumatic injury (e.g spinal cord and tratimbrain injury), neurodegenerative diseases
(e.g. Alzheimer’'s and Parkinson’s), and geneticaledisorders (e.g. Down’s syndrome and
Fragile X) experience sleep disordered breaffiifity Microglial-mediated inflammation is a
hallmark feature of all of these conditions, anid ibelieved to contribute to increased
neurotoxicity and progression of these pathol&§i€s Conceivably, IH coupled with an already
compromised and inflamed system may acceleratgameebate pathology in a number of
seemingly unrelated neural disorders. To this strdke patients with preceding OSA have
increased functional deficits and longer hospitays, following the ischemic injury, untreated
OSA increased morbidity/mortality rates and incicienf a subsequent ischemic e¥&nt
Additionally, CPAP therapy improved cognitive fuloeting in Alzheimer’s patients with OSA,

suggesting that OSA exacerbates cognitive dealifdzheimer’s patienfS. We identified
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TLR4 as an important molecule by which IH inducasroglial inflammationin vitro, and
similarly, TLR4-mediated inflammation has been imogled in the progression of many of these
OSA-associated neuropathologied " Increased accumulation/release of known endageno
TLR4 ligands are associated with several of theglkqgbogies including-amyloid (Alzheimer’s
diseasé&), a- synuclein (Parkinson’s disea¥HMGB1 (Stroke}* and MRP8/14 (Strok&

We hypothesize that IH-induced increases in micabdILR4 expression will exacerbate
microglial inflammatory responses in these condgiavhere endogenous TLR4 ligands are
abundant, resulting in increased neurotoxicity disease severity. Future studies should
investigate the effects of IH on microglia in thentext of a neuropathological condition, and
investigate the impact of IH and microglial respesen the progression of these associated
neuropathologies.

Approximately 2-3% of school-aged children expede SDB?, resulting in learning
and attention deficits that persist into adultf888°* The importance of microglia in the proper
development of the CNS is becoming increasinglyegipted> > As such, disruptions in
microglial functions by IH early in life may underlsome of the long-lasting negative
consequences associated with SDB in childhood. édew nothing is known about the impact
of IH on microglial activities in the juvenile braior the potential long-term consequences of
disrupting normal microglial functions during ttustical development period. We hypothesize
that the cognitive deficits induced by IH earlylifie are due, at least in part, to disruption in
microglial normal behavior, and microglial response IH are likely different in the developing
compared to the adult brain, and possibly evemdutlifferent stages of development. We have
previously demonstrated that the basal microgéeéptor profiles change throughout

development, likely reflecting the changing rolemitroglia throughout this proce€s® thus



313

developmental microglial heterogeneity may influetizeir IH-induced responses. Finally, the
mechanisms driving the constitutive inter- andantegional heterogeneity of microglia found
within the adult brain are unknown, but it is pléales that this heterogeneity results from
programmed maturation that begins early in lifdwd, early life exposure to IH may disrupt this
process and cause long-lasting changes in the ghigrphenotype that persist into adulthood,
potentially altering how microglia respond to fuigunsults/injuries.

A patrticularly exciting finding from this thesis tise important regulatory role of the
Jumoniji histone demethylase, JIMJD3, in microgksliponses to IH. JMJD3 is necessary for the
induction of the macrophage and microglial prodanimatory respons&s’?%3! and the
transition to a trophic/protective phenot§p&'°! Therefore, IMID3 plays an important role in
both the inflammatory and trophic responses of oatages, but the mechanisms that mediate
the dual-functionality of IMJD3 are poorly undewsto We hypothesize that IMJID3 activity
contributes to the spectrum of microglial activatlwy IH. IMJD3 may contribute to both the
initial increase in pro-inflammatory gene expreassis well as the transition to the trophic
phenotype; future research efforts should invewitjais further. In addition to JIMJD3, other
Jumoniji histone demethylase proteins may play gromant role in the pathophysiology of IH.
Jumonijis are a hypoxia-sensitive family of protdimst are up-regulated under hypoxic
conditions, yet they require molecular oxygen fatatytic activity®>. Therefore, the
relationship between IH (where both hypoxic sigresadd molecular oxygen are abundant) and
Jumoniji proteins is a completely unexplored, ygepbally very biologically important avenue

of study, and would be an interesting directionftdure research efforts.
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Figure Legend 1

Working models of intermittent hypoxia-induced naiglial activation.In Vitro: we propose that IH
induces microglial inflammation through 3 differdnit connected pathways: 1) TLR4-dependent (Blue),
2) IMID3-dependent (Purple), and 3) TLR4/IJMJD3epwhdent pathway (Green). Question marks
denote aspects of the model that are hypotheseasetion the literature, but remain to be testel wit
regard to IH effects in microglia. Gray dashe@dinndicate potential points of cross-talk betwen
pathways. In Vivo: we propose that microglial responses tanhivo are regulated by multiple factors
including: IH-induced systemic inflammation, CN3l ¢gjury, and direct activation by IH. We

hypothesize TLR4 and JMJD3 are involved in micragiesponse to Il vivo.
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FIGURE 2
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Figure Legend 2
Microglial pro-inflammatory responses to acute IH4(days) may promote frontal cortical and
hippocampal neuronal death and neuroinflammati@eed in animal models. Chronic
exposure to IH (14+ days) promotes microglial egpi@n of trophic factors which may have

neuroprotective effects and promote neuronal sahawd cognitive recovery.
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ABSTRACT

Although systemic inflammation occurs in most patecal conditions that challenge
the neural control of breathing, little is knowmecerning the impact of inflammation on
respiratory motor plasticity. Here, we tested tpdthesis that low-grade systemic
inflammation induced by lipopolysaccharide (LPSQ 16/kg ip; 3 and 24 h postinjection) elicits
spinal inflammatory gene expression and attenwafeam of spinal, respiratory motor plasticity:
phrenic long-term facilitation (pLTF) induced byuae intermittent hypoxia (AIH; 3, 5 min
hypoxic episodes, 5 min intervals). pLTF was alb@ds 3 h (vehicle control: 67.1 + 27.9%
baseline; LPS: 3.7 = 4.2%) and 24 h post-LPS igedivehicle: 58.3 + 17.1% baseline; LPS:
3.5 + 4.3%). Pretreatment with the nonsteroidaliafiammatory drug ketoprofen (12.5 mg/kg
ip) restored pLTF 24 h post-LPS (55.1 + 12.3%). liRSeased inflammatory gene expression
in the spleen and cervical spinal cord (homogeratessolated microglia) 3 h postinjection;
however, all molecules assessed had returned &imady 24 h postinjection. At 3 h post-LPS,
cervical spinal INOS and COX-2 mRNA were differafiif increased in microglia and
homogenates, suggesting differential contributioos spinal cells. Thus LPS-induced systemic
inflammation impairs AlH-induced pLTF, even afteeasured inflammatory genes returned to
normal. Since ketoprofen restores pLTF even witlimiectable inflammatory gene expression,
“downstream” inflammatory molecules most likely imppLTF. These findings have important
implications for many disease states where acugeyc inflammation may undermine the

capacity for compensatory respiratory plasticity.
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INTRODUCTION

Systemic inflammation occurs in most clinical digens that challenge the neural control
of breathing, including chronic obstructive lungetse (6, 60, 70); traumatic, ischemic, and
degenerative neural disorders (e.g., spinal injomytor neuron disease) (1, 46, 63); and sleep-
disordered breathing (7, 24, 33). Although inflantiovaaffects many neural functions (18), the
impact of inflammation on the neural system cotitiglbreathing has seldom been studied.
Because of the importance of ventilatory contraiiany clinical disorders, it is essential to
understand connections between inflammation anehéasprocesses of ventilatory control,
including rhythm generation, chemoreception, ardgdity (19, 41). In this study we focus on
the impact of inflammation on an important modeteadpiratory plasticity, phrenic long-term
facilitation following acute intermittent hypoxiéaiH).

Neuroinflammation involves complex spatial and tenap patterns of inflammatory gene
expression (reviewed in 40). In the central nerveystem (CNS), resident microglia are major
contributors to the inflammatory response and atwated by many pathological stimuli. Upon
activation, microglia change shape from stella@jified cells to an amoeboid shape (35) and
begin to release proinflammatory and anti-inflamwmaimolecules (e.g., cytokines, nitric oxide,
prostaglandins, and growth/trophic factors) (2%)e Tnfluence of microglial inflammation on
respiratory plasticity is the focus of the pressuty.

Systemic administration of the bacterial endotdigopolysaccharide (LPS) decreases
baseline ventilation and ventilatory responsednworeceptor stimulation in unanesthetized
rats (29). These effects are reversed by pretredtmiéh the nonsteroidal anti-inflammatory
drug ketoprofen, (29). LPS is a toll-like recepigand frequently used to study systemic

inflammation (48). Although LPS does not crosslilemd-brain barrier (49, 58), it elicits CNS
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inflammation via systemic release of cytokines @hhilo cross the blood-brain barrier) or vagal
transmission (9, 23, 36, 39, 52, 55). Systemic BB@inistration impairs hippocampal synaptic
plasticity, as well as learning and memory (18ini&irly, systemic LPS impairs an important
model of spinal respiratory plasticity: AIH-inducptrenic long-term facilitation (pLTF)

(29, 67). In the earlier study of Vinit et al. (6T) spinal inflammation was not confirme?),

only high LPS doses (3 mg/kg) and a short timervailg3 h) were studied, ar8) causality
between LPS-induced inflammation and pLTF impairbvegis not investigated. Here, we extend
the results of Vinit et al. (67) by testing the bttpeses that) low LPS doses impair pLTF at
longer intervals postadministration (24 B) systemic LPS increases inflammatory gene
expression in isolated microglia and homogenatas the cervical spinal cord (a critical region
for pLTF), and3) the nonsteroidal anti-inflammatory drug ketoprofestores pLTF following
LPS administration. Our results support the hypaiththat systemic inflammation impairs spinal
respiratory plasticity and demonstrate that systénflammation associated with many clinical

disorders is of considerable relevance to the aknaural control of breathing.
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METHODS

All experiments were approved by the Animal Care @ise Committee in the School of
Veterinary Medicine, University of Wisconsin, anahformed to policies laid out by the
National Institutes of Health in th&uide for the Care and Use of Laboratory Animals.
Experiments were performed on 3- to 4-mo-old Hantete Sprague-Dawley rats (colony 218a).
Rats were housed under standard conditions, witiE2-h light/dark cycle with food and water
ad libitum.
Drugs and Materials

LPS E. coli 0111:B4), §-(+)-ketoprofen, and Tri Reagent were purchasechfSigma
Chemical (St. Louis, MO). M-MLV Reverse Transcrggavas purchased from Invitrogen
(Carlsbad, CA). Oligo(dT), Random hexamer, and RiNAgere purchased from Promega
(Madison, WI). SYBR Green PCR Master Mix was pusdthfrom Applied Biosystems
(Carlsbad, CA).
Experimental Groups

To investigate the effects of systemic inflammatiats received an intraperitoneal (ip)
injection of LPS (10Qug/kg) or vehicle (saline) 3 or 24 h prior to begimnan experiment. Rats
were either used for electrophysiological experitaga study AlH-induced pLTF or for
measurements of inflammatory gene expression.dretiter groups, intra-aortic saline
perfusions were used to remove circulating myebaits before cervical spinal tissues were
harvested. Prior to perfusions, the spleen wasdséed for analysis.
In 24 h LPS or 24 h vehicle rats, the nonsteragaidi-inflammatory drug ketoprofen (12.5 mg/kg
ip) or vehicle (50% ethanol in saline) was injecBela prior to a pLTF experiment. Ketoprofen is

a potent inhibitor of inflammatory activities sintalirectly inhibits cyclooxygenase (31, 65, 68)
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and the transcription factor nuclear factor kapp&B-«B) (65), a key regulator of multiple
inflammatory genes (42, 51).

In specific, rats used for electrophysiology expemts after 3 h of LPS fell into one of
three groupsi) time control (includes both vehicle and LPS itgel, 2) vehicle + AlH, or3)

LPS (3 h) + AIH. A separate set of rats was usezktomine the effects of 24 h of LPS and fell
into one of five groupst) time control (includes vehicle, LPS, ketoprofen.PS + ketoprofen
injected);2) LPS (24 h), ketoprofen + AIFB) LPS (24 h), vehicle + AIH4) vehicle (24 h),
ketoprofen + AlH; and) vehicle + AlH.

For gene expression, rats were in comparable grasitisose above for the
electrophysiology. Rats were in either LPS (3 lehigle (3 h), LPS (24 h) + ketoprofen, LPS (24
h) + vehicle, vehicle (24 h) + ketoprofen, or védigroups. The rats used for gene expression
analysis were not given AlH, neglecting the needafime control group.

Electrophysiological Experiments

The protocol used in electrophysiological experitadras been described in detail
previously (2, 5). In brief, rats were anesthetingith isoflurane, tracheotomized, and pump
ventilated (Small Animal Ventilator 683, Harvard ggratus, Holliston, MA). Rats were
maintained with isoflurane for the remainder of sliegical preparation; after surgical
preparations were complete, the rats were slowhyeded to urethane anesthesia (1.8 g/kg iv,
Sigma-Aldrich). During the 1-h stabilization periafter conversion to urethane, pancuronium
bromide (1 mg iv), was given to paralyze the rate rats were tracheotomized and ventilated.
Anesthetic level was assessed throughout experinninonitoring blood pressure and phrenic
nerve responses to toe pinch. Approximately 1 érdféginning surgical procedures, an

intravenous infusion of 1.5-2 ml/h began with auioh consisting of Hetastarch (0.3%) and
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sodium bicarbonate (0.84%) in lactated Ringer'® iffusion rate was adjusted to maintain
blood volume, pressure, and acid-base balance.
Surgical preparation.

Both vagi were isolated and cut, and a catheterimgsted into the right femoral artery
to enable blood pressure measurements and atitrgal samples. Blood samples were analyzed
for PO, PCQ, pH, and base excess using a blood gas analyBdr 80, Radiometer,
Copenhagen, Denmark). Blood samples (6215 heparinized plastic catheter) were drawn
before (baseline), during the first hypoxic episaated 15, 30 and 60 min post-AlH. A rectal
temperature probe was used to monitor and reghtatg temperature throughout an experiment.
The left phrenic nerve was isolated with a dorgglraach, cut caudally, desheathed, and placed
on a bipolar silver recording electrode submergeahineral oil. Nerve activity was amplified
(gain X10K), bandpass filtered (300 Hz to 20 kH&)M Systems, Carlsberg, WA), and
integrated (absolute value, Powerlabs 830, AD umsénts, Colorado Springs, CO, time constant
100 ms). The signal was digitized, recorded, aralyaed using Powerlabs 830 (version
7.2.2, AD Instruments).
Protocaol.

Baseline nerve activity was established with F0.56 (Pa@> 300 mmHg) and
CO, added to the inspired gas (balance nitrogen).d@gapneic threshold was determined by
progressively lowering inspired G@ntil phrenic nerve activity ceased. Inspired,®@s
slowly increased until phrenic nerve activity resehfrecruitment threshold). End-tidal €®as
then set 3 mmHg above the recruitment threshoéstablish baseline nerve activity. End-tidal
CO, was monitored and maintained throughout an expmarinasing a flow-through capnograph

(Respironics, Andover, MA).
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Once phrenic nerve activity was stable, an artbt@d sample was taken to establish
baseline conditions; these conditions were maieththroughout the experiment. After baseline
conditions, an AIH protocol began consisting oethhypoxic episodes (5 min duration, 10.5%
0,), separated by 5 min of normoxia. Blood samplesevaken during the first hypoxic episode
and 15, 30, and 60 min post-AlH. Data were incluitheainalysis only if they complied with the
following criteria: 1) PaQ during baseline and post-AlH was >180 mmBEgPaQ during
hypoxic episodes was between 35 and 45 mn3HBaCQ remained within 1.5 mmHg of
baseline throughout the post-AlH period. Phreniv@amplitude and frequency were evaluated
for 1 min before each blood sample. Upon compledibtine experiment, rats were euthanized
with an overdose of urethane.

Inflammatory Gene Expression
Sample preparation.

Tissue from cervical spinal cords was homogenizetiused for quantitative PCR
analysis (hereafter referred to as “homogenat€jvical spinal tissue was also used to isolate
microglia by using antibodies for the microglial tker CD11Bconjugated to magnetic beads, as
previously reported (15). To isolate microglia,4béabeled cells were passed through MS
columns according to a modified Miltenyi MACS protd (43). The average purity of cells with
microglia-like characteristics was >95% as detegdihy flow cytometry FSC/SSC scatter
analysis and CD11HCD45%" staining (43). These results are consistent wigvipus findings
(15, 56). From here on, CD11bells isolated with this method are referred ténaigroglia.”
Reverse transcription.

Total RNA was isolated from cervical spinal corccroglia or homogenates using the

TRI-reagent according to the manufacturer's insiwns. First-strand cDNA was synthesized
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from 1ug of total RNA using M-MLV Reverse Transcriptaselam oligo(dT)/random hexamer
cocktail. The cDNA was then used for quantitativie RCR using SYBR Green PCR Master
Mix.

Quantitative PCR.

Amplified cDNA was measured by fluorescence in taak using the StepOnePlus
Real-Time PCR System (Applied Biosystems). Theofelhg primer sequences were used for
guantitative PCR: INOS,AGG GAG TGT TGT TCC AGG TG anddCT GCA GGA TGT
CTT GAA CG; COX-2,5TGT TCC AAC CCA TGT CAA AA and 5CGT AGA ATC CAG
TCC GGG TA; IL-B, 5-CTG CAG ATG CAA TGG AAA GA and 5TTG CTT CCA AGG
CAG ACT TT; TNF, 5-TCC ATG GCC CAG ACC CTC ACA C and-3CC GCT TGG
TGG TTT GCT ACG; IL-6, 5GTG GCT AAG GAC CAA GAC CA and'sGGT TTG CCG
AGT AGA CCT CA; and 18s,'5CGG GTG CTC TTA GCT GAG TGT CCC G andGTC
GGG CCT GCT TTG AAC AC.

All primers were designed to span introns when@essible. Primer specificity was
assessed through NCBI BLAST analysis prior to asd,all dissociation curves had a single
peak with an observed melting temperature congisiih the intended amplicon sequences.
Primer efficiency was calculated through the ussenial dilutions and construction of a
standard curve.

Data Analysis
Electrophysiology

Peak amplitude and frequency (bursts/min) of irdtgt phrenic nerve activity were

averaged for 30 bursts at each recorded point. g&dsaim phrenic nerve burst amplitude were

normalized to baseline values (i.e., percent ch&mge baseline), and burst frequency was
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reported as a change from baseline frequency @ost). In this study, physiological variables
and phrenic amplitude are reported for baselingnduhe short-term hypoxic response, and the
60 min time point only.

Statistical comparisons for the hypoxic responseewnade from data aiinute 2 of the
5 min during the first hypoxic episode usingtast (3 h LPS data) or one-way ANOVAS on
ranks (24 h LPS data). Owing to the addition of &etoprofen groups, an ANOVA on ranks
was used for the 24 LPS hypoxic data to permit @mte statistical comparisons.
Nonparametric analyses were used when data fadedality or equal variance.

Statistical comparisons for changes in phrenictangplitude after AIH were made using a
repeated-measures two-way ANOVA with Tukey post test to identify individual differences
(Sigma Stat version 11, Systat Software, San Io&g,Differences were considered significant
if P <0.05. All values are expressed as means + SE.

Gene expression.

Gene expression data were analyzed based on i@eedttndard curve method, as
specified by Applied Biosystems. In brief, all sdegpwere run in duplicate, averaged, and
interpolated onto previously run standard curvesézh primer set to account for differences in
primer efficiency. Values were then normalized 85 Tor each sample and expressed relative to
vehicle controls for each gene, reflecting the fdidnge for each gene. If the normalized gene
expression data for an individual sample is gretdit@n 2 standard deviations from the mean, the
sample was excluded as an outlier. Statisticalyarsafor TNFe and IL-13 were run on the fold
change data. Statistical analysis on INOS, COXad, la-6 failed equal variance and/or
normality tests; therefore data were transformegadohmically before statistical analysis, but

data are still reported as fold changes (see Figtatistical significance was determined for
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each inflammatory gene examined in the spleendoyeaway ANOVA with Tukey post hoc test
for individual comparisons. For cervical spinalajatatistical significance was determined using
a two-way ANOVA with Tukey post hoc test (SigmatStarsion 11, Systat Software, San Jose,
CA). Differences were considered significanPik 0.05. All values are expressed as means *

SE.
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RESULTS
Impaired pLTF 3 h post-LPS.

Acute LPS (3 h; 10Qg/kg ip) had only minor effects on physiologicatiasles
measured (Table 1). Rats treated with LPS hadgwfsiant differences in temperature, PaCO
or pH within or between groups. However, LPS rad significantly lower Pafand mean
arterial pressure (MAP) after AIH vs. time contrblg were not different from their respective
baseline values. LPS-treated rats were not sigmflg different from vehicle-treated rats in any
variable examined. In LPS- and vehicle-treated satgected to AlH, Pagsignificantly
decreased during hypoxic episodes, with a concudecrease in MAP; no similar changes were
noted in time control rats without AlH.

LPS did not reduce phrenic nerve burst amplitudendthypoxia, nor did it change
frequency at any time during experiments. The stesrh hypoxic phrenic response (the
immediate increase in phrenic nerve amplitude spoase to decreased oxygen) was not
significantly affected by LPS (vehicle: 147 + 46%sbline; LPS-treated: 83 + 15®= 0.261-
test, Fig. B). Baseline phrenic burst frequency was 39 + 2tklmrsn in the vehicle group, 43 +
3 bursts/min in the LPS group, and 43 £ 2 bursisimithe time control group. Similarly, there
were no significant changes in frequency respodadag hypoxia (vehicle: 10.0 £ 2.0
burst/min; LPS: 12.8 + 2.8 bursts/mia= 0.453;t-test) or following AIH (vehicle: 1.0 + 2.0
bursts/min at 60 min post-AlH, LPS: 5.5 £ 2.4 bshstin; time control: -1.9 + 1.6 bursts/min;
data not shown).

Acute LPS significantly diminished pLTF magnitude vehicle controls (vehicle: 67.1 £
27.9% baseliney) = 5; LPS: 3.7 £ 4.2% baseline= 5; Fig. IC; P < 0.001; repeated-measures

two-way ANOVA, Tukey post hoc test). There was igmgicant difference between LPS-
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treated and time control rats (5.1 £ 4.3%6; 5). Thus this low LPS dose (1Q6/kg) abolishes
pLTF shortly after administration (3 h), similargeevious findings with a higher LPS dose (3
mg/kg) (67). Neither this dose (3 mg/kg) nor thiaVmit et al. (67) caused overt sickness
behaviors in rats (increased temperature, lethakjgher LPS doses are used to simulate sepsis,
and overt sickness behaviors can be observed §37, 4
pLTF remainsimpaired 24 h post-LPS.

Because inflammation initiates complex signalingceales that can persist well beyond
3 h, we examined pLTF 24 h post-LPS injection. 8ino significant differences were found in
pLTF among the various time control groups (vehictkeS, ketoprofen, or LPS + ketoprofen),
we combined these groups for further analysis.Hewytrats treated with LPS + ketoprofen
vehicle were combined with the LPS alone groupesketoprofen vehicle had no significant
effects and are referred to as 24 h LPS.

Similar to 3 h post-LPS, only minor differences ebserved in physiological variables
24 h post-LPS (Table 2). There were no significhfierences within or between groups for
temperature, PaGOor pH. LPS-injected rats had higher MAP levelswehicle-injected rats at
baseline, during hypoxia, and after AlH, althougitimer group differed significantly from time
control rats at baseline or post-AlH. LPS-treat&ts also had higher MAP compared with rats
treated with ketoprofen (without LPS) post-AlH. Aleatment groups showed a significant drop
in PaQ and MAP during hypoxia, as expected.

The short-term hypoxic phrenic response was naoiifsigntly altered 24 h post-LPS
(Fig. 2,A andB). There were no significant differences in phremecve burst amplitude during
hypoxia in the vehicle group (104 £ 19%;), ketopro{71 + 3%), 24 h LPS (66 + 8%), or 24 h

LPS + ketoprofen (97 £ 9%JP(> 0.05, one-way ANOVA on ranks). Baseline phrdmcst
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frequency was 44 + 2 bursts/min for time contrd £ 1 bursts/min for 24 h vehicle, 43 + 2
bursts/min for ketoprofen, 47 + 2 bursts/min fortRUPS, 46 + 2 bursts/min for 24 h LPS +
ketoprofen, and 46 + 1 bursts/min for 24 h LPS togeofen vehicle. There was a modest effect
on phrenic burst frequency at 60 min post-AlH 2dost-LPS (data not shown). The change in
phrenic burst frequency post-AlH in vehicle-treatats was 5.9 + 2.3 bursts/mim£ 5),

whereas the 24 h LPS group was —-1.8 + 1.6 burstgfms 9) and time controls were -0.9 £ 1.2
bursts/min § = 15). The change in the vehicle group was sigaifily different vs. LPSH =

0.005) and time controP(= 0.010) groups but not vs. ketoprofen (2.6 tlfufists/minn =

5,P =0.687) or 24 h LPS + ketoprofen (0.4 + 1.4 kairsin,n = 6,P = 0.149) groups (repeated-
measures two-way ANOVA, Tukey post hoc test).

Impaired pLTF persisted 24 h post-LPS, and thisatfivas reversed by pretreatment
with ketoprofen (Fig. €). In vehicle-injected rats (58.3 £ 17.1%3 5) and in rats treated with
ketoprofen (48.1 £ 19.09%,= 5), AlH elicited similar pLTFR = 0.948, repeated-measures two-
way ANOVA, Tukey post hoc test). pLTF was signifitig reduced 24 h post-LPS (3.5 +
4.3%,n=9,P <0.001 vs. vehicl® = 0.004 vs. ketoprofen) and this effect was reaeisy
ketoprofen (55.1 £ 12.3%,= 6;P = 0.999 vs. vehicle? = 0.985 vs. ketoprofer? < 0.001 vs.
LPS) (repeated-measures two-way ANOVA, Tukey posttest).

Peripheral inflammatory gene expression.

Since LPS does not cross the blood-brain barratpperal LPS-induced inflammation
indirectly triggers CNS inflammatory responses2®, 36, 39, 53,55). Thus we assessed splenic
inflammatory gene expression as a marker for systerflammation; the same genes were
assessed in the cervical spinal cord 3 and 24 hURSS. Ketoprofen effects on LPS-induced

changes were evaluated only at 24 h post-LPS.
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A transient increase in all inflammatory genes eixah was evident in the spleen (Fig. 3). Three
hours post-LPSn(= 3), TNFu. (7.5 + 0.2 fold P < 0.001), iNOS (72.6 + 12.3 fol®, < 0.001),
COX-2 (4.4 + 0.2 foldP = 0.013), IL-B (4.6 + 0.1 foldP < 0.001), and IL-6 (19.2 + 3.5
fold, P < 0.001) expressions all significantly increasedrespective vehicle controls. However,
by 24 h post-LPS, mRNA levels for all splenic gehad returned toward baseline values
(TNFo: 1.0 £ 0.1 fold P = 0.995; iNOS: 3.4 £ 1.6 fold® = 0.083; COX-2: 1.1 + 0.1 fol®® =
0.844; IL-18: 1.6 £ 0.4 foldP = 0.943; IL-6: 2.2 £ 0.8 fold? = 0.640). Gene expression 24 h
post-LPS was not significantly altered by ketopnoféNFa 1.2 £ 0.01 foldP = 0.829; iINOS 1.8
+ 0.6 fold,P = 0.233; COX-2 0.8 £ 0.1 fold® = 0.981; IL-B 1.1 + 0.1 foldP = 0.939; IL-6 1.1
+ 0.02 fold,P = 0.956), despite the ability of ketoprofen totoes pLTF.
Cervical spinal gene expression (3 h).

Inflammatory genes were examined in cervical spimaloglia and homogenates post-

LPS (Fig. 4). Only two inflammatory genes exhibigggnificant increases within microglia or
homogenates after LPS: INOS (microglia 16.7 + B.4,0.001n = 8; homogenate 8.9 £ 1B <
0.001,n =8) and COX-2 (microglia 2.8 + 0B= 0.019,n = 7; homogenate 5.1 £+ 1R <
0.001,n = 8) vs. vehicle controls (INOS: microgle= 15, homogenate= 14; COX-2:
microglian = 15, homogenate = 15). There were no significant differences inggexpression
between sample type (microglia vs. homogenatelN@IS or COX-2 (iNOSP = 0.172, COX-
2P =0.087). There were no differences in either dartype vs. vehicle controls after LPI$<
14) for IL-18 (microglia 0.7 £ 0.1 foldP = 0.562n = 8; homogenate 0.8 + 0.3 fold,=
0.884,n=7) or TNFe (microglia 0.9 + 0. > 0.05,n = 7; homogenates 1.7 £ 0B> 0.05,n =
7).

Cervical spinal gene expression (24 h).
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LPS (24 h) had no significant effects on iINOS (ogia: 2.4 £ 0.8° = 0.368n=7;
homogenates 1.5 £ 0BB= 0.557,n = 6), COX-2 (microglia: 1.0 £ 0. =0.978n=7;
homogenates: 2.1 £ 0.B,= 0.473,n = 6), IL-18 (microglia: 0.6 + 0.2P = 0.464n =7,
homogenates: 0.5 £ 0.2,= 0.390,n = 5), or TNF (microglia: 1.6 + 0.4P > 0.05,n =7,
homogenates 1.7 £ 0.B,> 0.05,n = 6) in either sample type vs. vehicle controlg(B).
However, mRNA for INOS (microgli& < 0.001, homogenat&s< 0.001; Fig. ) and COX-2
(microgliaP = 0.024, homogenaté&s= 0.013; Fig. 8) was significantly reduced vs. 3 h LPS
within each sample type, suggesting that inflammyagene expression was returning to
baseline values.

Ketoprofen did not significantly alter gene expressn 24 h post-LPS rat®(> 0.05) in
either sample type for any gene examined (FigNd).did ketoprofen alter gene expression vs.
vehicle controls for INOS (microglia: 2.1 £ 0B = 0.257,n = 8; homogenates: 0.8 + OR =
0.964,n=7), COX-2 (microglia: 0.9 + 0.B = 0.892,n = 8; homogenates: 2.2 + 0B =
0.066,n = 7), IL-1B (microglia: 0.5 £ 0.1P = 0.302,n = 8; homogenates: 0.4 + OR =
0.172,n =5), or TNFe (microglia: 1.9 £ 0.8P > 0.05,n = 8; homogenates: 2.2 + 1R >
0.05,n=7).

Ketoprofen pretreatment did, however, highlightetiénces between sample types
(microglia vs. homogenate) (Fig. 4). Microglia hgreéater INOS gene expression vs.
homogenated(= 0.037), whereas microglia had less COX-2 mRNAwsnogenated(=
0.011). Thus microglia may not be the sole contalsito inflammatory molecules in some

conditions.
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DISCUSSION

Here, we demonstrate that systemic administrati@low dose of LPS impairs AlH-
induced pLTF as early as 3 h post LPS injectioreféect that lasts for at least 24 h. However,
pLTF impairment is accompanied by only transienh&creases in inflammatory gene
expression in the cervical spinal cord. Despitack lof detectable inflammatory gene expression
24 h post-LPS, systemic administration of the nenestlal anti-inflammatory drug ketoprofen (at
21 h) reverses pLTF impairment. We do not yet ktlogvbasis for persistent impairment of
pLTF without increases in measured inflammatoryeuoles. Several possibilities are discussed
below.
LPS asamodel of inflammation.

At low doses, LPS activates TLR4/2 receptors, &rgy levels of inflammation
frequently experienced by humans (62). Since ménical disorders are associated with low-
grade systemic inflammation, low LPS doses mayebe#ipresent low-grade infections or
inflammation and their impact on respiratory pleisyi

In the literature, LPS has been used at a varietipsages and time points to stimulate
systemic inflammation. LPS doses vary from nanogreommilligrams per kilogram (26, 28).
LPS effects include behaviors indicative of illn€s8, 14,22), microglial activation, impaired
memory, and motor function (32, 57, 61, 64,66), emanges in neurotrophic factor expression
(55). The concentration used here is in the lovgeareported for rats (16) and elicits reliable
systemic and CNS inflammation in mice (62, 72).héigLPS doses (50@y/kg or more)
typically cause severe systemic inflammation, segttiock, and fever (34, 59, 71), none of which

were observed in this study.
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Although LPS is often administered systemicallyntduce CNS inflammation, it does
not cross the blood-brain barrier (49, 58). CN%aimimation arises from indirect effects, such as
circulating or vascular endothelial cytokines (tmery inflammatory molecules) that do cross the
blood-brain barrier (49, 58) or neural transmisgmthe CNS via the vagus nerves
(8, 21, 54, 69). Potential molecules crossing tbedybrain barrier to trigger CNS inflammatory
activities include the cytokines we assessed irsgieen (e.g., ILf1 and TNFe) or
prostaglandins produced by perivascular macrophaga®r endothelial cells that line the
blood-brain barrier (9, 23, 36, 39, 53, 55). Howetiee precise mechanism(s) of CNS
inflammation following LPS injection was not a facaf this study.

We confirmed both systemic and CNS inflammatiorekgmining mRNA levels of
selected proinflammatory molecules (iNOS, COX-2 FaNand IL-18). In general, mRNA
changes were similar in the spleen and cervicalasiord. Spleen inflammatory gene
expression was greatest 3 h post-LPS (up to 15Dufickease) but had largely returned to
baseline expression levels by 24 h post-LPS. Wesassl CNS inflammation in cervical spinal
segments associated with the phrenic motor nuct#use cellular mechanisms of pLTF are
localized in this region (3, 5, 27, 38). Cervicpimal inflammation was evident in both isolated
microglia and homogenates.

Although microglia comprise only a small componehthe CNS by volume, they are
the predominant immune cells in the CNS (25). Tseas microglial LPS responses in the
cervical spinal cord, we compared mRNA in spinahbgenates and isolated microglia. Overall,
similar trends to the spleen were observed, wi¢@S and COX-2 mRNA increased 3- to 15-
fold in microglia and homogenates 3 h post-LPSha&digh mRNA levels returned nearly to

baseline by 24 h post-LPS, we do not have inforomatbncerning protein levels for any of the
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molecules assessed. Collectively, our data sudigaisiicroglia are major contributors to
overall changes in inflammatory gene expressiahéncervical spinal cord after LPS; however,
we cannot rule out important contributions fromesthells types, such as astrocytes or neurons.

The time course for increased inflammatory geneeasgioon was shorter than pLTF
impairment. Potential explanations include longHagschanges in the expression of unmeasured
molecules that undermine pLTF. Candidate moledaldsde unmeasured cytokines,
interleukins, interferons, chemokines, or otheryemes that initiate distinct signaling cascades.
Another possibility is that protein levels of a keplecule outlast mMRNA changes (e.g., INOS or
COX-2). A third possibility is that small, persisteslevations in measured molecules were
critical in the mechanism undermining pLTF, althbugpt statistically detectable. For example,
a critical molecule may need to change very littl@ndermine pLTF or, more likely, multiple
small but undetectable increases (1-2 fold) mayne&tcumulative manner, activating a
common downstream target molecule that more dyrécipairs pLTF. All of these possibilities
are consistent with ketoprofen restoration of pLTF.

Unlike our previous study using a high LPS dosg,(&& observed no change in short-
term hypoxic ventilatory response after the low Ld®Se used here (either 3 or 24 h post-LPS).
Since the magnitude of pLTF correlates with the mitage of the hypoxic phrenic response in
rats (4, 20), there was some concern that the degdenypoxic phrenic response indirectly
impaired pLTF in Vinit et al. (67). Since the hypoyhrenic response was not affected here, yet
pLTF was nevertheless abolished, potential indieffeicts are ruled out. Collectively, the data
presented here are consistent with the conclub@inet low-grade systemic inflammation

suppresses pLTF in rats.
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Ketoprofen is a general anti-inflammatory drug usecke to confirm that LPS
undermines pLTF by inducing inflammatidgenantiomers of ketoprofen inhibit COX-1 and
COX-2 at low doses and MB at higher doses (13, 73). Ketoprofen inhibitshbot
cyclooxygenase and lipoxygenase pathways for aitanigé acid metabolism, thereby inhibiting
synthesis of prostaglandins and leukotrienes {é&foprofen has been given at doses ranging
from 100ug/kg to 50 mg/kg via multiple routes of adminisivat(11, 12, 44, 47). The
ketoprofen dose used here was moderately high,mgatkunclear if its effects were on COX-2
or NFB. Ketoprofen did not reduce expression of anyaminatory molecules examined,;
however, we cannot rule out effects of ketoproferpmteins or other inflammatory molecules
not examined. Regardless, our results suggesatlaiy-lasting, ketoprofen-sensitive molecule
significantly impacts AlH-induced pLTF.

The rapid effects of ketoprofen (3 h) in restomig F may implicate COX-2 and
prostaglandin synthesis in the impairment of pLTRese rapid effects are more easily explained
by inhibition of COX-2 enzymatic activity (vs. itition of NF«B regulated gene expression).
Other studies demonstrate that CNS effects of loadg systemic inflammation can be
dependent on prostaglandins and COX activity (8dyitional studies are necessary to test this
idea.

In conclusion, we are only beginning to understédradprofound impact of inflammation
on respiratory plasticity. The present study higjmis the impact of even low-grade systemic
inflammation on an important model of respiratolgsticity, AlH-induced pLTF. Further, we
provide evidence that microglia, and perhaps ofti¢® cells, may generate the (as yet

unknown) inflammatory molecules that undermine pLTF
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Figure Legend 1
Systemic inflammation (3 h) induced by LPS (1@@kg ip) significantly reduced acute
intermittent hypoxia (AlIH)-induced phrenic long#tefacilitation (pLTF).A: representative
integrated phrenic neurograms from anesthetizedd@ing the AIH (3 x 5 min hypoxia: Hx1,
Hx2, Hx3) protocol for a vehicle-injected (salinep trace), or LPS-injected (middle trace), or
time control (no AlIH, bottom trace) rats. Black ded line indicates baseline phrenic amplitude
in each trace. Development of pLTF is evident psogressive increase in phrenic nerve
amplitude over 60 min in the vehicle-injected arirBano change in the short-term hypoxia
response was evider@: group data for vehicle-injected Alkh € 5), LPS-injected AIH{ = 5),
and time controlr{ = 5) demonstrating a significant reduction in thagnitude of pLTF 60 min
post-AlH in LPS treated and time control rats (P« 0.001 repeated-measures two-way

ANOVA, Tukey post hoc test).
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FIGURE 2
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Figure Legend 2
Systemic inflammation (24 h) induced by LPS (1@@kg ip) did not alter the short-term
hypoxia response, significantly reduced AlH-indupéd F, but pLTF was restored with the
anti-inflammatory drug ketoprofen (12.5 mg/kg iph)3A: representative integrated phrenic
neurograms from anesthetized rats during the Al §3min hypoxia) protocol for vehicle-
injected (saline, top trace), LPS-injected (sedovade), LPS + ketoprofen-injected (third trace),
and time control (no AlH, bottom trace) rats. Blatdshed line indicates baseline phrenic
amplitude in each trace. Development of pLTF wadet as a progressive increase in phrenic
nerve amplitude over 60 miB: no change in the short-term hypoxia responseewient.C:
group data showing pLTF for vehicle-injected<5) and ketoprofen-injected € 6) rats with
AlH, and a reduction in pLTF in rats injected WitRS (1 = 9). The appearance of pLTF was
restored in rats injected with LPS and after tremttwith ketoprofenn(= 6). There was no
increase in phrenic nerve amplitude in time contatd 6 = 15). (***P< 0.001, **P < 0.01

indicates significant difference from vehicle, katofen, and 24 h LPS + ketoprofen).
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Figure Legend 3
Systemic inflammation induced by LPS (1@§'kg ip) caused a transient increase in
inflammatory gene expression in the spleen. LPIS) (aused a significant increase in all
inflammatory genes(= 3) examined compared with the respective veluaterol g = 4) but
returned to baseline levels by 24rh=3) and was not altered with ketoprofer=(2) (*P <

0.001 different from all other treatment groups).
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Figure Legend 4
Systemic inflammation evoked by LPS (10§/kg ip) caused transient and differential changes
in inflammatory gene expression in isolated midga@black bars) and homogenates (gray bars)
from the cervical spinal cord:treatment with LPS (3 h) increased mRNA for INO$hpared
with vehicle (microglian = 15, homogenates= 14) in both microgliar{= 8) and homogenate
(n = 8) samples. Expression of INOS was reduced Rdsk-LPS (microglian =7,
homogenater = 6) compared with 3 h post-LPS in both samples$yiput was not changed
relative to vehicle. After ketoprofen (12.5 mg/lxg 8 h), microglia had greater iINOS gene
expressionr{ = 8) compared with homogenates<7).B: treatment with LPS (3 h) increased
COX-2 mRNA in both microgliar(= 7) and homogenate € 8) compared with vehicle
(microglian = 15, homogenates= 15), but was reduced 24 h post-LPS. LPS (24dmea
(microglian = 7, homogenatas= 6) or with ketoprofen (microglia= 8, homogenatas= 7)
did not alter COX-2 mRNA in either microglia or hogenates compared with vehicle. After
ketoprofen treatment, microglia had less COX-2 mRidmpared with homogenates. LPS
treatment (3 or 24 h) had no effect on gene exfmessr TNFo (C) or IL-18 (D). **P < 0.01,
*** P < 0.001, significant difference from vehicle; @@ 0.01, @@ @ < 0.001, significant
difference from 3 h LPS;R#< 0.05, significant difference between microglm daomogenate

samples.
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TABLE 1
Temperature Pa(G PaCO, pH MAP
Treatment
Time Mean | SE Mean SE Mean| SH Mearn SE Mean SE
Group
3 h Time
37.5 0.1 351.8 6.7 458 1|3 7.362 0.008 1325 (3.9
control
Baseline
3 h Vehicle 37.7 0.1 331.25 1441 476 1.4 7.356 00©/,0128.2| 2.8
3hLPS 37.5 0.3] 351.7 3.7 470 0.7 7.353 0.013 .41253.9
3 h Time
37.5 0.1 349.4 74| 458 | 1.8/ 7.360 0.008 1376 3.8
control
Hx
3 h Vehicle 37.4 0.1 38.5 27| 485 | 1.0/ 7.333 0.008 87.3 51
3hLPS 37.3 0.2 41.5 26| 489 | 1.0/ 7.336 0.010 756 9.1
3 hTime
37.7 | 0.02| 347.4 3.7 454 1|7 7.375 0.008 130.1°[2.8
control
60 min )
3 h Vehicle 37.8 0.1 312.8 20°4 48.4 | 1.3| 7.3659 0.016 1176 6|2
3hLPS 37.8 0.1 317.4 9| 47.1 | 09| 7.364 0.022 1119 3|7

e Temperatures are in °C; Pg®aCQ, and MAP are in mmHg. There were no

significant differences within or between groupsemperature, PaGQOor pH.

« aP <0.001, significant difference from all other loypa (Hx) groups.

e b P <0.05, significant difference from time controklwn 60 min.

e bbP <0.01, significant difference from time contrakkin 60 min.

e CcP <0.001, significant difference from all other kit group.

« dP <0.001, significant difference from all other gps in Hx.

o eP <0.05, significant difference from LPS.
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Table Legend 1
Physiological parameters for Sprague-Dawley rattdielectrophysiological experiments after

3 hof LPS
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TABLE 2

Temperature PaG, PaCO, pH MAP

Time Treatment Group Mean | SE | Mean| SE| Mean| SH Mean K | Mean SE

Baseline 24 h Time control 37.5 02 3357 1.4 4%09| 7.334| 0.011 130.6 6.0

24 h Vehicle 37.4 0.3 3274 12|12 47/4 1.6 7.351 1401155 8%
Ketoprofen 37.7 0.1 328.4 11}4 440 1.1 7.365 0.0180.6 4.0

24 h LPS 37.6 0.2 325 11|13 45P 0.4 7.334 0.007 .8149 9.8

24 h LPS +

37.4 0.2 326 85 46.4 13 7.3165 0.012 143.4 8.9

ketoprofen

24 h LPS +

_ 37.6 0.2| 3425 7.6 463 20 7.324 0.022 1409 1p.9
ketoprofen vehicle

Hx 24 h Time control 37.5| 0.2 336)7 8.8 457 | 1.0/ 7.334/ 0.012 129/6 B.2
24 h Vehicle 374| 03 379 29 478 | 13| 7.351] 0.014 75.3 20&%
Ketoprofen 376 | 01 394 P7 458 | 2.0 7.365 0016 57.7 8%
24 h LPS 376 | 02 397 21 478 | 0.3] 7.334| 0.008 1110 18.0
24 h LPS +
37.4 | 02| 39.3| 1P| 479 | 1.6/ 7.317| 0.01p 88.1 1b.6
ketoprofen
24 h LPS +
, 37.4 | 0.1| 42.8| 0| 448 | 2.0/ 7.324/ 0.022 828 217
ketoprofen vehicle
60 min 24 h Time control 37.4| 0.2 3343 63 49880.7.372| 0.011 1265 6.2
24 h Vehicle 372| 03 3260 90 488 10 7.351 DPULO56| 7.7
Ketoprofen 377 | 01 3222 6.1 448 14 7.380 0.p2229| 838
24 h LPS 376 | 02 3196 80 458 06 7.361 0.0125214 9.7
24 h LPS +
374 | 0.1| 319.2 111 465 1/4 7.360 0.011 1342 102
ketoprofen
24 h LPS +

37.6 0.1| 3105 89 46.4 18 7.375 0.017 133.8 1p.1

ketoprofen vehicle
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Table Legend 2
Physiological parameters for Sprague-Dawley ratsdielectrophysiological experiments 24 h

after LPS

Temperatures are in °C; Pg®aCQ, and MAP are in mmHg. There were no

significant differences in temperature, PaC@ pH.
« aP <0.001, significant difference from all other igroups.
« bP<0.001, significant difference from other timangs within group.
e CP <0.05, significant difference from baseline witlgroup.

« dP <0.05, significant difference from 24 h LPS.
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APPENDIX 2

INTERMITTENT HYPOXIA-INDUCED SPINAL INFLAMMATION IM PAIRS
RESPIRATORY MOTOR PLASTICITY BY A SPINAL P38 MAP KI NASE-

DEPENDENT MECHANISM

A.G. Huxtable, S.M.C. Smith, T.J. Peterson, J.Jtte¥aand G. S. Mitchell
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ABSTRACT
Rationale: Inflammation is present in almost every disordeallenging the respiratory system
and may compromise respiratory motor plasticity femmng adaptability to the system. One
frequently studied model of spinal, respiratory angtlasticity is phrenic long-term facilitation
(pLTF), a long-lasting increase in phrenic mototpo following acute intermittent hypoxia
(AIH; 3, 5 min hypoxic episodes).
Objectives. To determine the effect of one night of intermittérypoxia on pLTF and spinal
inflammation.
Methods: Rats were exposed to intermittent hypoxia (2 mypdxia, 2 min normoxia; 8 hours)
or normoxia and allowed 16 hours recovery (IH-1).
Measurements and Main Results: IH-1 abolished pLTF (IH-1: <#5%; normoxic controls:
56+10%; n=6, p<0.001) and transiently increased I1-&#0.2 fold change, n=5, p=0.017) and
INOS (2.4:0.4 fold change, n=6, p=0.010) mRNA in cervical nghi homogenates,
demonstrating spinal inflammation. IH-1 also eé&dita sustained increase in IL-13 mMRNA
(2.4£0.2 fold change, n=5, p<0.001) in immunomagnetyceblated cervical spinal microglia.
After IH-1, pLTF was restored by systemic admirastn of the non-steroidal anti-inflammatory
drug ketoprofen (5% baseline, n=6, p<0.001) or spinal p38 MAPK iitioh (58t2%, n=7,
p<0.001). Increased immunofluorescent labeling ladgphorylated (activated) p38 MAPK was
evident in identified phrenic motoneurons and agljenicroglia.
Conclusions. IH-1 induces spinal inflammation and impairs pLAya spinal p38 MAP kinase-
dependent mechanism and this kinase is likely adkelgestrator impairing pLTF. By targeting

inflammation, we may develop strategies to maniguleespiratory motor plasticity for
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therapeutic advantage in conditions where the ragpy system is compromised (e.g.

obstructive sleep apnea, apnea of prematurityaspord injury).
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INTRODUCTION
Inflammation is prevalent in many clinical disorglghat challenge ventilatory control,
including obstructive sleep apnea (OSA), apnea@igturity, neurodegenerative disorders (e.g.
Amyotrophic Lateral Sclerosis), and spinal cordirgj Nevertheless, we know little concerning

interactions between inflammation and any aspetieheural control of breathing (1).

Systemic inflammation has a major impact on cemelous system (CNS) function,
including neuroplasticity (1-3). However, the impaxf inflammation on neuroplasticity is
complex. In some instances, inflammation initigiesticity, such as in the spinal dorsal horn
where it elicits allodynia (4) and involves complexil-cell interactions between microglia and
sensory neurons (5). Similarly, chronic sustainggolia elicits inflammation and sensory
plasticity in carotid chemoreceptors, enhancingaxypsensitivity (6). In contrast, inflammation
inhibits plasticity in other regions of the CNS,clunding activity-dependent hippocampal
synaptic plasticity (7) and spinal instrumentalrféag (8). We know comparatively little about

the impact of systemic inflammation on CNS mechasisf ventilatory control (1, 9, 10).

We previously demonstrated that systemic inflanmmainduced by a low dose of
lipopolysaccharide (LPS) profoundly inhibits phremong-term facilitation (pLTF), a form of
spinal respiratory motor plasticity elicited by &euntermittent hypoxia (AIH), and causes
transient cervical spinal inflammation (10). Thenrsteroidal anti-inflammatory drug ketoprofen
restored pLTF (10), highlighting the critical impaaf low level inflammation on respiratory
plasticity. Here, we study a unique model of infltaation caused by short, repetitive bouts of
nocturnal intermittent hypoxia (8 hours, 16 howsavery, IH-1). This IH-1 protocol mimics

some aspects of the intermittent hypoxia experi@rinea single night of OSA, but without
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comorbidities (e.g. obesity, cardiovascular proldeifil) and the severity of hypoxic episodes
are tightly controlled. A similar 12 hour IH expeosucaused inflammation in the cortex and
hippocampus (12, 13). Our goal was to determirielit elicits spinal inflammation and if this

inflammation impairs AlH-induced pLTF.

Respiratory plasticity has potential to both siabil(14), and destabilize breathing (15).
The specific impact of respiratory plasticity magpend on the duration of intermittent hypoxia,
the site of respiratory plasticity and the extenhtermittent hypoxia-induced inflammation. It is
not yet known whether inflammation acts to stabilor destabilize breathing through its impact
on respiratory plasticity. The present study i®wg #rst step towards understanding the impact of
inflammation on respiratory plasticity, and its @otial consequences in clinical disorders that

compromise breathing capacity or stability (e.gvioal spinal injury, ALS, OSA, and others).
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METHODS

All experiments were approved by the Animal Card Bise Committee at the School of
Veterinary Medicine, University of Wisconsin — Madn and conformed to policies laid out by
the National Institutes of Health in th@®uide for the Care and Use of Laboratory Animals.
Experiments were performed on 3-4 month old Hanteale Sprague Dawley rats (colony 211,
300-450 g). Rats were housed under standard consljtivith food and watead libitum and a
12-hour light/dark cycle.
Experimental Groups

Rats were individually placed in cylindrical, Plghkis exposure chambers for 8 hours
with ClearHO® hydrogel (Portland, ME) for nutrition and hydratialuring exposures. Gas
flow through the chambers was maintained at 4 L/mias regulated by mass flow controllers
(Teledyne, Hastings Instruments, Hampton, VA) vatbustomized computer program (National
Instruments, LabVIEW! 2009, Service Pack 1, version 9.0.1, Austin, TXstomized by B.
Wathen) and was continuously measured with regpyragas analyzers (Gemini, CWE, Inc.,
Ardmore, PA). Rats were exposed to either inteenitthypoxia (2 min of 10.5% £2 min
normoxic intervals) or continuous normoxia (21%).CExposures occurred the day prior to
electrophysiology experiments, mRNA analysis or imahistochemistry (see below). In some
cases, they were sacrificed and taken immediatelynRNA analysis (as indicated).

In the first study investigating IH-1 effects ohTg-, rats were assigned to three groups:
1) Normoxia (Nx, n=6); 2) IH-1 (n=6); and 3) Timerndrols (4 Nx, 2 IH-1; total n=6). In
subsequent neurophysiological studies, rats redeimgraperitoneal injections of the non-
steroidal anti-inflammatory drug, ketoprofen (($)-Ketoprofen, keto, 12.5 mg/kg; Sigma

Chemical Company, St. Louis, MO) or vehicle (ve@%bethanol and saline, 1Q0/kg) and
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were divided among three groups: 1) Nx + keto (n2y)H-1 + keto (n=6); or 3) Time control +
keto (3 Nx, 3 IH-1, total n=6). In the final expmental series, rats were instrumented with
intrathecal catheters at spinal segmentf@ delivery of a p38 MAP kinase inhibitor (SB
202190, 1 mM, p38 inhib; Tocris Bioscience, Minneléggg MN) as described previously (16,
17). SB 202190 or vehicle (artificial cerebrospifiaid) was given 2ul/30 sec to a total of 12I,
15 min prior to AIH. These rats were divided intg®ups: 1) Nx + veh (n=9); 2) IH-1+ veh
(n=6); 3) Time control + veh (6 Nx, 2 IH-1; totak8); 4) Nx + p38 inhib (n=7); 5) IH-1 + p38
inhib (n=7); 6) Time control + p38 inhib (3 Nx, B1; total n=5).
pLTF Measurement

The experimental protocol to assess pLTF has bescritbed in detail previously (10, 16,
18). In anesthetized, paralyzed, vagotomized amdppventilated rats, integrated phrenic nerve
activity was recorded. Stable baseline activity wdsained (>30min) and an arterial blood
sample was taken to assess,PRCQ, pH and base excess using a blood gas analyzer (AB
800, Radiometer, Copenhagen, Denmark). After hasetionditions were established, AIH
consisting of 3 hypoxic episodes (5 min duratiori,06% 0O2) separated by 5 min of normoxia
was initiated. Blood samples were taken duringfitls¢ hypoxic episode, and 15, 30, 60 and 90
min post-AlH. Data were included in analyses offlthey complied with the following criteria:
1) PaQ during baseline and post-AlH was >180 mmHg; 2) Pd@ing hypoxic episodes was
between 35 to 45 mmHg; 3) Pag@mained within 1.5 mmHg of baseline throughoet plost-
AIH period. Integrated phrenic nerve amplitude veamluated for 1 min before each blood
sample. Upon completion of experiments, rats watkamized with an overdose of urethane.

Inflammatory Gene Expression
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Sample preparation. Rats were anesthetized with isoflurane and tradsdly perfused with ice-

cold phosphate-buffered saline (PBS). Tissue fremvical spinal cords (§Ces) was removed,
homogenized, and used for quantitative PCR ana(peieafter referred to as “homogenates”).
Microglial isolations were performed as previougscribed (10, 19, 20). CD11bells isolated
with this method are referred to as "microglia.'uRs Tissue Dissociation Kit, anti-PE magnetic
beads, and MS columns were purchased from MiltBrgtech (Germany).

Reverse Transcription. Total RNA was isolated using the TRI-reagent (Sig@hemical

Company, St. Louis, MO) and first-strand cDNA waatkesized from Lg of total RNA using
M-MLV Reverse Transcriptase (Invitrogen, Carlsb@d) and an oligo(dT)/random hexamer
cocktail (Promega, Madison, WI). The cDNA was thesed for quantitative RT-PCR using
SYBR Green PCR Master Mix (Applied Biosystems, €laald, CA).

Quantitative PCR. Amplified cDNA was measured by fluorescence in 4téak using the ABI

7500 Fast Real-Time PCR System (Applied Biosysteifisg¢ following primer sequences were
used for quantitative PCR:

IL-1B - 5' CTG CAG ATG CAATGG AAAGA; 5" TTGCTT CCAAG CAGACTTT

IL-6 - 5" GTG GCT AAG GAC CAA GAC CA; 5'GGT TTG GB AGT AGA CCT CA

TNF-a - 5' TCC ATG GCC CAG ACCCTCACAC; 5 TCCGCT TG&G TTT GCT ACG
iINOS- 5' AGG GAG TGT TGT TCC AGG TG; 5' TCT GCA GGIGT CTT GAA CG
COX-2-5'TGT TCC AAC CCATGT CAA AA; 5'CGT AGA AT CAG TCC GGG TA

18s- 5" CGG GTG CTC TTA GCT GAG TGT CCC G; 3' CT@G CCT GCT TTG AAC AC

All primers were designed (using Primer3 softwate) span introns where possible and

specificity was assessed through NCBI BLAST. Disstian curves had a single peak with an
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observed T, consistent with the intended amplicon sequencesel efficiency was calculated
through serial dilutions and construction of a d&d curve.

Phrenic motoneuron back-labeling and tissue collen

A separate group of rats were bilaterally, intrapddly injected with cholera toxin b-
subunit (25 pg/side, Calbiochem, Billerica, MA) retrogradely label phrenic motoneurons as
described previously (21-26). Three days laters vaere exposed to IH-1 (n=6) or normoxia
(n=6) and 20 hours later were transcardially pedusith cold phosphate buffered saline (PBS,
0.01 M, pH 7.4, Thermo Fisher Scientific, Walthakhd) followed by 4% paraformaldehyde
(PFA, Thermo Fisher Scientific, Waltham, MA). Aftperfusion, brains and spinal cords were
immersion-fixed in 4% PFA in 0.01 M PBS overnight4d C, then saturated in 20% and 30%
sucrose at 4°C.
Immunofluorescence

The cervical spinal cord ¢8Cs) was cut into 40 um sections using a freezing obiene
(Leica, SM 2000 R). Free-floating sections were healsand non-specific binding sites were
blocked (1 hr) with 1% bovine serum albumin (BSAgsRarch Products International
Corporation, Mount Prospect, IL). Tissue sectiomesenncubated in the following antibodies (16
hrs, room temperature, 0.1% BSA): phospho-p38 MARMibody (rabbit, 1:250, Cell
Signaling, Danvers, MA), anti-cholera toxin B (go&t5000, Calbiochem, Billerica, MA) and
CD11b (mouse, 1:200, AbD Serotec, Raleigh, NC). fbilewing day, tissues were washed and
incubated in the respective secondary antibodiebrg2 room temperature): AlexaFluor 488
donkey anti-rabbit (DAR, 1:500, Invitrogen, Grarglahd, NY), AlexaFluor 647 donkey anti-
goat (DAG, 1:1000, Invitrogen, Grand Island, NYhdaAlexaFluor 594 donkey anti-mouse

(DAM, 1:1000, Invitrogen, Grand Island, NY). Sectsowere washed and mounted with anti-
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fade solution (ProLong Gold anti-fade reagent, thegen, Grand Island, NY). Negative controls
were run concurrently to ensure specific labelidg.staining was evident in any of the control
tissue sections.

Image processing. All immunofluorescent images (1024 x 1024 pixelgrevviewed using a

Nikon C1 laser scanning confocal microscope withhlda strobing in the Nikon EZ-C1 Gold

(Version 3.80) confocal imaging software (2 um stegements for z stacks). All image pairs
(IH-1 vs. Nx sections) were adjusted identically ¢ontrast and brightness in the Nikon EZ-C1
FreeViewer Gold software.

Data Analysis

Electrophysiology. Physiological variables and peak amplitude of iraegfd phrenic nerve

activity was averaged for 30 bursts for baselinging) the short-term hypoxic response (within a
hypoxic episode), and at 60 and/or 90 min post-ATiHanges in phrenic nerve burst amplitude
were normalized to baseline values and expressagascent change from baseline.

Statistical comparisons for short-term hypoxic merses were made for minute two of
the first hypoxic episode with a t-test or One-WsYyOVA on Ranks (p38 MAPK data). An
ANOVA on Ranks was used for the p38 MAPK data sitteese data failed normality/equal
variance.

Statistical comparisons for changes in phrenictamgplitude post-AlH were made using
a Two-Way ANOVA with a repeated measures design Eister LSDpost-hoc tests (Sigma
Stat version 11, Systat Software, San Jose, CAffeflences were considered significant if

p<0.05. All values are expressed as means + 1 SEM.
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Gene Expression. Gene expression data were analyzed based on aeekiandard curve

method, as previously described (10, 27). Staissgnificance was determined for each gene
by a One-Way ANOVA with Fisher LSIpost-hoc test for individual comparisons (Sigma Stat
version 11, Systat Software, San Jose, CA). Diffees were considered significant if p<0.05.

All values are expressed as the mean + 1 SEM.
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RESULTS

IH-1 abolishes AlH-induced pLTF

IH-1 pretreatment had no significant effect on lolgowessure, body temperature, or blood
gases (Table 1). As expected, decreased inspirggenxsignificantly decreased Pa@H, and
mean arterial pressure in both normoxic and IH-&-tpeated groups versus time controls.
However, time controls did have a slightly lower pH60 min versus the IH-1 and normoxia
groups. IH-1 also had no effect on the magnitudinefshort-term hypoxic phrenic response (Fig
1A, B, D).

Normoxia pre-treated rats exhibited normal pLTFneid post-AlH (p<0.001, Fig 1A),
whereas pLTF was not evident IH-1 pre-treatment0(p&6, Fig 1B). Further, there was no
apparent pLTF in time control rats (no AIH) preated with IH-1 or normoxia (p=0.320, Fig
1C). At 60 min, phrenic nerve amplitudes in Nx +HHAlreated rats were significantly greater
than IH-1 + AIH treated rats (p<0.001) and time teolnrats (p<0.001), while there was no
significant difference between IH-1 + AIH and tirentrol rats (p=0.336).

IH-1 elicits cervical spinal inflammation

To examine whether IH-1 induced spinal inflammatiorilammatory gene expression
was assessed in cervical spinal cord homogenategranunomagnetically isolated microglia.
In homogenates, IH-1 increased INOS mRNA above pgrncontrols (p=0.010; Fig 2A). In
microglia, IL-13 mMRNA was increased (p<0.001) versus normoxic otsifFig 2B). No other
genes examined (IL-6, TN and COX-2) were significantly changed in eithemwogenates or
microglia (p>0.05, Fig 2).

Since the inflammatory response is dynamic, inflatory gene expression was also

examined in homogenates and microglia immediatlpwing the 8 hour IH exposure. At this
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earlier time point in homogenates, IL-6 mMRNA wagnsicantly greater than IL-6 gene
expression the next day (i.e. IH-1; p=0.017), butas not significantly different from normoxic
controls (p=0.07). Thus, there is a transient,ygadrease in IL-6 mMRNA that returned to control
levels the next day (Fig 2A). In microglia, Il31gene expression was significantly increased
after 8 hours of IH (p<0.001) versus normoxic colstrand was maintained until the next day.
There was no significant difference between LfiRNA immediately following 8 hours of IH
and IH-1 (p=0.753). Homogenate INOS gene expresaias not significantly different from
normoxic controls (p=0.624) at this early time ppibut there was a small, yet significant
reduction in INOS gene expression versus IH-1 (@88), suggesting small, dynamic changes in
INOS gene expression after 8 hours of IH.

Ketoprofen restores pLTF after IH-1

We hypothesized that systemic administration of mlo@-steroidal anti-inflammatory
drug, ketoprofen, would restore pLTF by reducingtsgic inflammation. Rats were divided
into three groups where they were exposed to noiamax IH-1, and ketoprofen was
administered 3 hours prior to beginning AIH protiscdwo groups received AIH: Nx + keto
and IH-1 + keto. The third group was a time conandl did not receive AIH (time control +
keto; 3 Nx, 3 IH-1). There was no significant diface between these three groups for body
temperature (p=0.514). As expected, AIH causedifgignt reductions in PaDand mean
arterial pressure during hypoxic episodes versssllie (p<0.001). There was also a significant
reduction in arterial pH in the IH-1 + keto grouprithg hypoxia versus 60 min post-AlH
(p=0.001). Pa®in the Nx + keto group did not fully recover toskéne levels 60 min post-AlH
(p=0.002); it was significantly different from IH-t keto (p=0.004) and time control + keto

(p=0.001) at 60 min post-AlIH. However, since Ra@s >180 mmHg at all times, we do not



379
believe this Pa®fluctuation affected our results. Pag®as also significantly higher at 60 min
post-AlH for the IH-1 + keto group versus basel(pe0.038), and during hypoxia (p=0.002),
but it was not different from the other groups lat tsame time point, reflecting higher group
variability and remained within acceptable levalsq Methods).

Ketoprofen (12.5 mg/kg, i.p., 3 hours prior to AlkBstored pLTF (Fig 3) and had no
significant effects on the short-term hypoxic plhceresponse between Nx + keto and IH-1 +
keto treated animals (p=0.215, t-test, Fig 3D).#Nxeto treated rats exhibited normal pLTF (Fig
3A, E: p<0.001) that was significantly greater ththe time control + keto group (p=0.003),
which did not exhibit significant changes in pheefiurst amplitude over the course of an
experiment (Fig 3E). IH-1 + keto rats exhibitedrsiigant AlH-induced pLTF (p<0.001), and
this effect was not different from the Nx + ketmgp (p=0.221). pLTF in the IH-1 + keto group
was significantly greater than the time controletckgroup (p<0.001; Fig 3E).

Spinal p38 MAPK inhibition restores pLTF after IH-1

We next tested the role of spinal p38 MAPK in pLihfpairment following IH-1. We
targeted p38 MAPK since it is an enzyme activatgdnbltiple pro-inflammatory molecules that
can subsequently trigger additional inflammationtrdthecal application of the p38 MAPK
inhibitor (SB 202190, 1 mM) caused no immediateralion in phrenic burst amplitude or other
physiological variables.

As expected, PaQpH and mean arterial pressure were affected lppXig during AlH
(p<0.001). Body temperature in the Nx + veh (p<p.@dd IH-1 + veh (p<0.01) groups
significantly decreased during hypoxia, but retdrite baseline values by the end of the
experiments. Small PaQ@ariations beyond those hypoxic episodes occulretiPa@ remained

>180 mmHg in all cases. Differences in pH and nmegéerial pressure were also evident in some
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groups, but remained above acceptable levels (stkdds). These changes were observed in all
treatment groups and likely reflect time-dependdatinges in this experimental preparation.

Spinal p38 MAPK inhibition did not affect the shderm hypoxic phrenic response, but
restored pLTF in IH-1 pre-treated rats (Fig 4). Tlypoxic response magnitude was not different
between any AIH treated groups (p=0.948; Fig 4[pjn& p38 inhibition did not affect pLTF in
normoxia pre-treated rats (Fig 4A, E). Nx + veh &hd+ p38 inhib treated rats both exhibited
significant pLTF (p<0.001) 60 min (data not shovanyl 90 min post-AlH (Fig 4E) and were not
different from each other at either time point (6: p=0.382 and 90 min: p=0.266). Spinal p38
MAPK inhibition significantly enhanced pLTF in IH-fire-treated rats (both p<0.001, Fig 4B,
E). This pLTF was significantly greater than timentrol + veh (60 min: p=0.029; 90 min:
p=0.008) and time control + p38 inhib rats (60 nEn0.003, 90 min: p<0.001). With IH-1 + p38
MAPK inhibition, AlH-induced pLTF was significantlgreater than in IH-1 + veh at 60 min
(p=0.046) and 90 min (p=0.018) post-AlH, but was significantly greater than in Nx + veh (60
min: p=0.890; 90 min; p=0.289) or Nx + p38 pre-tegarats (60 min: p=0.487, 90 min:
p=0.289). In contrast, IH-1 + veh rats did not eg3rsignificant pLTF at 60 min or 90 min.

Increased phosphorylated p38 MAPK protein levels ilTmotoneurons and microglia

Since spinal p38 MAPK inhibition restores pLTF aftél-1, we evaluated dually
phosphorylated (activated) p38 MAPK expressionrattel via immunofluorescence. At low
magnification (20X), some phospho-p38 MAPK positegls were appreciated in normoxia
treated rats that co-localized with both CholeraiiioB labeled phrenic motoneurons and
CD11b (used to identify microglia) of thesCs ventral horn (Fig 5A, top). After IH-1,
gualitatively more phrenic motoneurons and adjacetroglia were visibly positive for

phospho-p38 MAPK, and the intensity of staininghmitindividual cells appeared increased (Fig
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5A, bottom). This difference between normoxia artd-1l is more evident in higher
magnification images of the phrenic motor nucleegion (100X, Fig 5B; from boxed region in

Fig 5A). This immunofluorescence analysis suggestsIH-1 increased activated p38 MAPK in

both microglia and identified phrenic motoneurons.
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DISCUSSION

Although inflammation is prominent in nearly alliratal disorders, little is known
concerning how inflammation alters the neural cantf breathing. Here, we studied a novel
inflammatory stimulus induced by 8 hours of nocalrimtermittent hypoxia. We demonstrate
that even one “night” of intermittent hypoxia eticispinal inflammation that undermines AlH-
induced pLTF. One key molecule in pLTF impairmest p38 MAPK. This is the first
demonstration of a physiologically relevant stinsul@iH-1) impairing respiratory motor
plasticity because of spinal inflammation. Furthérs is the first demonstration that spinal p38
MAPK is a critical link between inflammation and PE impairment. Thus, p38 MAPK is a
molecule of considerable interest as modest prégamfointermittent hypoxia have considerable
promise as a treatment for diverse clinical distgdleat impair movement (e.g. spinal injury and
ALS; (28)).

The surprising results presented here have profouptications concerning the potential
impact of even one night of sleep apnea, partiuiarindividuals with sub-clinical OSA. In
such individuals, exacerbating factors such ashalcoonsumption or acute respiratory infection
may tip the balance, leading to a night of obstomst and sleep apnea. Based on our results,
even transient OSA may trigger inflammation, undamg mechanisms of compensation (e.g.
pLTF or LTF in upper airway motor pools). The résukhy be a positive feedback loop, where
one night of OSA leads to the next. This conceptaghy of additional investigation.

The IH-1 protocol used here differs from other pomis of chronic intermittent hypoxia
(CIH). CIH enhances carotid body hypoxic sens§ii29-32), but these CIH protocols were
considerably longer in duration than IH-1. Althoutdjle extent of carotid body inflammation is

not known in either the earlier studies using CiHroour study after IH-1, it is possible that
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CIH elicits qualitatively different or greater sgstic inflammation than IH-1, thereby increasing
carotid body sensitivity and increasing the hypoxentilatory response. The lack of change in
the short-term hypoxic response following IH-1 ansistent with the hypothesis that IH-1 is not
sufficient to elicit such profound carotid body gtiaity.

Differences in the type or magnitude of inflammatioduced by CIH versus IH-1 may
also account for differences in the effect of intgtent hypoxia pre-conditioning on AlH-
induced pLTF. Longer CIH protocols (5 min hypoxmsodes, 5 min intervals, 12 hours/day, 7
days, during the active period) that enhance pL33 éand ventilatory LTF (34, 35) may be due
to differences in inflammatory signaling molecul@sincreased expression of trophic factors
known to promote respiratory plasticity (22, 25,).3Bfter IH-1, the negative effects of
inflammation may predominate, disturbing criticelafures of the respiratory control system,
including respiratory motor plasticity. The preseraf absence of respiratory plasticity after
prolonged intermittent hypoxia may be determinedthg duration of intermittent hypoxia
exposure, diurnal variation of episodes, statehefihflammatory cascade, expression of pro-
plasticity molecules (e.g. growth/trophic factoris) other as yet undetermined factors (15).

A fundamental understanding of the mechanisms tingermine AlH-induced motor
plasticity is of considerable interest to many icih disorders. For example, repetitive (low
dose) intermittent hypoxia has been therapeutiaadd to restore respiratory motor function in
rodent models of cervical spinal injury (23) and3I(37), as well as in humans with chronic,
incomplete spinal injuries (38). Similarly, theragie intermittent hypoxia is restorative for non-
respiratory motor functions, such as leg streng8) and walking (23, 40) in both rodent models
and humans with chronic, incomplete, spinal ingtri®ince patients with spinal injury and ALS

are prone to systemic infections and inflammatinflammation may undermine the therapeutic
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efficacy of low dose intermittent hypoxia. Here, mave begun to elucidate the means of
counter-acting inflammation and its impact on Althuiced motor plasticity. This knowledge
may be of considerable benefit in using low dostermittent hypoxia as a therapeutic
intervention in the future.

Systemic treatment with ketoprofen restores pLTdgmonstrating that systemic
inflammation is the essential feature of IH-1 umdieing pLTF. Ketoprofen is a potent anti-
inflammatory and analgesic agent used in many speticluding humans (41) and rats (42, 43).
Ketoprofen inhibits prostaglandin and leukotrieyatBesis peripherally (44) and centrally (45,
46). Restoration of pLTF by ketoprofen after IH-bshlikely results from 1) diminished CNS
inflammation, 2) indirect effects resulting fromadeased transduction of inflammatory signals
via the vagus nerve (47), 3) decreased systemiession of cytokines that do cross the blood-
brain barrier (48), and/or 4) preventing disruptmmthe blood-brain barrier which can lead to
inhibition of synaptic plasticity (49). Whereas tlsystemic ketoprofen data support the
hypothesis that inflammation specifically undernsinTF, a targeted inflammatory treatment
would be more beneficial since chronic use of arftammatory drugs is associated with
gastrointestinal problems. Additionally, systemiSAID treatment does not identify where the
relevant inflammation occurs.

Spinal administration of the p38 MAPK inhibitor prdes information concerning the
site of inflammation relevant to impairment of pLTBecause inflammatory responses are
complex in their temporal dynamics and the divgrsitinflammatory molecules involved, we
targeted p38 MAPK, which often acts as a convergdmiinstream molecule activated by many
pro-inflammatory molecules, stress, and apoptd=3. (Additionally, p38 MAPK also increases

posttranslational modification and subsequentiydcaiption of inflammatory molecules (51,
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52). Data presented here are the first to demdastiaat p38 MAPK is critical in IH-1
impairment of pLTF. Specifically, activated (phospylated) p38 MAPK increases within
phrenic motoneurons and adjacent microglia. Itas yet clear if p38 MAPK orchestrates the
relevant inflammation or is a convergent, downstreaolecule that directly impairs pLTF; nor
whether the relevant p38 MAPK is in phrenic motaoes, adjacent microglia or both. Previous
work has demonstrated increased p38 MAPK in micaogfter spinal nerve ligation (53-55),
spinal cord injury (56), and is associated withentbonditions that cause chronic pain (57, 58).
Additional research is warranted on the cell typagolved and the sequence of cellular
activation.

The p38 MAPK inhibitor used here (SB 202190) isorégd to be a specific inhibitor of
p38 MAPK (59, 60); however, other p38 MAPK inhib&avith similar chemical structures (e.g.
SB 203580) directly inhibit cyclooxygenase (COX)tiaty (61). Although no studies are
available concerning the actions of SB 202190 onXCAgtivity, we cannot rule out COX
inhibition as a contributor to pLTF restorationeafiH-1. Regardless, we clearly demonstrate
that relevant inflammatory processes are localgilin the cervical spinal cord after IH-1.

In conclusion, we demonstrate a profound link betwsystemic inflammation initiated
by physiologically relevant intermittent hypoxiadaimpairment of respiratory motor plasticity.
Even one night (8 hours) of intermittent hypoxialgghes pLTF and initiates cervical spinal
inflammation. We describe initial steps in the mex of identifying mechanism(s) whereby
inflammation impairs plasticity. Systemic anti-@afhmatory treatment or spinal p38 MAPK
inhibitors restore pLTF.

It is essential to understand the impact of inflaation on the neural control of breathing,

including respiratory plasticity. In clinical condins associated with systemic inflammation, we



386
postulate that the inflammation undermines respiyaplasticity, potentially explaining at least
some differences in results reported in humans WitH or OSA (15). While it is unclear
whether plasticity stabilizes or destabilizes bnga, it has become clear that understanding
links between inflammation and respiratory plasficire necessary to determine functional
outcomes and appropriate treatments. Understaratidgtargeting relevant pro-inflammatory
molecules may lead to new therapeutic interventtonestore plasticity in breathing and non-
respiratory motor functions in devastating disosddwat compromise ventilatory capacity in the

presence of continual inflammatory activity.
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FIGURE 1

Time control

5 min
D 100 - E, L&
5 o
. 55_
) %
= £3
%gg 50 - B %‘E 354
= E B A3
IE% Eg g
B |
E QE 15- L g
u" I] T L T 1

Normoxia [H-1 " Mormoxia IH-1 Time Control



388
Figure Legend 1
One night of intermittent hypoxia (IH-1) significantly reduced AlH-induced pLTF.
Representative integrated phrenic neurograms déiHgprotocols for rats receiving normoxia
(A), IH-1 (B), and time control (no AlIH, C). Devglment of pLTF is evident as a progressive
increase in phrenic nerve amplitude from baseli&ck dashed line) over 60 min in normoxic
rats, but not in IH-1-treated or time control rdds.Previous exposure to IH-1 did not alter
hypoxic responses (76+11%) vs. normoxic (76+8%gtee rats (t-test). E. pLTF was abolished
after IH-1 (-1+5%, n=6) compared to normoxia (56%1,(0=6). There was no increase in
phrenic nerve amplitude in time control rats (8+10846). (***p<0.001 significant difference

from normoxia, Two-Way RM ANOVA, Fisher LSD poststg
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FIGURE 2
A. Homogenates B. Microglia @ Normoxia
37 % . [ 8 hrs [H-1
W 1H-1

* ke
ok ok

2]
1

Fold change
(relative to normoxia)

IL-1 IL-6 TNFo iINOS COX-2 IL-13 IL-6 TNFa INOS COX-2



390
Figure Legend 2
One night of intermittent hypoxia (IH-1) increasedinflammatory gene expression in the
cervical spinal cord.A. Homogenate samples isolated from the cervigiaad cord containing
neurons, astrocytes, and microglia showed an limittaease in IL-6 (1.5£0.2 fold change)
immediately after 8 hrs of intermittent hypoxia arincrease in iNOS (2.4+0.4 fold change)
MRNA after IH-1 which were significantly greateathnormoxia and samples taken
immediately after 8 hrs IH. B. Isolated microgliandonstrated a sustained increase infiL-1
immediately after 8 hrs IH (2.4+0.2 fold changef§l dH-1 (2.4+0.2 fold change) compared to
normoxic controls. No other inflammatory geneshie homogenate or microglia samples
changed significantly at either time point after (Kp<0.01, ***p<0.001 significant difference
from normoxic controls, #p<0.05, ##p<0.01 signifitdifferent from IH-1, One-Way ANOVA,

Fisher LSD post-test).
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FIGURE 3

Normoxia + Ketoprofen
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Figure Legend 3
Inflammation after one night of intermittent hypoxia (IH-1) impairs pLTF. Representative
integrated phrenic neurograms during AlH protodoigrats receiving normoxia + ketoprofen
(nonsteroidal anti-inflammatory, 12.5 mg/kg, i), IH-1 + ketoprofen (B), and time control +
ketoprofen (no AlH, C). Development of pLTF is emd as a progressive increase in phrenic
nerve amplitude from baseline (black dashed liey ®0 min in normoxic + ketoprofen and IH-
1 + ketoprofen rats, but not in Time Control + ketifen rats. D. Ketoprofen did not alter short-
term hypoxic responses between normoxic (93+9%)lldrtttreated (116+£16%) rats (t-test). E.
pLTF was not different between normoxic + ketopnof@4+10%, n=7) or IH-1 + ketoprofen-
treated rats (55£9%, n=6), but was significantlgager than time controls + ketoprofen (-6+7%,

n=6). (***p<0.001 significant difference from , Tw&/ay RM ANOVA, Fisher LSD post-test).
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FIGURE 4

Normoxia + p38 inhibitor
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Figure Legend 4
Inhibition of p38 MAPK restored AlH-induced pLTF af ter IH-1, but did not alter the
hypoxic responses or pLTF in normoxic controlsRepresentative integrated phrenic
neurograms during AIH protocols for rats receivimagmoxia + p38 MAPK inhibitor
(SB202190, 1mM, intrathecal) (A), IH-1 + p38 MAP#hibitor (B), and time control + p38
MAPK inhibitor (no AlH, C). Development of pLTF msvident as a progressive increase in
phrenic nerve amplitude from baseline (black dadime)j over 90 min in normoxic + p38
MAPK inhibitor and IH-1 + p38 MAPK inhibitor ratfut not in Time Control + p38 MAPK
inhibitor rats. D. Inhibition of p38 MAPK did nottar short-term hypoxic responses between
normoxic + veh (123+£17%), IH-1 + veh (100+19%), Ny38 inhib (100£17%), and IH-1 + p38
inhib (108+7%) rats (t-test). E. At 90 min post-AlHi-1 + vehicle (11+£14%) was significantly
reduced compared to normoxic + vehicle (57+x19%)muxic + p38 inhibitor (73£15%), and
IH-1 + p38 inhibitor (58+2%), but was not differendm time controls + vehicle (13+11%) or
time controls + p38 inhibitor (-7£13%). After p3&hibitor, there was no difference between rats
treated with IH-1 or normoxia. (*p<0.05, *p<0.0%%*p<0.001 significantly different from time
control + vehicle; ###p<0.001 significantly diffeterom time control + p38 inhibitor;
@p<0.05, @@p<0.01, @@ @p<0.001 significantly difiefeom IH-1 + vehicle; Two-Way

RM ANOVA, Fisher LSD post-test).
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FIGURE 5
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Figure Legend 5
Phospho-p38 MAPK immunofluorescence is evidentackbdlabeled phrenic motoneurons and
microglia of the ventral cervical spinal cord aftie1, but not after normoxia. A. Confocal
images (20X) show representative phospho-p38 MAdEdn) staining in the ventral cervical
spinal cord after IH-1 (n=6), which co-localizedtvback-labeled phrenic motoneurons
(Cholera Toxin B, blue) and CD11b (microglia lalreld). Minimal staining was evident after
the normoxia treatment (n=6, bottom panels). B hidignagnification (100X) from the boxed
area in A. of the phrenic motor nucleus clearlywsghco-localization with phrenic motoneurons
and microglia after IH-1 (top panels). Less co-lxedion is evident after normoxia (bottom

panels).
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TABLE 1

Treatment

Time Group Temperaturg PaO2 PaC(d2 pH MAR

Baseline Time Control 37.7+0.1 343112 47+1 7.336+0.00621+5
IH-1 + AIH 37.7+0.1 328+17 45+1 7.364+0.008.16+7
Nx + AIH 37.510.2 325+20 451 7.371+0.003.20+5

Hx Time Control 37.610.1 34615 46x1 7.330+£0.00818+6
IH-1 + AIH 37.610.1 42+2 461 7.350+0.008&6+9
Nx + AIH 37.310.1 36+2 451 7.343+0.00%4+7

60 min  Time Control 37.510.1 34743 47+1 7.343+£0.01214+7
IH-1 + AIH 37.610.1 347+10 45+0.50 7.391+0.01Q12+7
Nx + AIH 37.4+0.2 308+15 451 7.371+0.003.15+7

a= p<0.001 diff from all other

HX groups

b= p<0.05 from TC within 60

min

bb = p<0.01 from TC within 60

min

Table 1 Legend
Physiological variables for Sprague-Dawley 211 datang electrophysiological

experiments after IH-1 and normoxia with AIH (acutgermittent hypoxia), or time control.



TABLE 2
Treatment
Time Group Temperaturg PaO PaCQ | pH MAP
Baseline Time Control 37.2+0.1 342+5 43+2 7.380+0.010 1024
Nx, keto + AIH | 37.4+0.1 325+13 44+1 7.376+0.006 1015
IH-1, keto +
AlH 37.4+0.1 340+5 43+1 7.365+0.00p 116+
Hx Time Control 37.3+0.1 33944 43+2 7.381+0.010] 10243
Nx, keto + AIH | 37.3+0.1 37482 44+1 7.367+0.010| 55#5
IH-1, keto +
AlH 37.4+0.1 37+ 42+1 7.367+0.010| 54+3
60 min  Time Control 37.3+0.1 330+4 43+2 7.389+0.0[1L000+4
Nx, keto + AIH | 37.4+0.1 296+1f | 44+1 7.376+0.010] 104+4
IH-1, keto +
AlH 37.4+0.2 32718 4414 | 7.376+0.006| 107+6

a= p<0.001 diff from all other groups within timeipt

b= p<0.001 different from other time points witlgroup

¢ = p<0.01 different from baseline within group

d = p<0.05 different from other time points witlgroup
e = p<0.01 different from other time points witlgroup

f = p<0.05 different from IH-1, keto + AIH withinrhe

point

Table 2 Legend

398

Physiological variables for Sprague-Dawley 211 daisng electrophysiological experiments

after IH-1 and normoxia with AIH (acute intermittdrypoxia), or time control and systemic

treatment with ketoprofen.
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TABLE 3

Treatment

Time Group Temperaturg PaO | PaCQ pH MAP
Time Control,

Baseline veh 37.61+0.2 33149 45+1 7.364+0.005 124+7
NXx, veh 37.3+0.1 310+12 45+1]  7.355+0.011  117k5
IH-1, veh 37.3+0.3 311+9 45+1]  7.337+0.013  128}5
Nx, p38 37.5+0.1 328+3 44+1|  7.367+0.60/7 12446
IH-1, p38 37.2+0.1 322+10 44+1  7.346+0.0q7  125k7
Time control,
p38 37.3+0.3 312+9.5| 45+1] 7.324+0.61B 134+3
Time Control,

Hx veh 37.6+0.1 32845 | 45+1 | 7.361+0.005| 123%£3
Nx, veh 37.3+0.1 38#1 45+1 | 7.341+0.014| 6247
IH-1, veh 37.240.3 401 46x1 | 7.322+0.01%| 717
Nx, p38 37.4+0.1 35#1 44+2 | 7.339+0.01%| 63+6
IH-1, p38 37.2+0.1 38+1 45+1 | 7.332+0.011] 6785
Time Control,
p38 37.2+0.2 311+F0 | 45+1 | 7.329+0.014| 134+3
Time Control, i

60 min  veh 37.6+0.1 315+10 44+1| 7.381+0.66% 118+3
Nx, veh 37.5+0.1 297+11 45+1]  7.359+0.0Q9  107k5
IH-1, veh 37.5+0.2 305+11 45+1  7.339+0.61f 115+5
Nx, p38 37.6+0.1 30585 | 45+1 | 7.362+0.010| 11945
IH-1, p38 37.5+0.1 29988 | 44+1 | 7.348+0.005| 114+4
Time Control,
p38 37.2+0.2 308+12 45+1]  7.343+0.61f 121+%
Time Control,

90 min  veh 37.620.1 32743 | 44+1 | 7.388+0.007 | 11746
NXx, veh 37.5+0.1 295+9 45+1]  7.361+0.600 108+4
IH-1, veh 37.3+0.2 300+10 46+2  7.341+0.044 11345
Nx, p38 37.520.1 | 308243 | 44+2 | 7.367+0.011| 1168
IH-1, p38 37.5+0.1 303+7 45+1]  7.359+0.006 109+4
Time Control,
p38 37.4+0.2 307+11 45+1| 7.376+0.601] 123+4
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Table 3 Legend
Physiological parameters for Sprague-Dawley rattdielectrophysiological experiments after
IH-1, normoxia, or time control and spinal inhibiti of p38 MAPK (SB202190, 1mM).
a= p<0.001 diff from all other time points withireatment group
b= p<0.05 different from baseline within treatmgraup
¢ = p<0.05 different from Hx within treatment group
1 = p<0.05 different from Nx, veh within time point
2 = p<0.001 different from treatment groups reaegvAIH within Hx
3 = p<0.01 different from Time Control, veh withime point

4 = p<0.05 different from Nx, p38 and Nx, veh
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APPENDIX 3

TIME COURSE OF INTERMITTENT HYPOXIA INDUCED MICROGL IAL PRO-

INFLAMMATORY GENE EXPRESSION IN THE MURINE ANIMAL M ODEL.

Stephanie M.C. Smith and Jyoti J. Watters
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METHODS
Materials

Hank’s Buffered Salt Solution (HBSS) was purchasedh Cellgro (Herndon, VA).
Glycoblue reagent was purchased from Ambion (AydikK). Oligo dT, Random Primers, and
RNAse inhibitor were purchased from Promega (Madi$®l). Power SYBR green was
purchased from Applied Biosystems (Foster City, @2PC and TRI reagent were purchased
from Sigma Aldrich (St. Louis, MO). Percoll was phased from GE Healthcare (Waukesha,
WI). DNase was purchased from Worthington Biocleatsi (Lakewood, NJ). MMLYV reverse
transcriptase, and RNase AWAY were purchased frontrbgen (Carlsbad, CA).
Animals

Experiments were performed on adult, male, C57/Bl#&rlan Laboratories, Madison,
WI mice, weighing 25-28g. Mice were randomly aseidj to intermittent hypoxia or room air
groups. Mice were housed in clear polycarbonagesander standard conditions conditions,
with a 12 hour light/dark cycle (6:00am-6:00pm) aadibitum food and water. All protocols
were approved by the University of Wisconsin Ingidgnal Animal Care and Use Committee All
efforts were made to minimize animal distress autlice the numbers used, while permitting the
formation of statistically reliable conclusions.
Intermittent Hypoxia (IH) Exposure

All animal exposures were performed using a comraklyedesigned system
(BioSpherix, Redfield, NY), as previously descrif&hapter 5). Briefly, animals were housed
in standard polycarbonate cages with access todbaterad libitum and maintained in a
specialized chamber (12x20x30) connected to a ctenpontrolled system that continuously

measures oxygen and carbon dioxide concentratimhgl@anges the gas profile by controlling
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gas outlets (Oxycycler model G2 and Watview sofejaiDuring the sleep cycle (light-on
hours), oxygen concentrations were modified to ggrea cyclical pattern of either 6% or 21%
oxygen every 90 seconds (intermittent hypoxia).ibytheir awake period (lights-off), O
concentration was maintained at a steady 21%. nQuhe IH exposure, the rapid airflow was
sufficient to prevent C@accumulation, and during the normoxia period, r@nwas
periodically flushed through the system maintal@@ concentration below 0.3%. Normoxic
control animals were either housed outside of fmokia chamber in room air.
Immunomagnetic Microglia (CD11b+) Cell Isolation from IH Treated Mice + LPS

Mice were exposed to 1, 4, 7, 14, or 28 days of 13+1.5 hours after the last hypoxic
exposure CD11b+ cells were isolated using previodstcribed methodé Briefly, mice were
euthanized with an overdose of isoflurane and gedwvith cold 0.1M PBS. The whole brain
minus (the cerebellum, medulla, and olfactory butrshe frontal cortex and hippocampus were
dissected out and dissociated into a single cspansion using 0.7mg/ml Papain and 50ug/ml
DNase in HBSS. Myelin was removed by high speedrifagation at 8509 in a 26% solution of
Percoll in 1X PBS. CD11b+ cells were tagged withaati-CD11b antibody conjugated to a
magnetic bead. Magnetically-tagged CD11b+ cellevisolated using MS columns according
to the Miltenyi MACS protocol. Reagents were kelpiled at 4°C and cells were kept on ice
whenever possible to preserve microglial phenotypde have previously shown, this method
results in a >97% pure CD1¥HCD45 cell populatiod? and thus, this population will
subsequently be referred to as “microglia.”
RNA extraction/ reverse transcription

RNA was extracted from immunomagnetically isolat@droglia according to the

TriReagent protocol, with the addition of Glycobliering the isopropanol incubation. First-
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strand cDNA was synthesized from total RNA using MVReverse Transcriptase, and an
oligo(dT)/random hexamer cocktail. cDNA was useddRT-PCR analysis.
Quantitative-Real Time PCR:

cDNA was used in real-time quantitative PCR witmwoSYBR Green using either the
ABI StepOne or ABI 7500 Fast system (Applied Bidsyss/Life Technologies). Primers (Table
1) were designed using Primer 3 software and tkeisgity was assessed through NCBI
BLAST. Primer efficiency was tested through the a§serial dilutions. Verification that the
dissociation curve had a single peak with an olexeiivm consistent with the amplicon length
was performed for every PCR reaction. CT valuemfduplicate measurements were averaged
and normalized to levels of the ribosomal RNA, 1B®lative gene expression was determined
using theAACT method.

Statistical analyses:

When comparing two population means, statistid@rences were made using a
Student’s t-test. IH-treated animals are compéwadatched normoxic controls that were
harvest at the same time as the IH treated anirHlistatistical analyses were performed in
SigmaPlot (Sigma Stat version 11(Systat Softwaae, ¥ose, CA). Statistical significance was

set at p < 0.05. Mean data are expressed + 1 SEM.
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Figure Legend 1
Microgliaisolated from mice exposed to 1 or 4 days of IH do not exhibit increased pro-
inflammatory gene expression
Mice were exposed to Nx, 1 or 4 days of IH. 13#io%birs following the last hypoxic exposure
mice were sacrificed microglia for immunomagneticnoglia isolation from frontal cortical and
hippocampal tissues. (A) Fold change of frontatical microglial pro-inflammatory gene
expression following 1 day of IH relative to normogontrols. (B) Fold change of hippocampal
microglial pro-inflammatory gene expression follogil day of IH relative to normoxic
controls. (C) Fold change of frontal cortical miglial pro-inflammatory gene expression
following 4 days of IH relative to normoxic contsolD) Fold change of hippocampal microglial
pro-inflammatory gene expression following 4 daf/#-brelative to normoxic controls. N=3-5.
Mean fold changes + 1 SEM are presented relatitieetmormoxic control. Statistical
significance was determined by a Student’s T-tesymbol represents statistically significant

difference from normoxia. *p<0.05; **p<0.01; ***p<001
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Figure Legend 2
No changesin microglial inflammatory gene expression was observed following 7 days of IH.
Mice were exposed to Nx or 7 days of IH. 13+1.hrsdollowing the last hypoxic exposure
mice were sacrificed and the whole brain was tdkermmunomagnetic microglia isolation.
Here we present the fold change of microglial pritammatory gene expression relative to
normoxic controls. N=8-10. Mean fold changes +EMSare presented relative to the normoxic

control. Statistical significance was determinedaldfytudent’s T-test.
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FIGURE 3
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Figure Legend 3
Microgliaisolated from mice exposed to | H-14 exhibit increased expression of COX2, |FNg,
and BDNF.
Mice were exposed to Nx or 14 days of IH. 13+lobrs following the last hypoxic exposure
mice were sacrificed and the whole brain was tdkermmunomagnetic microglia isolation.
(A) Fold change of microglial pro-inflammatory geeepression relative to normoxic controls.
(B) Fold change of microglial expression of tokdireceptor and associated proteins. (C) Fold
change of microglial anti-inflammatory/neurotrophis=3-5. Mean fold changes + 1 SEM are
presented relative to the normoxic control. Staassignificance was determined by a Student’s
T-test. * symbol represents statistically signifitdifference from normoxia. *p<0.05;

**p<0.01; **p<0.001
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FIGURE 4
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Figure Legend 4
Microgliaisolated from mice exposed to | H-28 trend towards increased
trophic/neuroprotective gene expression.
Mice were exposed to Nx or 28 days of IH. 13+lohrs following the last hypoxic exposure
mice were sacrificed and the whole brain was tdkermmunomagnetic microglia isolation.
(A) Fold change of microglial pro-inflammatory geeepression relative to normoxic controls.
(B) Fold change of microglial anti-inflammatory/metrophic gene expression relative to
normoxic controls. N=3-4. Mean fold changes + 1 S&i#®lpresented relative to the normoxic

control. Statistical significance was determinedalfytudent’s T-test.
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TABLE 1

Gene Forward Primer (5'— 3) Reverse Primer (5> 3)

18S CGGGTGCTCTTAGCTGAGTGTCCCG CTCGGGCCTGCTTTGAACAC
COX2 TGTTCCAACCCATGTCAAAA CGTAGAATCCAGTCCGGGTA

IL-6 ACTTCCATCCAGTTGCCTTC GTCTCCTCTCCGGACTTGTG
IL-1B TCAAAGTGCCAGTGAACCCC GGTCACAGCCAGTCCTCTTAC
TNFa TGTAGCCCACGTCGTAGCAA AGGTACAACCCATCGGCTGG
?ACICPIL];; TACAGCCGGAAGATTCCACG TCAGGAAAATGACACCTGGCT
?/ICI(P:L]f) TGTGATGGATTACTATGAGACCAGC GCCTCTTTTGGTCAGGAATACCA
TLR4 GAGGCAGCAGGTGGAATTGTAT TTCGAGGCTTTTCCATCCAA
CD14 GCCAAATTGGTCGAACAAGC CCATGGTCGGTAGATTCTGAAAGT
TLR2 CGAGTGGTGCAAGTACGAACTG TGGTGTTCATTATCTTGCGCAG
IL-10 GCCTTATCGGAAATGATCCA TCTCACCCAGGGAATTCAAA
IFNPB TCTCCATCGACTACAAGCAG GTCTCATTCCACCCAGTGCT
BDNF TGCTTTACTGGCGTAAGGGAC TCCATCCCTACTCCGGGTG




420
REFERENCES

1. Nikodemova, M. & Watters, J. J. Efficient isatex of live microglia with preserved
phenotypes from adult mouse bralaurnal of Neuroinflammation 9, 147 (2012).

2. Potucek, Y. D., Crain, J. M. & Watters, J. JriRergic receptors modulate MAP kinases and
transcription factors that control microglial infianatory gene expressiddeurochemistry
international 49,204-214 (2006).

3. Livak, K. J. & Schmittgen, T. D. Analysis of ative gene expression data using real-time
guantitative PCR and the 2(-Delta Delta C(T)) Methdethods 25, 402—-8 (2001).



