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ABSTRACT
ALEX P. CARLL: The Influence of Autonomic Imbalanoa Diesel Exhaust-Induced Cardiac

Dysfunction in Heart Failure-Prone Rats
(Under the direction of Drs. Aimen K. Farraj & DahL. Costa)

Short-term exposure to vehicular emissions is glgoassociated with adverse cardiac
events. Diesel exhaust (DE) is a ubiquitous dliupent hypothesized to provoke adverse
cardiac events partly through defective co-ordoratf the sympathetic and parasympathetic
branches of the autonomic nervous system. To figats this putative mechanism,
cardiophysiologic responses to a single DE inhategixposure (50Qg/m®, 4 h, whole-body)
were examined in heart failure-prone rats and atped susceptibility or autonomic challenges
were incorporated to reveal latent effects. Cingiés included sympathetic stimulation
(dobutamine) with and without parasympathetic atafvagotomy) and, separately, treadmill
exercise and pretreatment with a sympathetic agyanpathetic inhibitor. Measures of cardiac
function by left ventricular (LV) pressure and echaliography, autonomic balance by heart rate
(HR) and HR variability (HRV), electrocardiograrmdhaortic pressure were performed. DE
increased cardiac output, bradyarrhythmias, andsyarpathetic tone while altering ventricular
repolarization in aged heart failure-prone ratsrdpor shortly after exposure. Exercise also
revealed a DE-induced increase in parasympatletein young adult rats shortly after
exposure. At 1 day post-exposure, dobutamine r@adimill challenges indicated that DE
increased sympathetic influence, but pre-treatmaht autonomic inhibitors prevented this.

Only sympathetic inhibition prevented a DE-indudegline in contractility and systolic blood



pressure at exercise 1 day after exposure. Vagotewaaled that DE caused systolic and
diastolic dysfunction and altered diastolic andocimtropic responses to dobutamine through
impaired parasympathetic regulation. Thus, altengdnomic regulation of the heart,
characterized by an early parasympathetic dominandea delayed sympathetic dominance
mediates adverse cardiac effects of air pollutiqmosure. This research elucidates a major
physiologic mechanism driving the adverse healfaces of air pollutant exposure.
Consequently, these findings will inform healttkrassessments, medical therapies, and

environmental controls for air pollution.



PREFACE
The first and second manuscripts of this disseraiChapters 2 & 3, respectively) are
pre-copy-editing, author-produced versions of lEsi@ccepted for publication Troxicological
Sciencedollowing peer review. The definitive publishanthenticated version of the manuscript

in Chapter 2 is available onlinelatp://toxsci.oxfordjournals.org/content/128/2/486g and is

cited as follows:

Carll AP, Hazari MS, Perez CM, Krantz QT, King Cijnaett DW, Costa DL, Farraj AK (2012).
Whole and Patrticle-Free Diesel Exhausts Differdigtigffect Cardiac
Electrophysiology, Blood pressure, and AutonomitaBee in Heart Failure-Prone Rats.
Toxicol. Sci. 128(2):490-9.

The definitive publisher-authenticated versiont@ thanuscript in Chapter 3 is available online

at http://toxsci.oxfordjournals.org/content/early/201@09/toxsci.kfs295.longnd is cited as

follows:

Carll AP, Lust RM, Hazari MS, Perez CM, Krantz Xing C, Winsett DW, Cascio WE, Costa
DL, Farraj AK (in press). Diesel Exhaust Inhalatiogreases Cardiac Output,
Bradyarrhythmias, and Parasympathetic Tone in Adealt Failure-Prone Rat§oxicol.
Sci. 2012 Oct 9. [Epub ahead of print] doi: 10.1093/tik$s295

The third manuscript (Chapter 4) will be submittedEnvironmental Health Perspectives

November 2012 following revisions.
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CHAPTER 1

INTRODUCTION

Background

The U.S. Congress passed the Clean Air Act (CAA)963, amended it in 1970, and re-
amended it most recently in 1990. The CAA requilhes the U.S. Environmental Protection
Agency (EPA) set and enforce air quality and erorssiregulations in order to protect the health
and welfare of the public, including sensitive plapions such as asthmatics, children, and the
elderly. Based on evidence from epidemiologiciaj@al, and toxicological studies, the EPA
sets the National Ambient Air Quality Standards (N@2S) to limit six criteria air pollutants—
nitrogen dioxide, sulfur oxides, carbon monoxigad, ozone, and particulate matter (PM).
These standards are adjusted by the EPA Admirostaatording to an “adequate margin of
safety” (Section 109) based on input from scientiiilvisory committees and the agency’s
internal assessments of the current body of s@ientisearch on health effects of air pollutants.
As well, the Administrator is responsible for maiining a national research and development
program for prevention and control of air pollutitbrat, per the CAA, “conduct[s], and
promote[s], the coordination and acceleration@gearch, investigations, experiments,
demonstrations, surveys, and studies relatingd@#iuses, effects (including health and welfare
effects), extent, prevention, and control of ailygamn” (United States, 1970). The report from
the Senate regarding the 1970 amendment noteththaurpose of air quality standards is to

guarantee “an absence of adverse effects on thid lnéa statistically related sample of persons



in sensitive groups”, including “bronchial asthneatand emphysematics who in the normal
course of daily activity are exposed to the ambamtironment” (Coglianese & Marchant,

2004). Thus, the federal courts have interpretexi@el109 as a mandate that the NAAQS “be
set at a level at which there is ‘an absence ote#veffect’ on . . . sensitive individuals”
(Coglianese & Marchant, 2004). The determinatibthis threshold is contingent upon

scientific understanding of the adverse healthotdfef air pollutant exposure in humans. While
epidemiologic and observational laboratory studiesist in this understanding, the elucidation of
toxic mechanisms enhances scientific knowledge taheubiological cause of adverse effects.
Such an enhancement may inform observation an@epadogic studies that guide regulatory
decisions, including emissions standards and cbtgcbnologies, while it also may inform

efforts to mitigate the adverse effects of exposure

Particulate Matter Health Effects — Past and Ptesen

Descriptions of the detrimental health effects dfanm air pollutants originate from the
11" century with accounts of Maimonides—Jewish phipgser, theologian, and physician
(Bloch, 2001). Nevertheless, detailed historiorndation on air pollution is limited mostly to
the 20" century. The most notable air pollution eventsuoed as “killer fogs” in the Meuse
Valley, Belgium (1930); Donora, Pennsylvania (1948)d London (1952 & 1956). While the
Meuse Valley and Donora experienced 60 and 20 dnthgzed fatalities respectively,
researchers have attributed 12,000 deaths in 19%2 ,800 in 1956 to unusually high levels of
London smog (Hunét al, 2003). Over 5 days in 1952, London’s daily coricaions of total
suspended particulate (TSP) peaked at about 7 @emgubic meter of air, with maximum

concentrations of smoke at 4.46 mg/nd sulfur dioxide at 1.34ppm (Whittaketral, 2004).



Meanwhile, 98% of the total PM collected duringraikar episode in London (1955) were
respirable fine particles (< 2B in diameter; PMls), and 89% were less thaprth (Whittaker,
et al., 2004).

Today, PM occurs at substantially lower ambientcemtrations but continues to
adversely affect public health. Numerous epidengiclal studies have linked coarse and fine
PM with increased mortality and morbidity (Biggetial, 2004; Schwartz, 1996; Schwartz &
Marcus, 1990; United States, 2004; Zanolsttl, 2002; Zanobetet al, 2003). Although
sulfur dioxide (SQ) exposure was originally believed to be the canfgsbe adverse health
responses seen in London, more recent analysesietafenined PM was the dominant culprit
(Schwartz, 1996; Schwartz & Marcus, 1990). Fafiyn a positive correlation between mortality
and PM concentration was observed in the Utah Valleyimev 1985-86 (WHO, 2000).
Increased mortality and morbidity occur with botute and chronic exposures to particulate
matter. The excess deaths observed in London58 @8curred almost entirely from
cardiopulmonary complications—especially among ¢hegh preexisting cardiopulmonary
diseases (Whittaker, et al., 2004). While someg® initially argued that increased deaths
during high smog events resulted from displacedtdleom deaths, several studies have since
disproved these arguments (Biggeri, et al., 2@dnobetti, et al., 2002; Zanobetti, et al., 2003).

Among cardiopulmonary diseases, respiratory illaessich as bronchitis, chronic
obstructive pulmonary disease (COPD), and asthenaigll as cardiovascular diseases such as
atherosclerosis, heart failure, ischemic heartadisecoronary artery disease, hypertension, and
diabetes are particularly relevant to PM-inducestdse exacerbation and death. A plethora of
recent epidemiological studies report PM-associatetases in cardiopulmonary symptoms,

diseases and lung cancer. EP2X4 Criteria Document for Particulate Matteites over 100



journal articles published between 1995 and 20@#r#wvealed positive associations between
short-term PM exposure and cardiopulmonary and éamger mortality (United States, 2004).
Peters et al. (2001) observed a 69% increase itoB@sea heart attacks per 2m*-increase

in 24-hour PM s on the preceding day. In 2006, 23 U.S. citiesqaating for 46 million

people) had peak 24-hour BMevels of at least 40g/m® (United States, 2006). Thus, acute
fluctuations in fine particulate matter likely cabute to major surges in the national incidence
of heart attacks.

The adverse cardiovascular effects of particulaaéen have recently become a topic of
mounting interest in the scientific community. Tém@demiological field has reached relative
consensus that PM exposure damages the cardioaasgatem and exacerbates pre-existing
cardiovascular diseases (Broekal, 2010; United States, 2004). Many investigahage
demonstrated evidence of cardiac dysfunction indmsrollowing elevated ambient PM. As
previously noted, Petegt al. (2001) reported that a 2@/m® increase in the 24-hour
concentration of Piscorresponded with a 69% increase in risk of myaearfarction (Ml).
Others have observed stronger effects of PM onatityraind morbidity in humans with pre-
existing cardiovascular disease. Zanobetti anav8aiz recently (2007) observed among heart
attack survivors that a 3@/m’increase in annual Pilevels was linked with a 43% increased
occurrence of subsequent heart attacks and a 3&¥#ased mortality over three years. By
comparing pollution records with data from implahtkefibrillators, Dockery and colleagues
(2005) found positive correlations between PM Is\aid potentially fatal ventricular
tachyarrhythmias. Hennebergsral. (2005) revealed an association between elevatedrir
impairments in ventricular repolarization by examinelectrocardiograms (ECGSs) of patients

with coronary artery disease.



Particulate Matter Concentrations — Evidence ThafTthreat Persists

In light of the aforementioned studies, a reviewpdsent-day PM concentrations reveals
that the United States and elsewhere still frequeaach PM concentrations that threaten public
health. One of the worst modern PM episodes witenU.S. occurred in Utah Valley, Utah,
where 24-hour PM concentrations peaked at 36§/m® from 1985-1989 (WHO, 2000). Over
two months from December 1985 to January 1986,0fdels in Utah Valley averaged 120
ng/m® and, for 13 days, exceeded 3afm® (United States, 2004). The highest annualfM
levels of 2005 within U.S. cities were recordedPimenix (74:g/m°) and St. Louis (5ag/m°)
(United States, 2005). In 2006, Bakersfield, CAnBngham, AL; and Riverside-San
Bernadino, CA, had the highest peak 24-hourfIBVels, reaching 192, 169, and 1&5n’,
respectively (United States, 2006). Meanwhilgjeneloping nations, peak PM concentrations
may approach levels comparable to those of Londd®b2. For instance, maximum 24-hour
TSP and PMyfor Gujranwala, Pakistan was recently recorde®.48 mg/ni and 1.1 mg/rh,
respectively (Pak-EPA and JICA, 2003). Among majtes surveyed by the World Health
Organization (WHO), those most burdened by;PiMcluded Cairo, Beijing, Delhi, Calcutta,
and Taiyuan, China, with annual levels at 169, 16D, 128, and 12gg/m’ respectively
(WHO, 2007). Data on ambient B¥is more limited than that of Py but is also of major
concern. In Beijing, in defiance of the Chinesgaggoment and in contradiction of publicly
available government data, the U.S. embassy ‘twketsly PM, 5 concentrations on-line, which
recently peaked at 24&/m® (twitter.com/#!/beijingair, 3 June 2012). The Uc8ies with the
three highest peak 24-hour RMevels include Bakersfield, CA (64/m°); Chico-Paradise, CA

(59 ug/m°); and Pittsburgh, PA (58g/m°) (United States, 2006). Meanwhile, UFPs react pea



environmental concentrations usually in settinggaffic settings, including on a busy Los
Angeles highway (# concentration: 1.2 ¥ 10n°), behind a cement truck in France (1.47 %10

m°) or in a traffic tunnel (1.1 x £0 m®) (Gouriouet al, 2004; Zhuet al, 2007).

Particulate Matter Toxicity and Classifications

In addition to concentration, the toxicity of axpesure to particulate matter depends
upon the size and chemical composition of the glagi As size is among the most
distinguishable determinants of PM toxicity in arshed, the EPA classifies, monitors, and
regulates two different size classes of PM: pa#sid0 micrometers in diameter or less (M
and those less than 215 (PM, 5) (United States, 2007). PM less thanub®but greater than
2.5um (PMo.2.5 are called “inhalable coarse particles” becabhsg tan enter the airways and
lungs. In contrast, Ppare “respirable fine particles” because they carreseeper into the
lungs where gas exchange occurs. Although soufqesrticulate matter vary depending on time
and location, the majority of fine particles origia from fossil fuel combustion while most
coarse particles come from dust, sea salt, patherg, fungal spores, and mechanical
fragmentation of solids from grinding, crushing aimtasion (United States, 2004, 2007). Fine
particles in the eastern and central U.S. consisttiymof organic compounds and sulfate, while
in the western U.S. they consist of nitrate in &iddito organics and sulfates. In addition to
PM;io and PM s, there are also ultrafine particles (UFPs; diamet@.1um), which are neither
regulated nor consistently monitored by the U.SAHRelative to PMs UFPs have a
substantially greater surface area per given massenitration; for example, 16,000 UFPs with

diameters of 0.um are required to achieve the same mass as a &isglen particle—leading



to a total surface area among these UFPs thatighhp 25-times greater than the fine particle
when controlling for mass.

Myriad studies have revealed increased PM toxiwiti decreasing particle size and
increasing transition metal content. Exceptionth&éometal-toxicity association in PM include
diesel exhaust particles (DEPs), which have reditilow metal content but remain harmful
possibly due to organic material. Meanwhile, sleéermines the depth to which particles can
penetrate the respiratory tract. Inhaled coarsiicpes usually enter the conducting airways
where they may deposit by impaction. In contriataled fine particlesan deposit in the lung
parenchyma—which include the respiratory bronclsioddveolar ducts, and alveolar sacs—
where they may exert greater toxicity due to wealsfenses (i.e., clearance mechanisms and
blood barriers) and greater biochemical respongisen Given their smaller size, UFPs have an
even greater capacity to be respired within thesloarways and alveoli, to penetrate the lung
lining tissue and cell barriers, and to translotatextra-pulmonary organs including the heart
and brain (Oberdorstet al, 2002; Peterst al, 2006). Other physical and chemical factors
may determine particle toxicity including the sality of metals and acidity, which is often

affected by sulfate content and surface charget@drgtates, 2004).

Other Criteria Pollutants: Concentrations and Gamalscular Effects

Because PM levels frequently correspond with tlafseany other co-pollutants, it is
often not possible for epidemiologists to assedwasal role for any single pollutant in an adverse
health outcome. Other common air pollutants of pulbalth concern that are immediately
derived from vehicular emissions include CO,INénd SQ. A recent study (Bhaskara al,

2011) found the highest ambient concentrationsodtifants among 15 metropolitan areas in the



United Kingdom reached an hourly upper quartilé"(@rcentile) of 0.65 ppm for CO, 32 ppb
for NO,, and 6 ppb for S© These values compared closely to those of &t cities
(Chiusoloet al, 2011) as well as Erfurt, Germany, the latter bfoh had comparable daily
ambient concentrations and reported a peak CO &\keb6 ppm (Bergeat al, 2006). An
additional study conducted over 126 U.S. countlesseoved similar 24-hour levels, with only a
notable difference in CO concentrations (peak hyooiblservation = 9.7 ppm; peak daily = 2.5
ppm) (Bellet al, 2009). Yet, levels of these pollutants may reacich higher levels indoors,
within traffic tunnels, or in occupational settingsor instance, while hourly N@oncentrations
are unlikely to surpass 0.2 ppm outdoors, theyraage from 0.4 to 1.5 ppm indoors during gas
cooking (Hesterbergt al, 2009). In traffic tunnels, NO levels (which @renerally at higher
levels than N@in vehicular emissions) can reach 1.5-2.2 ppmileA®O has been shown to
reach levels as high as 19-22 ppm (Gesteal, 2002).

Significant associations have been demonstrateddeet these pollutants and adverse
health outcomes. Fluctuations in N&hd CO have both been shown to correspond with
increased hospitalizations for cardiovascular disecross the U.S. (Bell, et al., 2009; Mahn
al., 2002), while cardiac mortality has been showmtoease with increasing N@hroughout
Italy (Chiusolo, et al., 2011). In a study spagni® cities within the United Kingdom,
Bhaskaran et al. (2011) demonstrated an associagioveen exposure to N@nd onset of
myocardial infarction 1-6 hours later. It is pdéhle that several of these pollutants exert
toxicity in concert. Conversely, one pollutant nimeythe primary culprit, but it cannot be
isolated from its co-pollutants in an epidemiologétting. For example, Berger and colleagues

(2006) found that three different size classesMf(BFP, PM s, and accumulation mode [1.0 -



0.1um]) as well as N@concentrations correlated with episodes of vemi@ictachycardia in

men with coronary artery disease in Erfurt, Germany

Diesel Exhaust Cardiovascular Effects

Diesel exhaust (DE) is a ubiquitous source of uih NO,, and CO, among other
pollutants. Consequently, DE is strongly beliet@dontribute to adverse cardiovascular
effects. Ischemic heart disease hospitalizatinresght European cities have been attributed to
DE exposure (Le Tertret al, 2002). In addition, Mills et al. (2007) found tH2E exposure
exacerbated exercise-induced electrocardiographidepression in human subjects with known
coronary artery disease. Several mechanisms umugtlye acute cardiovascular toxicity of DE
exposure have been implicated, including electrejygical dysfunction, autonomic
imbalance, vascular dysfunction, coagulation, andlevel systemic inflammation (Anselne¢
al., 2007; Brook, 2008; Campetal, 2005; Luckinget al, 2011; Mills, et al., 2007; Peretz
et al, 2008b).

Although many components of DE are suspected tpalale in DE-induced
cardiovascular (CV) dysfunction, recent investigas using relatively healthy individuals have
implicated particles as the predominant mediatonsKing, et al., 2011; Millet al, 2011b).
Studies have demonstrated pathophysiologic effacthe CV system following acute exposure
to either particle-containing whole diesel exhguddE) (Anselme, et al., 2007; Millat al,
2009; Mills, et al., 2007) or DE particles alomtu@nget al, 2010). Likewise, removal of
particles by modern DE filters can prevent DE-inetlthrombosis and vasoconstriction in
healthy humans (Lucking, et al., 2011; Mills, kbt 2011b). Other studies suggest that the

gaseous components of DE contribute to the patreplogic effects documented in



epidemiologic studies. Several reports have shtvahgarticle-free DE exposure promotes acute
physiologic alterations that can trigger cardiasfdgction and injury—including increased
blood pressure, vascular plaque formation, caraigtythmia, and enhanced responsiveness to a
vasoconstrictor (Campen, et al., 2005; Mills,let2011b). However, neither the dominant

constituents nor the primary mechanisms behind mii¢ed cardiac toxicity are resolved.

Mechanisms of Air Pollutant Cardiovascular Toxicity

Observations of increased detrimental cardiovas@yents such as cardiac arrhythmia,
endothelial lipid peroxidation, ischemic myocardedions, MI, decompensation of heart failure,
and changes in heart rate variability have guidadyrhypotheses about mechanistic pathways
of air pollutant-induced cardiovascular insult—aflwhich concern neuroregulatory, vascular,
cardiac, and/or pulmonary effects. Among the higpsized mechanisms, the most substantiated
include: (i) dysfunction of the autonomic nervoystem (ANS) resulting from lung receptor
reflexes and/or pulmonary inflammation; (ii) cadysfunction following heart tissue
responses to inadequate blood supply (ischemiaak@ctions of ion channels in heart cells
(cardiomyocytes); and (iii) inflammatory respongggstemic and pulmonary) that lead to
vascular changes including pro-coagulant alteratmfrblood, endothelial malfunction, and
structural deterioration of the endothelium. (Setetlal, 2005; Zareba, 2001). Although the
scientific community lacks precise evidence for hegasms involving the exceptional
vulnerability of heart failure patients to PM, tbathological features of heart failure may confer

a hypersensitivity that predisposes the myocardmexaggerated responses to PM inhalation.
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Pathophysiologic Relevance of the Autonomic Nervdustem

As the primary mediator of cardiovascular functithe autonomic nervous system is
divided into the parasympathetic and sympatheanthmes. These branches have generally
opposing influences and are coordinated by the@aadcular control center within the medulla
according to external and internal stimuli. Theaggmpathetic branch governs basal control of
cardiovascular physiology (“rest and digest” homatis mechanisms), whereas the sympathetic
branch enables increased cardiac output to suppetie movement, alertness, and quick
physical action (“fight or flight” responses).

Autonomic control of heart function is frequentlysassed by measuring heart rate
variability (HRV)—the variation in time between s@ssive heart beats. Significant declines or
increases in HRV parameters may indicate autondgstunction. Decreased HRV has been
associated with a risk of cardiovascular eventf ssscmyocardial infarct (Ml), cardiac
arrhythmias, and sudden cardiac death, as wellagggssion of heart failure and atherosclerosis
(Ponikowskiet al, 1996; Singtet al, 2003). PM exposure has been associated witlfisaymt
decreases in HRV parameters among the elderlyrtteatsify with preexisting arrhythmia,
coronary heart disease, and hypertension (Detlal, 2003; Liacet al, 1999); however, air
pollution’s effects on autonomic function can varnyh specific cardiopulmonary diseases.
Wheeleret al. (2006) observed that increases in ambieng Pdgnificantly increased HRV

parameters in subjects with COPD but decreased pir&meters in individuals with prior MI.

Cardiovascular Susceptibility to Air Pollutant Exspioe

Among those with cardiovascular disease, heanrajpatients are particularly

susceptible to the effects of PM. Elevated findoimt PM levels have been associated more
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strongly with heart failure hospitalizations thasshitalizations for other cardiopulmonary
diseases—including cerebrovascular disease, pealVvescular disease, ischemic heart disease,
COPD, heart rhythm problems, and respiratory treettion (Dominiciet al, 2006). Limited

yet compelling evidence suggests that chronic paeie exposure promotes the development of
heart failure. Among heart attack survivors, aufiim’ increase in annual Pilevels
corresponded with a 40% increased incidence ofldpreent of heart failure over three years
(Zanobetti & Schwartz, 2007). Lastly, epidemioladistudies have linked acute particulate
exposure with acute exacerbation of heart faillBehwartz and Morris (1995) observed that a
32 ug/m’increase in daily PM was followed by a 3.2% increase in daily heattfai hospital

admissions among people over 64 years old.

Potential Biochemical Links between Heart Failund Air Pollutant Toxicity

The striking similarity in biochemical effects beten heart failure and air pollutant
exposure add further plausibility to heart failamnferring particular susceptibility to air
pollutants. Heart failure has been associated @létiations in circulating inflammatory markers
(such as fibrinogen and C-reactive protein), englatil (ET-1), and the pro-inflammatory
cytokines tumor necrosis factor alpha (TMFand interleukin 6 (IL-6) (Setet al, 1996).
Similarly, short- and long-term air pollutant exposs have been shown to increase these
markers (Broolet al, 2003; Calderon-Garciduenasal, 2007; Lundet al, 2009; Peretz, et
al., 2008b; Ruckemt al, 2007; van Eedeet al, 2001). Researchers demonstrated a strong
association between exposure toRihd ET-1, as well as pulmonary arterial pressuare, i
children in Mexico City (Calderon-Garciduenas, let2007). Likewise, others detected an

association between PM exposure and circulating dnd fibrinogen in survivors of Ml
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(Ruckerl, et al., 2007). Heart failure and air ptaht exposure also both appear to increase
natriuretic peptides, which are released upon nrylalastretch. Atrial and B-type natriuretic
peptides (ANP and BNP) correlate closely with seyef cardiac dysfunction and heart failure
(Clericoet al, 2006; de Denust al, 2004), and have been demonstrated to increasesioot-
term PM inhalation exposure (Tankersktyal, 2008).

ET-1, TNF«, IL-6, ANP, and BNP bear several effects on caraézular physiology.
ET-1 is a powerful vasoconstrictor that temporainigreases the contractile force of
cardiomyocytes and expedites myocyte protein swgh{&eta, et al., 1996). TNFis a
vasodepressor (decreases blood pressure) that ®pumonary edema and left ventricular
dysfunction at high levels, is closely associatéth wyocyte hypertrophy, and is believed to
trigger cardiomyocyte apoptosis in conjunction WP (Francis, 2001; Kang, 2006). TNF-
may also induce IL-6, which is another vasodeprettsd promotes myocardial dysfunction as
well as myocyte atrophy (Seta, et al., 1996). Mdale, ANP and BNP compensate for
myocardial stretch by decreasing blood volume daddpressure through induction of
natriuresis (the excretion of sodium in the urigahe kidneys) and peripheral vasodilation,
thereby reducing the symptoms and progressionant lfelure (Stoupakis & Klapholz, 2003).

Heart failure and air pollutant exposure have liién shown to promote oxidative stress
through formation of reactive oxygen species (R&®) sympathetic activation—each of which
can compromise cardiac health. In addition to sstimgtic excitation involving marked
increases in circulating catecholamines (epineghii®], norepinephrine [NE], and dopamine)
heart failure is typically accompanied by increapeatiuction of ROS (especially superoxide
[O2+-] and hydroxyl radical [OHe¢]) leading to lipid-pexidation (Dhallaet al, 2000; Diwan &

Dorn, 2006; Pengt al, 2003). Catecholamines themselves can promotetwalstress, as they
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auto-oxidize to generate highly reactive OHs¢e-Oaminochromes, and o-semiquinones, thereby
promoting lipid peroxidation and cellular necroddhalla, et al., 2000; Remiaa al, 2001,
Remiaoet al, 2002; Singal, 1983; Singat al, 1982). An extensive body of research has
demonstrated that PM exposure also increases RO8xahative stress (Brook, et al., 2010),
while there is suggestive (yet inconclusive) evigefor autonomic effects of air pollutant
exposure (Brook, et al., 2010; Mikd al, 2011a). Only a limited few studies have demomstra
air pollutant effects on catecholamines. For insta®rgackat al. (1983) observed elevated
urine NE among Polish children exposed to modeyrdtigh levels of “falling dust”; meanwhile,
the highest exposures corresponded with decrea$é¢is,iEP, and dopamine, potentially
stemming from an inverted U-shaped PM dose-responem differences in air pollutant
components between groups. Another group notedgtissociations between
sympathoexcitation and oxidative stress after Ppbexre in rats (Rhodest al, 2005),
revealing by pharmacologic inhibition that PM-inddcautonomic stimulation promotes
oxidative stress. Others have demonstrated thaisexe to concentrated ambient particulates
(CAPs) increases NE within the paraventricular eausl(PVN) of the murine hypothalamus
(Sirivelu et al, 2006). The PVN has subpopulations of neuronsrédate directly to
neuroendocrine and autonomic effector mechanisraking it important in the regulation of
visceral responses within both the central andoperial nervous systems (Swanson &
Sawchenko, 1980). Interestingly, the PVN not drdg increased NE during heart failure, but
also activates multiple sympathetic nerves anceemes serum NE when it is stimulated (Patel,
2000). Sympathetic activation from elevations i &&n lead to arrhythmia, Ml, and sudden

cardiac death, while also exacerbating heart ri{ratel, 2000). Ultimately, the biochemical
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influences air pollutant exposure may lead to pumroed autonomic and cardiac dysfunction in
those predisposed to heart failure.

In part, disruption of vascular homeostasis (inirajyvneurohormonal responses and
altered NO homeostasis) mediates heart failurerpssgpn and underlies air pollutant toxicity.
Patel and colleagues (2001) observed significgmtedsions in neuronal nitric oxide synthase
(nNOS) within the PVN of rats with experimentalhduced heart failure. Others have noted
decreased NO production or depressed NOS activityultiple vascular tissues during heart
failure (Schultz & Sun, 2000). Similarly, multipt¢udies have demonstrated that air pollutant
exposure can disrupt NO homeostasis through uncmupf NOS (Campen, 2009; Cherag
al., 2011; Knuckle®t al, 2008; Tankerslegt al, 2008), and also the conversion of inhaled
nitrogen oxides into bio-active nitric oxide (Knueget al, 2011). With diesel exhaust
exposure, such effects have been shown to proneotecenstriction (Knuckles, et al., 2008).
Since NO is a major mediator of vasodilation, dieal NO synthesis has major implications for
vascular function. Additionally, altered NO homtasss can effect autonomic function, as NO
has been demonstrated to inhibit sympathetic inffeeover the heart by inhibiting cardiac NE
release (Schwaret al, 1995) and promoting catecholamine oxidation (Keatal, 2000).
Accordingly, decreases in NO correspond with inseglasympathetic stimulation in heart failure
(Patel, et al., 2001). This impairment in NO hostasis, as well as other neurohormonal
effects, causes vasoconstriction in heart fajhateents (Ferro & Webb, 1996). Likewise, PM
exposure elicits vasoconstriction (Broekal, 2002), a response likely due to NO depletion (via
superoxide generation) (O'Nedt al, 2005; Rajagopalagt al, 2005) and direct nerve
stimulation by neurotransmitters. Therefore, aitytant exposure and heart failure may

concomitantly promote lipid peroxidation, sympatkaation, and vasoconstriction by depleting

15



NO, promoting catecholamine release, and gener&idg. Ultimately, there is substantial
evidence that air pollutant exposure may bear ditiae effect on multiple pathologic traits of
heart failure. Heart failure may thus confer heggled sensitivity to the physiologic effects of

air pollutant exposure.

Incorporation of Animal Models of Cardiac Diseast®iAir Pollution Studies

Very few animal studies support the epidemiololgilcalings that people with
preexisting heart failure are exceptionally sewsitp the adverse effects of PM. Research
incorporating animal models of disease may furétecidate the extent to which inflammation,
autonomic alterations, and/or cardiomyocyte dedradaontribute to PM-induced cardiac
dysfunction. Results of previous animal diseasdehstudies have mostly complemented
epidemiological observations, but have failed toitelesponses at comparable PM
concentrations. Kodavarst al observed histological evidence of myocardial ipjeincluding
chronic-active inflammation, necrosis, and fibresia the hearts of Wistar Kyoto (WKY) rats
following long term inhalation of particles < 2u% diameter (10 mg/ih 6 hours/day, 1
day/week, for 16 weeks) (Kodavaetial, 2003), indicating that PM could exacerbate heart
failure by directly damaging heart tissue. Wellsnand colleagues induced Ml in Sprague-
Dawley rats and observed that inhalation of redidildly ash (ROFA; < 2.5m, 3 mg/ni for 1
hour) 15 hours later increased arrhythmia and @secHRYV during exposure (Wellenietsal,
2002). Subsequently, the investigators founddrsnilar regimen using concentrated ambient
particulates (CAPs; < 2un, 35Qug/m’for 1 hour) instead of ROFA also increased arrhyshim
Ml rats during exposure (Wellenigs al, 2004). Very few studies have reported on theots$f

of PM exposure in animals with heart failure. Gmrénd coworkers saw no adverse cardiac or
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pulmonary effects in a hamster model of genetidicanyopathy exposed to CAPs; however, at
no point in the publication did the authors provedédence of preexisting cardiac insufficiency
in the test animals (Gordaat al, 2000). Muggenburgt al.exposed 7 old dogs with various
cardiac abnormalities to aerosols of lone transitieetal oxides or sulfates by oral inhalation
(manganese, nickel, iron, vanadium, and copperesxat vanadyl and nickel sulfates; 0.7-
2.9um, 0.05-0.1 mg/rh 3 hours/day for 3 days) (Muggenbweial, 2003). Two of these dogs
had pre-existing heart failure with depressed lrs¢lRV. HRV decreased in one of the heart
failure dogs following VS@exposure. In contrast, the other dog with heahtife responded to
separate Mn@and NiSQ exposures with increased HRV and did not shovsparse to VSO
Anselmeet al.exposed rats with surgically induced post-myocaidfarction heart failure
to diesel exhaust (DE) containing a mixture of ﬁgﬂn3ultra-fine PM (0.085um diameter),
hydrocarbons, nitrogen dioxide, and carbon monofddeselmeet al, 2007). Exposure
immediately decreased HRV in normal and heart faitats, but increased arrhythmias
(ventricular premature beats) in heart failure cattly. In this instance, exposure to filtered DE
(with PM removed by filtration) may have better@tiated PM'’s role in the observed adverse
effects. In a related study, Morin observed thatremoval of PM from DE by filtration did not
alter the toxic profile of lung cultures exposedltesel emissions (Morin, 2006). Likewise,
Campen and colleagues (2005) observed similartsftgdavhole- and filtered DE on ECG
measures of ventricular repolarization and heagtiraa mouse model of atherosclerosis.
Regardless of filtration, the findings of Anseln20(Q7) and Campen (2005) indicate that the
cardiophysiologic effects of air pollutants are mogadily observed in rodent models of

cardiovascular disease.
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The SHHF rat: A Model of Cardiovascular Suscepgtiypind Age-dependent Heart Failure

The SHHRMcc-fa™® strain originates from the seventh back-crossieftormal
Spontaneously Hypertensive rat (SHR) with “Koletskese” rats (inbred from the hypertensive
offspring of a Sprague Dawley/SHR cross) (Koletsl§75; McCuneet al, 1990). SHHF rats
possess characteristics similar to the SHR, ext@@¥ eventually acquire dilated
cardiomyopathy and heart failure preceded by Typ@betes mellitus and consequent diabetic
nephropathy accentuated in obese and male ratsyMa€ al, 1990; Muders & Elsner, 2000).
The SHHF's additional pathology is attributed toansense mutatiofg, which encodes a
premature stop codon in the leptin receptor (Mud@eEsner, 2000; Roncalkt al, 2007).

“Lean” and “obese” SHHF rats differ in disease sgyand progression primarily by their
responsiveness to leptin—a hormone released ugmy ehat inhibits appetite, provokes a sense
of satiation, stimulates the sympathetic nervostesy, and increases energy expenditure in a
receptor-dependent manner (Matkal, 2003). The autosomal recessive corpulence(tjajt
manifests as obesity in rats homozygous foffamautation {a*? / fa®*), while homozygous wild-
type (+ / +) or heterozygous (&) SHHFs are lean (Jacksenal, 2001; Radiret al, 2003;
Roncalli, et al., 2007). Among lean males, hetggores develop congestive heart failure and
die sooner than the homozygous wild-types (McCetred, 1995; Radin, et al., 2003).
Heterozygosity confers mild hyperleptinemia andilimsresistance, with marked effects in
homozygous mutantg™® / fa®) rats (Emteet al, 2005; Radin, et al., 2003). Notably, leptin
administration has been shown to induce eccentatation of the left ventricle(Abet al,

2007), while leptin receptor polymorphisms and wating leptin associate with human heart
failure (Bienertova-Vasket al, 2009). In contrast to 10-12 month old SHRs withcentric

hypertrophy, age-matched lean male SHHF rats dp\edioentric hypertrophy and lack
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ventricular wall thickening (Haast al, 1995). Although leptin stimulates sympatheticvee
activity and may increase arterial pressure, lejppiiiuced sympathetic excitation is absent in the
obese phenotype of another rat strain (Zucker) lzogaus for the same mutated leptin receptor
gene (Mark, et al., 2003). Thus, heart failurehm 8HHF is not entirely a result of hypertension-
induced increases in afterload and may resultypfidin preload-driven volume overload. Un-
anesthetized, unrestrained lean male SHHF rats gertension exceeding the SHR (24-hour
MAP: 161 mmHg at 10 weeks and 145 mmHg at 15 we@kaill, 2010; Carlet al, 2010),

while several studies suggest that un-anesthetizedgstrained obese male SHHFs have less
severe hypertension (MAP: 119 mmHg at 18-26 weE&3,mmHg at 40 weeks, and 127 mmHg
at 54 weeks) (Poornimet al, 2008; Schlenkeet al, 2004). Some studies have reported higher
systolic pressure in the obese relative to the; lrawever, pressure measurements in these
studies use anesthesia or restraint (e.g. taij;onffich may differentially affect the two
phenotypes (McCune, et al., 1995; Radin, et @032 Roncalli, et al., 2007).

SHHFs express LV hypertrophy at 3 months regasdié gender or obesity.
Decompensated heart failure with gross symptomsreat 10-13 months in obese
males(McCune, et al., 1995; Petersbml, 2001; Schlenker, et al., 2004), 15 months irsebe
females(Hohkt al, 1993), 18 months in lean males(Andersbal, 1999; Heyeret al, 2002;
Jansseret al, 2003; Reffelmann & Kloner, 2003; Tamwgal, 1999), and 24 months in lean
females.(Gerdest al, 1996; McCune, et al., 1995; Onodetal, 1998; Tamura, et al., 1999)
The overt signs of decompensated heart failuredonithe SHHF often include subcutaneous
edema, tachypnea and shallow rapid breathing,tedg] cyanosis, lethargy, piloerection,
pulmonary edema, pleural effusion, ascites, cardgaty, left and right atrial dilatation, and

hepatomegaly.(McCune, et al., 1995) Death typicadigurs at 18 months in obese females(Park
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et al, 1997) and 19 months in lean males(Emter, e2@05; Heyen, et al., 2002) as heart
failure severity increases with decompensatiorth@lgh heart failure onset is more rapid in
obese SHHFs, lean males compare well to the hygméic qualities of obese SHHF's and also
compare closely to human heart failure pathoger{siacalli, et al., 2007) In 18-20-month old
lean male SHHFs, a reductiondMHC andp-adrenergic receptofAR) density as well as
increases in ventilatory rate (>200 breaths/miMHC, circulating TNFe., IL-6, natriuretic
peptides, and leptin suggests a profound compésabdtween heart failure pathogenesis in
SHHF rats and humans.(Anderson, et al., 1999; Emital., 2005; Ferramt al, 1996; Heyen,
et al., 2002) Furthermore, exceptional homology leeen demonstrated between lean and obese
male SHHFs in increases in neurohormonal, apopfidiotic, inflammatory, metabolic,
hypertrophic, and structural gene expression aha@0ths relative to 4 months of age.(Roncalli,
et al., 2007) Thus, the pathogenesis of hearrfaih lean and obese males is strikingly similar
with exception to rate of progression.

Among SHHFs, the lean male has been the mostugbty studied for cardiac
dysfunction. Yet, timing of systolic and diastatigsfunction has been inconsistent between
several of these studies (Anderson, et al., 1998l et al, 2011b; Heyen, et al., 2002;
McCune, et al., 1995). The variability in obseiwas may stem from different anesthetics used
during physiologic measurements; however, simi&arability has not been observed in studies
using other models and different anesthetics. Fel@HIHFs differ from males in timing to
progression and gross signs of heart failure. Agawdies have noted the absence of several
common heart failure traits in 24-month old leam&e SHHFs (Onodera, et al., 1998; Tamura,

et al., 1999) despite marked declines in LV systahd diastolic performance and significant

20



cardiomegaly (Gerdes, et al., 1996; Tamura, £1809).

Project Summary

The brain regulates cardiovascular function throtinghopposing influences of the
sympathetic (“fight or flight”) and parasympatheficest and digest”) branches of the autonomic
nervous system. Epidemiological data indicate ahaefective co-ordination of these two
branches, known as autonomic imbalance, is a mexrhanediating the adverse cardiac effects
of air pollution. In the presented research, vath preexisting cardiovascular disease were used
to test the hypothesis that DE inhalation causediaadysfunction through imbalance of the
autonomic nervous system. To this end, heartriaifwone rats were exposed one time for 4
hours to DE (500g/m®) and examined for changes in cardiovascular plygjcthrough
multiple endpoints: heart rate variability, elecmodiogram, blood pressure, arrhythmia, and left
ventricular function and dimension. Most of theds&s performed herein involved young adult
SHHF rats (2-2.5 months old). To initially chaextte the effects of DE on rats with even
greater cardiovascular susceptibility, aged SHH§ (6 months old, pre- heart failure) were
also used. Physiologic stress tests (treadmilllehgé or infusion of a sympathetic agonist) were
also applied to unmask latent effects of DE on aomaic balance and cardiovascular function in
the young adult SHHF. Additionally, sympathetidgrarasympathetic inhibitions were
performed in young adult SHHF rats either pharmagichlly (atenolol or atropine), or
surgically (vagotomy), to determine the contribataf each autonomic branch to DE-induced
cardiovascular dysfunction.

Human studies have repeatedly demonstrated agsosisetween exposure to fossil fuel

combustion-derived air pollutants and adverse aardvents—especially in individuals with
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preexisting heart disease. Although still uncleaujtiple mechanisms of toxicity have been
postulated including direct effects of componemtdhee myocardium, systemic/vascular
inflammation, and autonomic imbalance. Preliminaoyk on rats in our laboratory has
demonstrated that air pollutant exposure triggeitsunt responses that are characterized by
immediate decreases in heart rate and/or bloodpresuggesting a role for the autonomic
nervous system. The goal of this research is teraehe if autonomic imbalance from acute
inhalation of diesel engine exhaust (DE—a majors®wof fine urban particulate matter, P
provokes cardiac dysfunction in rats with undedyaardiovascular pathology. The lean male
Spontaneously Hypertensive Heart Failure (SHHFpragresses from cardiac hypertrophy at 2
months to overt decompensated heart failure atappately 18 months. Young adult (2-3
months) and aged adult (16 months) SHHFs were asedodels of early and late compensated
hypertrophy (before any sign of overt decompenshgésadt failure), respectively. In the
following studies, lean male SHHF rats receivethgls inhalation exposure to either DE or
filtered air. Radiotelemetry was used to analyzeeféects on the electrocardiogram (ECG),
heart rate variability (HRV), heart rate, core baeyperature, and—in some instances—blood
pressure. Left ventricular catheterization andeahdiography were also performed in some
instances to generate measures of cardiac funatidrdimensions.

The studies conducted toward Specific Aim 1 sotgltharacterize the cardiovascular
effects of DE in lean SHHFs through the use ofnetigy and echocardiography. The
experiments performed for Specific Aim 2 soughtitweil latent effects of DE exposure on
autonomic balance through the use of physiologessttests, including treadmill exercise and

administration of a sympathomimetic drug (dobutahinFor Specific Aim 3, the role of each
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branch of the autonomic nervous system in DE-indwaediac dysfunction was investigated
through pharmacologic or surgical inhibition antéseguent stress test.

DE is a major source of common air pollutants taclwhhe majority of humans are
exposed on a daily basis. Such acute exposuresagethe short-term likelihood of
hospitalization and death due to cardiac compbeati The link between acute air pollutant
exposure and adverse cardiac events remains pawtrstood, but it may be driven by
alterations in the autonomic nervous system. Saatlecidation of mechanism may enhance
biological plausibility of a causal relationshipeteby reducing uncertainty in standard setting

and in the linkage between exposures and healtomds.

Specific Aims
Hypothesis: Diesel exhaust exposure promotesaactisfunction in heart failure-prone rats

through autonomic imbalance

Specific Aim 1Characterize the cardiophysiologic effects okdleexhaust on a heart failure-

prone rat using ECG & blood pressure telemetrymmask potential autonomic effects.

Specific Aim 2Determine if diesel exhaust exposure modifiesliearresponses to physiologic

stress tests, including treadmill exercise and aghtnation of a sympathomimetic drug

(dobutamine).
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Specific Aim 3Elucidate the role of the autonomic nervous syste DE-induced cardiac effects
by inhibiting the parasympathetic (atropine or vaguoy) or sympathetic (atenolol)

branches and incorporating stress tests.

Aim 1: The goal of Aim 1 was to determine the effects sinmle acute inhalation of DE

(4 hours) on cardiac function in lean SHHF r&sor to these studies, the electrophysiologic,

hemodynamic, and pulmonary effects of acute DElatiman had not been examined in the heart-
failure prone SHHF rat, and very few studies haah@ired such effects in animals genetically
predisposed to heart failure. The studies addrggsim 1 were performed to provide descriptive
evidence of air pollutant-induced autonomic imba&hoth early (2-2.5 months of age) and late
(16 months of age) in the SHHF's progression thhotgmpensated hypertrophy in order to

guide subsequent mechanistic studies.

Aim 2: In the studies toward Aim 1, we found that the a@e&month-old) SHHF rat
provided a useful model with which to demonstrat®maomic effects of DE exposure, while the
restingyoung adult SHHF rat offered little insight inteetrole of autonomic imbalance on DE-
induced cardiac dysfunction. Yet, since the agaHiSrat was difficult to reliably obtain, a
pilot study was performed in young adult SHHFsatracheally instilled with diesel exhaust
particles and challenged by treadmill exerciserdeoto reveal effects of DE exposure
unapparent in resting rats. The indications obaainic imbalance in DE particle-exposed rats
(Appendix, Figures 2 & 3) justified the studiesfpemed toward Specific Aim 2, which were

conducted on the young adult SHHF rat with the @bdalrovidingreproducible methods for

demonstrating cardiophysiologic and autonomic ¢ffe€ DE As such, physiologic stress
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tests—including treadmill exercise and administraf a sympathomimetic drug
(dobutamine)—were conducted to determine if DE sxp® modifies cardiac responses
consistent with autonomic dysfunction. Additioyaleft ventricular pressure was measured in
the young SHHF rat before and after dobutaminesinfuto determine if more direct assays of
cardiac function could demonstrate effects of DRpparent in our previous characterization

studies.

Aim 3: The studiesoward Aims 1 and 2 demonstrated effects of DE ithaticated

dysregulation of cardiac function through the aotait nervous system. The goal of Aim 3 was

to determine more conclusively if autonomic imbakmediates pollutant-induced

cardiophysiologic effectsroung adult SHHFs were injected with a parasymgtathnhibitor or

a sympathetic inhibitor shortly before exposur®Band subjected to treadmill exercise
challenge after DE exposure. Additionally, a swlogrof DE- or air-exposed rats received left
ventricular pressure measurements and dobutanfu&on before and after surgical ablation of

the vagus nerve—the primary route of parasympathegulation of the heart.
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CHAPTER 2
WHOLE AND PARTICLE-FREE DIESEL EXHAUSTS DIFFERENTIALY AFFECT

CARDIAC ELECTROPHYSIOLOGY, BLOOD PRESSURE, AND AUNDMIC BALANCE
IN HEART FAILURE-PRONE RATS

Overview

Epidemiologic studies strongly link short-term egpes to vehicular traffic and
particulate matter (PM) air pollution with advexsdiovascular events, especially in those with
preexisting cardiovascular disease. Diesel engkimuest (DE) is a key contributor to urban
ambient PM and gaseous pollutants. To determine rtie of gaseous and particulate
components in DE cardiotoxicity, we examined tHea$ of one 4-hour inhalation of whole DE
(WDE; target PM concentration: 500 pdjror particle-free filtered DE (fDE) on cardiovasamu
physiology and a range of markers of cardiopulmgmgury in hypertensive heart failure-prone
rats. Arterial blood pressure (BP), electrocardapdny (ECG), and heart rate variability (HRV,
an index of autonomic balance) were monitored. BfidkE and wDE decreased BP and
prolonged PR interval during exposure, with moréeas from fDE, which additionally
increased HRV triangular index and decreased T-veamplitude. fDE increased QTc interval
immediately after exposure, increased atrioventc(AV) block Mobitz Il arrhythmias shortly
thereafter, and increased serum high-density lgepr 1 day later. wDE increased BP and
decreased HRV root mean square of successive ahffes (RMSSD) immediately post-
exposure. fDE and wDE decreased heart rate dunegith hour of post-exposure. Thus, DE

gases slowed AV conduction and ventricular repp¢dion, decreased BP, increased HRV, and



subsequently provoked arrhythmias, collectively gasing parasympathetic activation;
conversely, brief BP and HRV changes after exposorparticle-containing DE indicated a
transient sympathetic excitation. Our findings sgigthat whole and particle-free DE
differentially alter cardiovascular and autonomltygiology and may potentially increase risk

through divergent pathways.

Introduction

Exposure to vehicular traffic air pollution posesignificant threat to public health,
especially in individuals with pre-existing cardascular disease (Brook, 2008). Diesel engine
exhaust (DE) is a major source of urban fine atcfihe particulate matter, as well as volatile
organics, carbonyls, and gases such as sulfurd#d®Q), nitrogen oxides (N@nd NQ), and
carbon monoxide (Krivoshto, et al., 2008; Peretal., 2008a). Moreover, DE is an important
contributor to vehicular emissions attendant tcbemical and physiological responses and
adverse clinical outcomes near roadways. For igstan a study spanningl5 cities within the
United Kingdom, Bhaskaraet al. (2011) demonstrated an association between exptsING
and onset of myocardial infarction 1-6 hours lafenther, ischemic heart disease
hospitalizations in eight European cities have kearbuted to DE exposure (Le Tertre, et al.,
2002). In addition, Millset al. (2007) found that DE exposure exacerbated exemtheced
electrocardiographic ST depression in human subjeith known coronary artery disease.
Several mechanisms underlying the acute cardiolasimxicity of DE exposure have been
implicated, including electrophysiological dysfuioct, autonomic imbalance, vascular
dysfunction, coagulation, and low-level systemitammation (Anselme, et al., 2007; Brook,

2008; Campeet al, 2005; Lucking, et al., 2011; Mills, et al., 2ZQ0Peretz, et al., 2008a).
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Although many components of DE are suspected tpalale in DE-induced
cardiovascular (CV) dysfunction, recent investigas using relatively healthy individuals have
implicated particles as the predominant mediatousKing, et al., 2011; Mills, et al., 2011b).
Studies have demonstrated pathophysiologic eftatthe CV system following acute exposure
to either particle-containing whole diesel exhguddE) (Anselme, et al., 2007; Millet al,
2009; Mills, et al., 2007) or DE patrticles alomtuéng, et al., 2010). Likewise, removal of
particles by modern DE filters can prevent DE-inetlithrombosis and vasoconstriction in
healthy humans (Lucking, et al., 2011; Mills, bt 2011b). Other studies suggest that the
gaseous components of DE contribute to the pattsiplogic effects documented in
epidemiologic studies. Several reports have shtvanhgarticle-free DE exposure promotes acute
physiologic alterations that can trigger cardiasfdgction and injury—including increased
blood pressure, vascular plaque formation, caraigtythmia, and enhanced responsiveness to a
vasoconstrictor (Campen, et al., 2005; Mills,let2011b). However, neither the dominant
constituents nor the primary mechanisms behind mii¢ed cardiac toxicity are resolved.

Because the correlations between air pollutionaherse cardiac events are strongest
among populations with preexisting CV diseases itriportant to model this in animal toxicity
studies. We have previously demonstrated that expedo residual oil PM (Carll, et al., 2010;
Farrajet al, 2009; Farragt al, 2011) the gaseous irritant acrolein, (Haegaial, 2009), or
diesel exhaust (Lamét al, 2012) cause a number of alterations in cardigsiplogy including
increased parasympathetic tone, ST depressiomgaddic arrhythmia (e.g., AV block) in rat
models of hypertension or heart failure. Becaush@tontinued uncertainty regarding the
precise role of specific diesel exhaust constitsi@nthe elicitation of cardiovascular effects, we

investigated previously undescribed electrocardiplic and blood pressure effects of acute
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exposure to particle-free (gases alone; fDE) andlevDE (particles plus gases; wDE) in heart
failure-prone rats. We hypothesized that wDE exposould provoke greater changes in CV
physiology than fDE exposure in Spontaneously Hgreive Heart Failure (SHHF) rats.
Electrocardiogram and blood pressure radiotelenve¢ng used to monitor autonomic balance
(measured by heart rate variability), cardiac atrhnya, and indicators of altered myocardial
conduction, before, during, and after a single wHmbdy inhalation exposure to either wDE or

fDE. Cardiopulmonary injury, inflammation, and oatt/e stress were also assessed.

Materials and Methods

Animals and radiotelemetry implantatidcean male spontaneously hypertensive heart
failure (SHHF) ratsNlccCrl-Lepr®; n = 20, 9 weeks old; Charles River Laboratories, King,
NY) were implanted with radiotelemeters (model TMPLC50-PXT; Data Sciences
International, St. Paul, MN) capable of transmgtlEeCG, heart rate (HR), aortic blood pressure
(BP), and core body temperature wirelessly to aprdar receiver. Telemeter implantation was
performed by surgeons at Charles River Laboratodyaalhered to preoperative, anesthetic, and
surgical procedures described previously (Carlglt2010). Lean male SHHFs acquire cardiac
hypertrophy by 3 months of age and transition dtated cardiomyopathy and heart failure
(HF) at 18 months of age as a consequence of leyseon and hyperleptinemia (Caatl al,
2011c). Rats were shipped after a 10-day recovenpg to our Association for Assessment and
Accreditation of Laboratory Animal Care InternaadfAAALAC)-approved animal facility,
housed individually in 42 x 21 x 20-cm Plexiglagea with pine-shave bedding in a room
(22°C £1°C, 50% * 5% relative humidity, 12-h ligtdrk cycle 0600:1800 h), and provided

standard Purina rat chow (5001; Brentwood, MO)watkrad libitum All studies conformed to
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the guidelines of the US Environmental ProtectigeAcy (EPA) Institutional Animal Care and
Use Committee (IACUC). Three days later, rats wexasferred to the EPA High Bay facility’s
satellite animal holding room and maintained urtdersame conditions as previously stated but
in smaller, 33 x 18 x 19-cm Plexiglas cages. Raieweighed and assigned blindly to one of
three exposure groups (clean filtered air, “Airhele diesel exhaust, “wDE”; and filtered diesel
exhaust, “fDE”) while maintaining equivalent meawdly weights per group.

Diesel exhaust exposure and generatR®ats were acclimated to exposure conditions in
20 x 12.5 x 17-cm metal wire cages within the cligiéered air exposure chamber for 1 hour at
two days preceding exposure. On the exposure dtsywere allowed to acclimate to the
chambers for 20 min and then baseline data wasdeddor the next 40 min. Rats were then
exposed to whole diesel exhaust (WDE, target of j5@®M s/m°), filtered diesel exhaust (fDE,
target of 0 g PMs/m°), or clean filtered air (Air) for 4 hours in what®dy exposure
chambers. Thereafter, DE exposures were stoppedifdrour recovery period in which clean
filtered air was circulated through exposure chammbeats were returned to home cages
immediately after recovery period. DE exposuresevarultrafine PM concentrations
comparable to those found in traffic tunnels aridb(eef moments) on roadways (Anselme, et
al., 2007; Zhu, et al., 2007) and p@nd SQ concentrations comparable to those observed in
traffic tunnels or in cities within the U.S. andrBpe (Danzon, 2000; Svartengretal, 2000).

DE was generated using a 4.8 kW (6.4 hp) dirgettion single-cylinder 0.320 L
displacement Yanmar L70 V diesel generator operatedconstant 3600 rpm on low sulfur
diesel fuel (32ppm) as previously described (Laetlal., 2012). Resistance heating elements
provided a constant 3 kW load. Engine lubricatidr{®hell Rotella, 15W-40) was changed

before each set of exposures. From the enginexh@ust was mixed with clean air previously
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passed through high-efficiency particulate air (AERIters. Air dilution of wDE was adjusted
periodically to maintain target P\ mass concentration. The diluted DE was delivepeaht
isolated animal exposure room and was either deld/an-filtered to a Hazelton 1000 (984 L)
exposure chamber (WDE) or diverted through a HEB#ister filter and delivered to a similar
exposure chamber (fDE). The HEPA canister filtetdeed a 99.97% removal efficiency
standard to 0.3 um. Although the fDE chamber wkdively absent of PM, its concentrations of
diluted combustion gases remained comparable tarthikered chamber (Table 2.1). Control
animals were placed in a third chamber supplieti Wie same HEPA-filtered room air as that
used to dilute DE. The chambers were operateceatdime flow rate (424 L/min; resulting in
approximately 25 air exchanges per hour), temperatund pressure. Integrated 4 h filter
samples (14.1 L/min) were collected daily from ealshmber and analyzed gravimetrically to
determine particle concentrations. Chamber conatomis of PM, oxygen (£, carbon
monoxide (CO), nitrogen oxides (NO and N(and sulfur dioxide (S£ were measured as
previously described (Lamb, et al., 2012). Chantbeperatures, relative humidity, and noise
were also monitored, and maintained within accdptednges.

Radiotelemetry data acquisition and analy&tadiotelemetry was used to track changes
in CV and thermoregulatory function by continuousignitoring core body temperature, blood
pressure, ECG, and activity in awake, unrestrara&sibeginning at 1 day before inhalation
exposure and continuing through exposure untilandbkia 24 hours after exposure. Data was
monitored by remote receivers (Model RPC-1; Datar®es International, Inc.) positioned
under the home cages within the animal facilityd beside cages within exposure chambers.
Arterial blood pressures (mean, systolic, diast@r pulse), heart rate, and QA interval were

derived from pressure and ECG waveforms collectedsample rate of 1000 Hz for 2 min of
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every 10 min and automatically analyzed by compsiéware (DataART 3.01; Data Sciences
International) as previously described (Carll,let2010). QA interval provides an index of
contractility determined by a measure of the agesejection period. Specifically, QA interval
is the delay between onset of left ventricular dapmation and ejection, which are respectively
indicated by the initializations of the R-wave dhd following increase in aortic pressure
(Cambridge & Whiting, 1986). Averages were calaedifior blood pressures on an hourly basis
over the 4 hours of exposure (mid-inhalation, witekposure chambers), the roughly 40-minute
baseline and 1-hour recovery periods (within exppshambers), the 4-hour periods in home
cages immediately pre- and post- exposure, andree lvage period from the day preceding
exposure that was time-matched with exposure.

ECG waveforms were analyzed with computer sogwWBCGauto 2.5.1.35; EMKA
Technologies, Falls Church, VA) that enabled visudhythmia identification and automated RR
interval and HRV measures using an RR-only anapisisorm. Additionally, ECG morphologic
traits (duration, area, and amplitude of intenaald waves within each P-Q-R-S-T beat) were
measured through this software’s ECG analysisqiatf ECG landmarks (P, Q, R, S,and T
waves) were identified through application of adty of 58 representative waveforms, which
were collected and marked manually during a suofeach rat ECG within the present study.
Several parameters were determined for each EC@faam: PR interval; Q and R wave
amplitudes; QRS duration; ST interval, amplitude] area (negative area starting from S until
intersection with iso-electric line); T wave amptie and area; raw QT interval (from Q to peak
of T); QTe interval (from onset of the Q wave taeai T wave); heart rate-corrected QT interval

(using both Fridericia and Bazett's corrections)erval from peak of T to end of T wave; and

RR interval. The equation for Fridericia correctiwasQTc¢ = QT = VRR), whereas the
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equation for Bazett’s correction wa@§'c = QT +~ VRR). We present Fridericia-corrected QT
interval as “QTc”. In both QT interval and QTc intals, peak of T wave was used because it
was more consistently detected by software tharoétite T wave.

HRYV analysis generated heart rate (HR) and tiorealn measures, including mean time
between adjacent QRS-complex peaks (RR intervaidsrd deviation of the RR interval
(SDNN), square root of the mean of squared diffeesrof adjacent RR intervals (RMSSD),
triangular index, and percent of adjacent normaliiR&vals differing by>15 ms (pNN15).
PNN15 is a measure of parasympathetic tone comieat@ipNN50 in humans. SDNN and
triangular index represent overall HRV, whereas FdSepresents parasympathetic influence
over heart rate (Rowaet al, 2007). HRV analysis also provided frequency-dengarameters,
including low frequency (LF: 0.200-0.750 Hz) andthirequency (HF: 0.750-2.00 Hz), and the
ratio of these two frequency-domains (LF/HF). Fegtiency-domain analysis, the signal was
analyzed with a Hanning window for segment lengths12 samples with 50% overlapping. LF
is generally believed to represent a combinatiosyaipathetic and parasympathetic tone,
whereas Hindicates cardiac vagal (parasympathetic) tone L&ifHF serves as an index of
sympathovagal balance (Rowan, et al., 2007).

Arrhythmias were verified from time-matched blgm@ssure, and identified (while
blinded to treatment group) as ventricular, supn&nveular, junctional, and atrial premature
beats, sinoatrial blocks, or AV blocks using thenbeth Conventions (Walket al, 1988) as a
guideline and according to additional, more spedfiteria (Carll, et al., 2010). Each AV block
Mobitz Il arrhythmia was marked by a non-condudtedave that lacked the following four
features: (i) an RR interval less than twice therage of the preceding 3 RR intervals, (ii)

progressive PR interval prolongation in the precgdhree PQRST complexes, (iii) PR
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shortening in the first subsequent PQRST compledt,(&v) PP interval shortening immediately
prior to the dropped R wave. To facilitate stat@tianalysis of each arrhythmia type and allow
the data to converge under the Poisson distributiero-values for each arrhythmia type within
a sample interval were converted to 0.1. Arrhythfreguencies were calculated over specific
periods in home cages (pre-exposure and post-esgadhiours each) as well as in exposure
chamber (baseline, mid-exposure, recovery), nogedlto adjust for time differences between
periods and gaps in data, and presented as nurhéeemts per-hour of theoretically continuous
ECG waveforms.

HRYV and ECG morphologic analyses were conducteB®G waveforms collected
while rats resided in home cages at pre-exposutgast-exposure periods (both 2pm-8pm),
which were time-matched to control for physiologitects of circadian rhythm. ECG data
collected within the exposure chamber (5 h 10 mofal} was also analyzed according to the
following periods: baseline (8:50am-9:30am), expeg9:30am-1:30pm), and recovery
(2:30pm-2:00pm). All 2-min ECG streams with lesartii0 seconds of identifiable conduction
cycles were excluded from calculation. For HRV gs&l, thorough visual inspection was
conducted to identify and exclude arrhythmiasfaats, and 2-min ECG waveforms with less
than 60 seconds of distinguishable R-waves.

Tissue collection and analysist approximately 24 hours after onset of the 4-hour
inhalation exposure, rats were deeply anesthetizéédan intraperitoneal injection of Euthasol
(200 mg/kg Na pentobarbital and 25 mg/kg phenytdirhac Animal Health, Fort Worth, TX).
Whole blood was collected from the descending abdalnaorta in serum separator tubes and
microcentrifuge tubes containing either bufferedism citrate or K2EDTA (Becton, Dickinson,

and Company, Franklin Lakes, NJ) as previously rilesd (Carllet al, 2011a). Hearts were
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excised, trimmed free of arterial tissue and fatl weighed. Right tibia length was measured by
caliper for heart weight normalization. The trackes cannulated, and the lungs were lavaged
with a total volume of 20 ml/kg of CaMg", and phenol red-free Dulbecco’s phosphate-buffered
saline (SAFC Biosciences, Lenexa, MD) that wasddigiinto two equal aliquots and processed
for cell differentials (Carll, et al., 2010). Lavagserum, and plasma samples were collected,
centrifuged, stored, and subsequently analyzedrdicpto previously published procedures for
the following biomarkers: lavage supernatants veerayzed for aloumin, lactate
dehydrogenase, N-acetyl-b-d-glucosaminidase, &otibxidant status, and total protein;
supernatants from serum were analyzed for crekinase, C-reactive protein, total protein, and
glutathiones peroxidase, reductase, and —S-trassfeand supernatants from plasma were
assayed for angiotensin converting enzyme, albubhimd urea nitrogen, creatinine, and total
protein (Carll, et al., 2011a). Serum was alsoyaeal fora-hydroxybutyrate dehydrogenase,
glucose, total cholesterol, and triglycerides (Sagfddrich, St. Louis, MO) as well as alanine
aminotransferase, aspartate aminotransferasetdat#hydrogenase-1, myoglobin, high and low
density lipoprotein cholesterol, and sorbitol detoggtnase according to previous procedures
(Carll, et al., 2010), while commercially availaliigs were used in analysis of serum for D-
Dimer, ferritin, and insulin (Kamiya Biomedical Cpany, Seattle, WA), lipoprotein (a),
superoxide dismutase (SOD), manganese SOD, an@capre SOD (Randox Life Sciences,
Antrim, United Kingdom), and lipase (Genyzme Diagtics, Framingham, MA). Lavage was
also analyzed for gamma-glutamyl transferase (FFiBingnostics, Middletown, VA).

Statistics.The statistical analyses for all data in this stadye performed using Prism
version 4.03 (GraphPad Software, Inc., San Died9, One-way analysis of variance

(ANOVA) with Tukey post-hoc test was used to degghificant differences between groups in
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biochemical endpoints and tissue weight. Repeatssbares two-way ANOVA with Bonferroni
post-hoc test was performed on (1) arrhythmia fesguy data, which were collected at pre-, mid-
, and post-exposure periods (spanning approximétely and 6 hours, respectively) and
normalized by sampling duration; (II) HRV, ECG mbagbogy, blood pressure, and blood
pressure parameters during the exposure periddding exposure hours 1-4, baseline (40 min),
and recovery periods (30 min); and (lll) HRV, EC®Gnphology, and blood pressure to analyze
for intra-group differences between time-matcheatopls (separated by exactly 24 hours)
collected on the exposure day and on the previaysTdvo-way ANOVA with Bonferroni post-
test was also used to analyze for inter-group idiffees in percent change in HRV and ECG
parameters at post-exposure relative to the daydekposure. Blood pressure data from the
day of exposure were analyzed both by treatmembgb@nd by individual hour for significant
time-matched inter-group differences by two-way AOwith Bonferroni post-hoc test. P <
0.05 was considered statistically significant. laneegressions were performed to test for

correlations between various physiologic endpoints.

Results

Physiological Responses during Inhalation Exposure.

Cardiac arrhythmiaThere were no changes in the frequencies of ahythmia type
during exposure when compared to other groupsr{dw@xposure) or to each group’s own pre-
exposure values (in home cages).

Heart rate and heart rate variabilityfrthere were no group differences in heart rate or
heart rate variability at baseline (Table 2.2). dhbups were upright and active at the beginning
of the exposure and became recumbent and inaainregdexposure to Air or DE. As would be

expected with decreased activity, heart rate desederom baseline at multiple hours of
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exposure for the Air, fDE, and wDE groups (P < Bigure 2.1). LF/HF paralleled changes in
heart rate, significantly declining from baselioe the Air (hours 2-3), fDE (hour 2), and wDE
(hours 2-4) groups (P < .05). In contrast to Aim@E, fDE significantly increased triangular
index during hour 4 of exposure relative to base(id < .05). During the recovery period, while
all rats remained in exposure chambers and wesdtng clean filtered air, only the wDE-
exposed rats had a significant change in RMSSDghwtiecreased by 24% relative to baseline (P
<.05). Simultaneously, LF/HF for only the DE-expdgroups significantly rebounded from
their mid-exposure values (exceeding hours 1-40& and hours 2-4 for wDE; P < .05).

Hemodynamics and thermoregulatidinere were no group differences in blood pressure
at baseline (Table 2.2). At hour 2 of exposure, ti¥reased systolic BP relative to baseline
(Figure 2.2; -8.5 mmHg, P < .05). In contrast, Aiegroup had increased pressure at hour 4
relative to baseline (+9.0 mmHg in MAP, +9.5 mmidgliastolic BP; P < .05) and the fDE-
exposed group (+12.2 mmHg in MAP, +13.2 mmHg inaisBP, +11.7 mmHg in diastolic
BP; P < .05). During the recovery period when atlugps were provided clean filtered air within
exposure chambers, the Air group still had sigaiiity increased BP relative to baseline (+8.8
mmHg in MAP, P < .05). Meanwhile, the wDE groupoa¢xceeded its own baseline diastolic
pressure during recovery (+7.0 mmHg, P < .05). &leas no such increase in the fDE-exposed
group. There were no significant changes in putesgure, QA interval (an index of
contractility), or core body temperature during esyre (P > .05).

ECG MorphologyThere were no group differences in ECG morpholddyaaeline
(Table 2.2). During hour 3 of exposure, fDE incexh®R interval by 2.7 msec and decreased T-
wave amplitude by 25% relative to baseline, whil@Bnalso prolonged PR by 2.0 msec from

baseline (Figure 2.3; P < .05). At hour 4, fDE esyre prolonged PR interval relative to baseline

37



(+3.8 msec; P < .05) and relative to Air at the saime (+3.3 msec; P < .05). During recovery
the fDE-exposed group had a significant increasmimected QT interval (QTc) relative to its
own baseline (+5.0 msec) as well as relative to(A6.9 msec), while it also continued to have
significantly prolonged PR relative to baseline .@+ghsec; all comparisons P < .05). Notably,
among all rats, changes from baseline in PR durcng 4 and recovery correlated positively
with the subsequent rate of post-exposure MobifMIblock in home cages (vs. hour 4 PR r
0.41, P = 0.003; and vs. recovery PROt22, P = 0.042). As well, the change from basiin

QTc during recovery significantly correlated wittetchange from baseline in PR during hour 4
of exposure (t 0.42, P = 0.006) and with the change from basetinT-amplitude during

recovery (f: 0.51, P = 0.002) and over the entire exposure@ér: 0.35, P = .016).

Physiologic Responses after Exposure (while in HQages)

Cardiac arrhythmiaOver the 6-hours following exposure while the arigweere in
home cages, the fDE group had an increased fregudrsecond degree Mobitz Type Il AV
block relative to (1) itself during the same tinretbe previous day while in home cages, (2)
itself during the exposure period within chambars] (3) the wDE group during the same post-
exposure period (Figure 2.4; P < .05). Notably, BG4f%he fDE group’s post-exposure
bradyarrhythmias occurred within the first 2 hoatshis 6 hour period. After the first 6 hours of
post-exposure, AV block arrhythmias were rare fbgeoups.

Heart rate and heart rate variabilityVithin the first hour after animals were returned t
home cages for post-exposure monitoring, LF/HFeased in each group relative to the
corresponding hour on the prior day (P < .05). Mdale heart rate also had a trend of an

increase for all groups (P > .05; Table 2.3). Aiithé of post-exposure, both DE-exposed groups
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decreased in heart rate from the preceding daytiytthe wDE group’s change was
statistically significant (WDE -38 beats/min, P0§; fDE -37 beats/min, P > .05; Table 2.3).
There was an apparent difference in heart ratedsetihe DE groups and the Air group at hour
4 of the prior day (Table 2.3; P = 0.22), but tlestpexposure decreases in heart rate were
roughly 2-3 times larger than these preexistintediinces. LF/HF also appeared to decrease for
both DE groups at hour 4 post-exposure, but thieaeges were not statistically significant

(fDE: -32% and wDE: -31% from prior day; P > .05).

Hemodynamics, ECG morphologyd thermoregulationn the first post-exposure hour
in home cages, the Air group had an increased Me#&ive to its own time-matched values
from the prior day (+17.4 mmHg, P < .05) while thBE group had a trend of similarly
increased MAP (+17.3 mmHg; P > .05), which the ffpBup lacked (+8.5 mmHg; P > .05). At
4 hours post-exposure, no group significantly détein BP from itself on the prior day. There
were no significant post-exposure changes in guiessure, QA interval (an index of
contractility), or body temperatur&€here were no significant post-exposure chang&<Cié
morphology.

Biochemical markers of cardiopulmonary and ciataty injury, oxidative stress, and
inflammation.HDL cholesterol increased in the fDE-exposed groy25% (P < .05; Table 2.4).
There were no significant effects of DE inhalat@npulmonary inflammatory cells, pulmonary
and circulating anti-oxidants, or cardiopulmonargrkers of injury. There were trends of
decreased plasma and serum glutathione S- trassfesith wDE exposure (-29% and -21%
from Air, respectively; P > .05), increased lactd¢dydrogenase-1with exposure to fDE or wDE
(+81% and +101% from Air, respectively; P > .05)dancreased serum ferritin with fDE or

WDE exposure (+23% and +12% from Air, respectively: .05).
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Discussion

We present evidence that a single four-hour exgosudiesel exhaust (DE) in a rat
model of hypertension and mild (pre-heart failwajdiomyopathy differentially alters cardiac
rhythmicity, blood pressure, and autonomic modafabf the heart based on the DE constituents
present. DE caused a decrease in blood pressuandmitant PR prolongation during
exposure regardless of the presence of partiahestheese effects remained with exposure to DE
gases alone. Only the filtered DE (fDE) group haateased HRYV triangular index and T-wave
flattening during exposure, as well as post-exp@SF prolongation and increased Mobitz
AV block arrhythmias. Collectively, changes in PRI&BP and a unique increase in HRV and
bradyarrhythmias within the fDE group suggest DAtgases cause parasympathetic (vagal)
dominance. This was further evidenced by a postsx@ bradycardia in both DE groups.
Meanwhile, the whole DE group’s less overt respsrkging exposure and significantly fewer
arrhythmias thereafter (relative to fDE group) segjghat these specific effects of DE gases are
partly inhibited either by physico-chemical intefans with DE particles or by competing
autonomic impacts of the two constituents. In fartbupport of the latter, HRV decreased and
diastolic BP increased immediately after wDE expesindicating sympathetic excitation.

Filtered DE caused a 3-hour PR prolongation upgrosure and a unique increase in
second degree Mobitz type Il AV block arrhythmiasreafter, indicating markedly impaired
AV conduction. In contrast, wDE caused only a 1+@R prolongation and did not elicit any
arrhythmia. There was a correlation between mideenpe PR prolongation and post-exposure
AV block arrhythmias, indicating that PR prolongatimay by several hours precede (or perhaps
even predict) air pollutant-induced AV block ardytias and that DE gases may promote

spontaneous bradyarrhythmia through impaired carmtuaelong the AV pathway. Although the
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capacity for DE to elicit this specific type of laythmia in humans is unclear, these findings
suggest that DE exposure may increase vulnerahilispontaneous cardiac arrhythmia.
Increased vagal tone has been shown to prolong&Re nitric oxide-mediated
vasodilation (Hottaet al, 2009; Katz, 2006), increase HRV triangular in@éguidi et al,
2002), provoke AV block Mobitz Il arrhythmia (Calémoset al, 1974; Hotta, et al., 2009;
Massieet al, 1978), decrease heart rate, and inhibit sympathetdiated norepinephrine
release and vasoconstriction (Katz, 2006; Vankauttevy, 1980). We have previously shown
that, relative to wDE, fDE causes PR prolongatind bradycardia, a more pronounced increase
in HRV, and greater or equal susceptibility to moation of arrhythmia, ventricular fibrillation,
and cardiac arrest by a pro-arrhythmic drug (Haetail, 2011; Lamb, et al., 2012). As well,
Campen and colleagues found that fDE and wDE caqgseally marked bradycardia in mice
(2005). Fittingly, others have demonstrated by whincreased HRV that DE may cause
parasympathetic dominance (Mills, et al., 2011areB, et al., 2008a). Meanwhile, one study
has found that DE decreases HRYV in a rat modetiedraced heart failure (Anselme, et al.,
2007), while another provides evidence that uh&@fM may mediate this effect (Chuaetal,
2005). The present study expands the body of relssaiggesting that gaseous exhaust can
mediate several of DE’s effects on cardiac rhythiy@and autonomics (Table 2.5). Additional
inhalation studies that examine the effect of DEiplas alone (currently beyond the capacity of
our inhalation facilities) are needed to disentartgke various effects of DE constituents.
Exposure to filtered DE altered the ECG (i.e., @hd T-wave amplitude), indicating
changes in the spatiotemporal pattern of ventria@golarization. These findings are not
unprecedented; acute exposurpacticle-freeDE gases has been shown to decrease T-wave

amplitude in two separate studies involving atheerstic mice and hypertensive rats, but not in
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healthy controls (Table 2.5) (Campen, et al., 200&mb, et al., 2012). In humans, air pollutant
exposure has also been associated with prolongeda@d/or decreased T-wave amplitude
(Hennebergeet al, 2005; Liacet al, 2010). Ventricular repolarization may be impetgd
parasympathetic dominance (Conrath & Opthof, 20Qétz, 2006; Murakawat al, 1992),
inflammation (Zhangpt al, 2011), and myocardial ischemia (Channer & Mo2302). The
inhalation ofparticle-freeDE or one of its primary gases (BOas been shown to promote
inflammation and pro-ischemic vascular effects (fanet al, 2010; Channekt al, 2012).
Others have found that non-particulate componeiatg mediate vehicular emissions-induced
aortic remodeling in entirety (Luret al, 2007) or pulmonary inflammatory signaling in part
(Elderet al, 2004). On the other hand, some have demonstitzaegarticle filtration inhibits
vascular effects of DE (Lucking, et al., 2011; Islilet al., 2011b). These discrepancies may
point to the divergent vascular and cardiac effe€tpecific constituents of DE.

Both DE groups had decreased blood pressure dexipgsure, suggesting mediation by
DE gases. While the specific gases mediating flesteremain unclear, there is mounting
evidence that inhaled NO remains in the blood up hours post-exposure (Knuckles, et al.,
2011). NO decreases blood pressure through vasiodiland facilitates parasympathetic control
over cardiac function (Conlon & Kidd, 1999; Yadkal, 1998). In turn, parasympathetic
activation inhibits stress-induced catecholaminease (Katz, 2006; Vanhoutte & Levy, 1980).
Conversely, clean air exposure increased bloodpreslikely due to stress-induced
catecholamine release, which has been demonstratket conditions similar to our control
exposure (e.g., confinement) (Morimagbal, 2000). Incidentally, increased catecholamines
decrease HDL cholesterol (Kjeldsenal, 1992), while parasympathetic activation inhilbits

effect (Benthenet al, 2001), perhaps explaining why air-exposed ratsdexreased HDL (and
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fDE-exposed rats had normal HDL) relative to naimeconfined SHHF rats from a previous
study (Carll, et al., 2011a). We have previouslyno ‘increases’ in HDL concomitant with
similar parasympathetic-associated effects from(E#&tll, et al., 2010). The mechanisms
underlying the hemodynamic and biochemical effeElSE gases may bear important
implications for the cardiovascular risks of DE.

Ultimately, our findings of altered CV function &y potentially disparate responses to
the gaseous and particulate components of DE wjitilaley relevant implications toward CV risk
and autonomic balance. Increased sympathetic soaenajor putative mechanism of PM-
induced CV pathogenesis (Brook, 2008). Consistetfit tvis prevailing hypothesis, inclusion of
particles in DE caused a decrease in HRV and diltite parasympathetic-associated effects of
DE gases (AV conduction delay, Mobitz 1l AV blodkRV increase, BP decrease), suggesting
increased sympathetic tone. There is some evidbat@xidative stress mediates particulate-
induced sympathetic excitation and decreased HRW{@Rnet al, 2005), but this mechanism
remains underexplored. Regardless, it is impottanbte that our data neither suggest
inherently protective nor prove directly autonoraftects of DE particles. Meanwhile, the
stimulation of pulmonary irritant receptors (e ©-fibers, TRPA1) is known to cause
parasympathetic activation (and resulting cardiouks reflexes, including bradycardia and
hypotension) (Widdicombe & Lee, 2001). Althoughrthes evidence that whole DE (Hazari, et
al., 2011; Wongpt al, 2003) and several of its components, including 8@anget al, 1996)
and particles (Deering-Ric al, 2011) stimulate pulmonary irritant receptorsgeinains
unclear to what extent each component factorsghtsiologic reflexes. Our findings imply a
predominant role for DE gases in pulmonary irritagftexes and a potentially divergent mode

for PM-induced autonomic effects; however, mechangtudies are required to discern whether
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the effects of fDE and wDE result from differingt@anomic influences of components or other
factors, such as physico-chemical interactions betwparticles and gases. For instance, particles
could alter the dynamics of gas deposition, therabdifying the stimulation of irritant receptor
subgroups, which can mediate opposing physiolagflexes (Widdicombe & Lee, 2001).

The SHHF strain is derived from the SH rat, whiahtave recently shown has enhanced
susceptibility to DE exposure (Lamb, et al., 20¥8t, the effects of fDE that we report here on
AV block arrhythmia and HRV were not seen in oumganion study involving SH rats (Lamb,
et al., 2012). Thus, the SHHF appears to be ever sensitive to the cardiophysiologic impacts
of DE exposure, potentially stemming from its uglag pathology including more severe
hypertension than the SH rat and more rapid myaaareimodeling (Carll, et al., 2011c). The
10-week old SHHF rats used in the present studyahsgnificant cardiac hypertrophy (tibia-
normalized heart weight 15% greater than 19-wedkormotensive Wistar Kyoto [WKY] rats;
P <.01) that was equivalent to 23-week old SH (la&snb, et al., 2012); Carliynpublished
data). Additionally, AV conduction rate (PR) seems ®dlower in the SHHF than the SH rat,
which itself has a longer PR interval than age-medcWKY's (Hazari, et al., 2009). Notably, PR
duration correlates with age and arterial stiffngassseet al, 2011). Despite being less than
half the age of the SH rats used in our compartatysLamb, et al., 2012), the SHHF rats
herein had a baseline PR interval that was 5.2 hosger. Further investigation is required to
determine if aspects of cardiac and vascular retmgdmediate the SHHF's heightened
sensitivity to air pollutant exposure. Nevertheleks parallels between the SHHF and
hypertensive, hypertrophic humans, combined withfiodings of enhanced responses in the
SHHF relative to SH and WKY rats, further indic#tat cardiovascular disease confers

sensitivity to the effects of air pollution on cexd conduction.
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In conclusion, the present findings demonstiadé¢ DE gases trigger immediate
cardiovascular responses in the rat (decreasegrB®nged PR interval, increased HRV, altered
repolarization, and AV block arrhythmia) suggestgdiation by increased parasympathetic
tone. Inclusion of DE particles in whole diesel aust largely attenuated these responses,
potentially stemming from atmospheric interactiohgases and particles and/or their opposing
autonomic influences. Thus, toxic effects of conent exposure to two or more air pollutants
may not follow conventional dose-response relatiggss Collectively, our findings demonstrate
that a single 4-hour diesel exhaust inhalation eswgardiovascular dysfunction, with differential

effects between filtered and whole diesel exhaust.
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Tables

Table 2.1. Inhalation exposure characterization.

Air fDE wDE

PM, 5 (ug/nt) - 342 472 +2
PM, snumber (n/cr) - 1.4x160+9  2.1x16 +3x10°
Number median diameter of PM (r 34 £3 21 +3 61 +0
Volume median diameter of PM (nm)124 +0 125 £0 91 +0
0O, (%) 21.0 £0.2 20.6 £0.0 20.6 £0.2
CO (ppm) BDL 9.7 +0.7 9.51+4.2
NO (ppm 0.1+0.0 10.0 £0.8 10.3£1.9
NO; (ppm) 0.0 +0.0 0.4 +0.1 0.30.2
SO (ppm) BDL 0.6 +0.1 0.4 +0.2

Data represent mean values + standard error (Stergted from measurements made either
continuously (concentrations 0L, CO, NO, NQ, SQ), once (PM s mass concentration), six
times (WDE PM s number), or four times (fDE PM number) per exposure. Number median
diameter was based on exposure day particle ssmebditions £ SE. Volume diameter was
calculated from number-based mobility diametersasslimes spherical particles. Air indicates
filtered air; fDE, filtered diesel exhaust; wDE, olb diesel exhaust; P, fine particulate
matter; BDL, below detectable limit.
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Table 2.2. Cardiovascular physiology during basepariod within exposure chamber.

Heart Rate Variability Air fDE wDE
Heart Rate (beats/min) 327 (6) 329 (8) 334 (8)
RMSSD (msec) 3.2(0.2) 3.0 (0.2) 3.4 (0.4)
Tri. Index 1.11 (0.06) 1.12 (0.07) 1.12 (0.06)
LF/HF 2.84 (0.60) 2.54 (0.21) 2.75 (0.24)
Aortic Pressure
MAP (mmHg) 168 (4) 163 (6) 162 (3)
Systolic (mmHg) 201 (5) 193 (7) 192 (5)
Diastolic (mmHgQ) 139 (4) 134 (5) 135 (2)
ECG
PR (msec) 49.0 (0.7) 49.4 (1.8) 51.3 (1.0)
T amplitude (mV) 0.139 (0.021) 0.125 (0.008) 0.10®10)
QTc (msec) 65.0 (1.1) 63.1 (1.6) 64.6 (1.0)

Data represent mean values and standard erroi($Brentheses). Parameters were measured
over 40 minutes of baseline while all rats wereameal to filtered air within exposure chambers

and after a 20-minute acclimation period. No sigatrit differences were found between groups.
QTc: Fridericia-corrected QT-interval.
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Table 2.3. Time-matched comparison of heart raterbend after exposure.

Air fDE wDE
Hour Before After Before After Before After
1 299 (7) 325(8) 307 (7) 334 (9) 335 (14)* 354 (9)
2 287 (2) 299 (5) 305(5) 311 (7) 316 (12) 308 (5)
3 304 (8) 303(8) 323 (13) 305 (8) 311 (6) 303 (4)
4 331 (5) 320(14) 352 (12) 315 (5) 344 (6) 30817
5 320 (10) 319 (15) 338 (15) 354 (8) 326 (10) 380 (
6 369 (12) 364 (10) 366 (15) 387 (6) 365 (14) /B2 (

Heart rate at post-exposure was compared to treratched period 24 hours before exposure
(while in home cages). * denotes significant digigce from Air group (P < .05). ** denotes a

single group’s significant decrease from itselfpoior day (P < .05). Values represent means
(SEM)
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Table 2.4. Circulating endogenous antioxidantsraadkers of cardiovascular risk and injury

Air fDE wDE
HDL cholesterol (mg/dl serum)18.7 +1.7 234 +1.1* 21.3 0.7
ferritin (ng/ml serum)194.7 +13.9 239.6 +15.0 218.5 +18.2

lactate dehydrogenaseld/l serum) 88.9 +19.2 161.1 +32.4 178.8 +49.4
glutathione S-transferaf&)/pl plasma)7.29  +0.84 6.83  +0.60 5.14 +0.70

Means +S.E. HDL: high-density lipoprotein. ** denotes sificant difference from Air group (P
< .05). SeaMethodssection for other markers of cardiopulmonary tayjaisk, inflammation,
and antioxidants measured in serum, plasma, amthoalveolar lavage fluid. All measures
were unaffected by exposure. U and IU denote @mitsinternational units, respectively.

49



Table 2.5. Prior evidence linking DE gases to atiens in cardiac rhythmicity, repolarization,
and autonomic balance.
Exposures (PM
Study Disease Model conc.) Findings Interpretations
Campen et atherosclerosis: fDE and wDE  fDE and wDE equally filtration did not
al., 2005  ApoE” mice on ("low"-500 pug/ni |heart rate & T-wave alter mid-

high fat diet) "high" - 3,600 area during exposure. exposure effects
ng/nt) of DE on cardiac
rhythm and

repolarization.

Hazari et hypertension: fDE and wDE 1 day post-exposure: 1 day after
al., 2011 Spontaneously (“low" - 150 pg/ni low fDE 1RMSSD &  exposure,

Hypertensive "high" - 500 1SDNN; high fDE filtered DE
rats ng/nt) tLF/HF. wDE did not  exclusively
affect HRV. fDE? caused
sensitivity to drug- autonomic
induced ventricular imbalance and

fibrillation and cardiac increased
arrest, but wDE did not. sensitivity to
fDE 1 sensitivity to drug-induced
drug-induced fatal arrhythmia.
ventricular tachycardia

equal to wDE.

Lamb et hypertension: fDE and wDE  fDE but not wDE filtered DE
al., 2012 Spontaneously (“low" - 150 pg/n  |heart rate}PR, |ST exclusively
Hypertensive "high" - 500 area and T-wave area caused
rats ng/nt) during exposure. parasympathetic
activation,
slowed AV
conduction, and
altered

repolarization
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Figure 2.1 Change from baseline in heart rate and hearweatability endpoints (mean + SE)
during whole body exposure. 1, 2, 3, 4, and R ssgmehours 1-4 of exposure and post-exposure

Recovery within the chamber, respectively. All mgaments were taken from conscious rats
temporarily housed within exposure chambers. Stadsdiamonds respectively mark significant

differences from baseline (in chambers) and thegfoup (at the same hour), respectively (P <

.05). See Table 2.2 for baseline values.
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Figure 2.2 Change from baseline in blood pressure during &bolly exposure (mean + SE). 1,
2, 3, 4, and R represent hours 1-4 of exposurgastexposure Recovery within the chamber,
respectively. All measurements, including basehlmexe taken from conscious rats temporarily
housed within exposure chambers. Stars and diamesgsctively mark significant differences
from baseline (in chambers) and the Air group lfatsame hour), respectively (P < .05). See
Table 2.2 for baseline values.
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Figure 2.3 Change from baseline in ECG endpoints during wholty exposure (mean + SE).

1, 2, 3, 4, and R represent hours 1-4 of exposuitgpast-exposure Recovery within the
chamber, respectively. All measurements were tékan conscious rats temporarily housed
within exposure chambers. Significant differencesiadicated by stars (relative to baseline) and
diamonds (relative to Air group at the same hous;.B5). See Table 2.2 for baseline values.
QTc: Fridericia-corrected QT-interval.
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Second Degree AV Block, Mobitz Il

x
*
8- L
7= *
; E_ | | 1
=]
£ 5
2 4 1
c
s - T T
4]
3+ 2- —r T J_
1= 11+ |+
D'-& T T T T T
®© 8% 2 8% £ 8 %
552 a¥g 52
A
Air fDE wDE
\ | s
mV
time
B

Figure 2.4 Filtered diesel exhaust induced AV block Mobitatthythmia. Hourly rate of
Mobitz Il AV block per rat, mean $E (A); ECG waveform with representative secongrele
AV block Mobitz Il arrhythmia following fDE exposear(B). “pre-", “expo-", and “post-"
represent periods of ECG analysis conducted b¢€neurs), during (4 hours), and after (6
hours) inhalation exposure, respectively. Starstandkets above standard error bars indicate
significant differences between periods or groups: (05). Arrow indicates individual
arrhythmia. Vertical grey lines behind ECG wavefandicate time in 50 msec intervals.
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CHAPTER 3

DIESEL EXHAUST INHALATION INCREASES CARDIAC OUTPUT,
BRADYARRHYTHMIAS, AND PARASYMPATHETIC TONE IN AGEDHEART
FAILURE-PRONE RATS

Overview

Acute air pollutant inhalation is linked to adversgdiac events and death, and
hospitalizations for heart failure. Diesel exhaHE) is a major air pollutant suspected to
exacerbate preexisting cardiac conditions, in parbugh autonomic and electrophysiologic
disturbance of normal cardiac function. To expliris putative mechanism, we examined
cardiophysiologic responses to DE inhalation inalet of aged heart failure-prone rats without
signs or symptoms of overt heart failure. We higpsized that acute DE exposure would alter
heart rhythm, cardiac electrophysiology, and ventar performance and dimensions consistent
with autonomic imbalance, while increasing biocheahimarkers of toxicity. Spontaneously
Hypertensive Heart Failure rats (SHHF, 16 months)enexposed once to whole DE (4 h, target
PM, sconcentration: 500 pgfnor filtered air. DE increased multiple heareraariability
(HRV) parameters during exposure. In the 4 h ak@osure, DE increased cardiac output, left
ventricular volume (end diastolic and systolicjpke volume, HRV, and atrioventricular (AV)
block arrhythmias while increasing electrocardigiria measures of ventricular repolarization
(i.e., ST- and T-amplitudes, ST area, Tpeak-Tendtcn). DE did not affect heart rate relative
to Air. Changes in HRV positively correlated wibst-exposure changes in bradyarrhythmia

frequency, repolarization, and echocardiographiamaters. At 24 hours post-exposure, DE-



exposed rats had increased serum C-reactive praneipulmonary eosinophils. This study
demonstrates that cardiac effects of DE inhalagi@nlikely to occur through changes in
autonomic balance associated with modulation afiaarelectrophysiology and mechanical

function, and may offer insights into the adversalth effects of traffic related air pollutants.

Introduction

Exposure to combustion-derived air pollutants heenldinked to adverse cardiovascular
health outcomes, especially in individuals withepisting cardiac disease. Epidemiological
studies suggest the involvement of multiple aifygahts, including fine and ultra-fine
particulate matter (P and UFP, with diameters < 2.5 um and < 0.1 punpe@svely),
nitrogen dioxide (N@), carbon monoxide (CO), and sulfur dioxide gp@Brook et al, 2004).
Diesel engine exhaust (DE) is a major urban soofteese pollutants, as well as volatile and
semi-volatile organics, and carbonyls. Moreover,i®Bn important contributor to vehicular
emissions attendant to adverse clinical outcomas no@adways. For instance, ischemic heart
disease hospitalizations in eight European citeaglbeen attributed to DE exposure (Le Tertre,
et al., 2002), and increases in mortality have [stwwn to parallel increased traffic particle
levels (Maynarcet al, 2007). Clinical studies indicate that DE may impaxicity by adversely
altering cardiovascular function. Recent reseaashdemonstrated that acute DE inhalation
increases systolic blood pressure, impairs vagoahlaand/or enhances vasoconstriction in
humans (Cosselmaat al, 2012; Mills, et al., 2011b). In addition, Mikt al. (2007) found that
DE exposure increased exercise-induced electragnahic ST depression (indicative of
myocardial ischemia or altered cardiac repolargtin volunteers with known coronary heart

disease and prior myocardial infarction.
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Investigations into the adverse health effectdhofisterm air pollutant exposure indicate that
individuals with heart failure are a particularlysseptible subgroup (Dominiet al, 2006;
Goldberget al, 2003; Popet al, 2008). For example, elevations in daily pareételmatter
(PM) concentrations have been associated with asex@ heart failure-related hospitalizations
(Dominici et al, 2006; Popet al, 2008) and mortality (Goldbewgt al, 2000), and rising PM
levels increase the rate of new heart failure ddags and deaths in survivors of myocardial
infarction (Zanobetti & Schwartz, 2007). The mpik biochemical and physiological responses
demonstrated within susceptible subgroups suclead failure patients highlight several
candidate mechanisms of toxicity, including changesutonomic balance, electrophysiological
properties, vascular function, hemostasis and thomns, and systemic inflammation (Anselme,
et al., 2007; Brook, 2008; Campen, et al., 2008¢king, et al., 2011; Mills, et al., 2007,
Peretz, et al., 2008a). Yet, the mechanisms aticufor increased vulnerability of the failing
heart to the effects of air pollution remain unclea

Evidence demonstrating that DE inhalation can a@éediac dimensions and performance
(key indices of normal mechanical function) is lied. Yanet al.(2008) and Huang et al.
(2010) found suggestions of such effects in roddnisthese studies were restricted to DE
particles and used intra-tracheal instillation eatthan inhalation. Others demonstrated in rats
with post-infarct heart failure that DE-induced stameous arrhythmia was associated with
decreased heart rate variability (HRV) (Anselmelgt2007), indicating possible autonomic
mediation of effectsin contrast, DE exposure gbunger healthier rats witiminimal cardiac
hypertrophycaused only modest changes in HRV and electroggajby (Carllet al, 2012),
demonstrating the importance of modeling suscdjpyilomn animal studies. To further elucidate

the impact of short-term DE exposure on cardiaction in heart failure and its relation to
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autonomic nervous regulation, we examined the effetca single inhalation exposure to DE on
cardiac performance, ventricular chamber dimensatythmia, repolarization, and HRV
measures of autonomic modulation, as well as puémoand systemic injury and inflammation

in an aged rat model prone to heart failure.

Materials and Methods

Animals and radiotelemetry implantatidcean male spontaneously hypertensive heart
failure (SHHF) ratsNiccCrl-Lepf®; n = 20) were shipped at 6 weeks of age from ChariesrR
Laboratories, (Kingston, NY) to the U.S. EPA’s AAAC-approved animal facility, housed in
pairs in 42 x 21 x 20-cm Plexiglas cages with ghave bedding in a room (22°C +1°C, 50% +
5% relative humidity, 12-h light:dark cycle 06000D8h), and provided standard Purina rat chow
(5001; Brentwood, MO) and wated libitum At 15 months of age, 16 rats were implanted with
radiotelemeters (model TA11CTA-F40; Data Scienocésrhational, St. Paul, MN) for the
purpose of recording ECG, heart rate (HR), coreyliethperature, and activity wirelessly as
previously described (Lamb, et al., 2012). Leanen&tHHFs acquire cardiac hypertrophy by 3
months of age and transition into dilated cardiopatby and heart failure at 18 months of age
(Carll, et al., 2011b). All studies conformed be guidelines of the US EPA Institutional
Animal Care and Use Committee. Three weeks aftgyesy, rats were weighed, monitored by
ECG, and omitted from telemetric monitoring if thdiffered from the mean body weight by
more than 1 standard deviation (n=2) or if thendc electrograms were unsuitable for HRV
analysis due to frequent arrhythmias (n=1) or plded lead (n=1). All rats were then
habituated to 3 min of manual restraint on two ecnsive days in preparation for

echocardiographic assessments. All animals wergreesssemi-blindly to one of two exposure
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groups (clean filtered air, “Air”; or whole diesexhaust, “DE”) while maintaining equivalent
mean body weights per group.

Diesel exhaust exposure and generati®ats were acclimated twice to exposure
conditions within the clean filtered air chamber foh on two separate days before exposure. On
the exposure day, rats were allowed to acclimateea@hambers for 20 min and then baseline
data were recorded for the next 30 min. Rats wese e€xposed to DE (target R¥of 500
1g/nt) or Air for 4 h in whole body exposure chambeThereafter, DE exposures were stopped
for a 30-min recovery period in which clean filtérar was circulated through exposure
chambers. Rats were returned to home cages imtegdiaereafter. DE exposures were at
UFP and NQ concentrations comparable to those found in traffinnels and roadways within
the U.S. and Europe (Anselme, et al., 2007; Smgramn, et al., 2000; Zhu, et al., 2007). DE
was generated using a 4.8 kW (6.4 hp) direct imgactingle-cylinder 0.320 L displacement
Yanmar L70 V diesel generator operated at a con8&00 rpm on low sulfur diesel fuel
(32ppm) at a constant load of 3 kW as previousbcdbed (Carll, et al., 2012). From the
engine, the exhaust was mixed with clean air preshopassed through high-efficiency
particulate air (HEPA) filters. Air dilution of Divas adjusted periodically to maintain target
PM, s mass concentration. The diluted DE was deliveoeal HHazelton 1000 (984 L) exposure
chamber. Control animals were placed in a secbacber supplied with the same HEPA-
filtered room air as that used to dilute DE. Tharobers were operated at the same temperature,
pressure and flow rate (424 L/min; approximatingatSexchanges per hour). Chamber
concentrations of PM, HCO, NO, NQ, and SQwere measured as previously described (Carll
et al., 2012). Chamber temperatures, relative dityniand noise were also monitored, and

maintained within acceptable ranges (< 80 dB, 3%.,78nd 73° £ 5° F).
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Left ventricular (LV) echocardiograph@ne hour after the second exposure acclimation
(1 day before DE or Air exposure), rats were heloirse at 45° for no more than 3 minutes while
being measured for baseline LV function and dimamsby trans-thoracic echocardiography
(Nemio 30, Toshiba; Duluth, GA) using a 14-MHz Bnerray transducer (PLM 1204AT).
Measures were repeated on the day of inhalationsxp, 1.5-2 h after cessation of DE
exposure (1-1.5 h after removal from exposure cleag)b Handling, measurements, and data
analyses were performed in random order with laboygpersonnel blinded to treatment groups.
Two-dimensional long-axis images of the LV werean¢d in parasternal long- and short-axis
views with M-mode recordings at the mid-ventricukarel in both views. At least three
consecutive LV contraction cycles were used tordatee heart HR, fractional shortening (FS),
ejection fraction (EF), cardiac output, stroke vo&(SV), internal LV diameter at the ends of
diastole (EDD) and systole (ESD), and thicknesthefposterior wall and the inter-ventricular
septum (IVS). End diastolic and end systolic vadsn(EDV & ESV) were determined using the
area-length method as validated previously (Jethed, 2007). LV dimensions were used to
calculate FS ([EDD-ESD]/EDD), SV (EDV-ESV), and E5V/EDV).

Radiotelemetry data acquisition and analysi&adiotelemetry was used to track changes
in cardiovascular and thermoregulatory functiorcbgitinuously monitoring ECG, core body
temperature, and activity in awake, unrestrainésllvaginning at 3 days before inhalation
exposure and continuing through exposure untilandbkia 24 h after exposure. Data were
obtained as described previously (Carll, et alL2@nd ECG waveforms were sampled at a rate
of 1,000 Hz in 2-min streams every 10 min withimfecages, and 1-min streams every 5 min
within exposure chambers (DataART 3.01; Data Sesmieternational, Inc.). ECG waveforms

were analyzed with computer software (ECGauto 285;IEMKA Technologies, Falls Church,
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VA) that enabled user identification and exclustdrarrhythmias and artifacts from automated
analysis of HRV and ECG morphology parameters egipusly detailed (Carll, et al., 2012).
ECG morphology parameters were based on P, Q, &)d5T waves and included the following:
intervals of PR, QRS, ST, QT, QTe (onset of Q td ehT), QTc (heart-rate corrected QT, using
Fridericia correction), T-peak to T-end (Tp-Te)damplitudes of Q, R, T-peak, and ST (mean
amplitude between S and T-peak), relative to theelsctric line (15 ms before Q). ST area was
calculated as total negative area underneath dleéeistric line from S-nadir to T-peak.

HRYV analysis generated HR and time-domain measim@sgding mean time between
adjacent QRS-complex peaks (RR interval), standavihtion of the RR interval (SDNN),
square root of the mean of squared differencesljatant RR intervals (RMSSD), triangular
index, and percent of adjacent normal RR interddfsring by>15 ms (pNN15). pNN15is a
measure of parasympathetic tone. SDNN and triangodlex represent overall HRV, whereas
RMSSD represents parasympathetic influence ove(RtRvan, et al., 2007). HRV analysis also
provided frequency-domain parameters, including fieeguency (LF: 0.200-0.750 Hz) and high
frequency (HF: 0.75-2.00 Hz), and the ratio of ¢hego frequency-domains (LF/HF). For
frequency-domain analysis, the signal was analyadda Hanning window for segment lengths
of 512 samples with 50% overlapping. LF is gengfaglieved to represent a combination of
sympathetic and parasympathetic tone, whereaméi€ates cardiac vagal (parasympathetic)
tone, and LF/HF serves as an index of sympathousjahce (Rowan, et al., 2007).

Arrhythmias were identified while blinded to ttegent group according to previously
described criteria (Carll, et al., 2012). To faatke statistical analysis of each arrhythmia type
and allow the data to converge under the Poisssintdition, zero-values for each arrhythmia

type within a sample interval were converted ta OAtrhythmia frequencies were calculated
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over specific periods in home cages (pre-exposutepast-exposure, 7 hours each) as well as in
exposure chamber (baseline, mid-exposure, recquaoynalized to adjust for time differences
between periods and gaps in data, and presentathaser of events per-hour of theoretically
continuous ECG waveforms. Each premature beataasted individually as a single event
(e.g., 1 bigeminy = 2 ventricular premature bea@ By} events), whereas atrioventricular (AV) or
sino-atrial block arrhythmias were counted as areneregardless of duration or neighboring
events.

HRYV and ECG morphologic analyses were conducteB©6G waveforms collected
while rats resided in home cages at 3 days presexpand immediately post-exposure (both
1pm-8pm), which were time-matched to control foygblogic effects of circadian rhythm. The
post-exposure period of 1:30pm-2:30pm was excldded HRV and arrhythmia analyses to
allow animals to recover from handling during edrdographic measurements. To adjust for
this gap in sampling, data collected at 1:00pm-{An3@&nd 2:30-3:00pm were used to represent
hour 1 and hour 2 post-exposure, respectively. B&G collected within the exposure chamber
(5 h total) was also analyzed according to theWihg periods: baseline (7:50am-8:20am),
exposure (8:20am-12:20pm), and recovery (12:20pr5@f). All ECG streams with less than
10 seconds of identifiable conduction cycles wexdugled from ECG parameter calculation and
streams with less than 30 seconds of identifialitariRervals were excluded from HRV analysis.
Thorough visual inspection was conducted to idgraifd exclude arrhythmias and artifacts.

Tissue collection and analysikt approximately 24 hours after onset of the 4-hour
inhalation exposure, rats were deeply anesthetizébdan intraperitoneal injection of a sodium
pentobarbital / phenytoin solution. Tissue sampfdsood, lung lavage fluid, heart, and lungs,

were collected, processed, and analyzed as prayidescribed (Carll, et al., 2012). Heart
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weight was normalized by right tibia length. Taexne for indications of cardiopulmonary
inflammation, injury, oxidative stress, and riskyltiple biochemical markers were assayed.
Lavage supernatants were analyzed for albumin, gaglatamyl transferase, lactate
dehydrogenase, N-acetyl-b-d-glucosaminidase (NA@R)] antioxidant status, and total protein
(Carll, et al., 2010). Serum supernatants weréyaed for creatine kinase, C-reactive protein
(CRP), total protein, and glutathione peroxidasductase, and -S-transferase; and supernatants
from plasma were assayed for angiotensin conveemzyme (ACE), albumin, blood urea
nitrogen, creatinine, and total protein (Carllakt 2011a). Serum was also analyzedfor
hydroxybutyrate dehydrogenase, D-dimer, ferritincgse, insulin, lipoprotein (a), total
cholesterol, triglycerides, alanine aminotransferaspartate aminotransferase, lactate
dehydrogenase-1, lipase, high and low density hpigin cholesterol, myoglobin, sorbitol
dehydrogenase, superoxide dismutase (SOD), marg&@@iS, and copper-zinc SOD according
to previous procedures (Carll, et al., 2012; Catlial., 2010).

Statistics.The statistical analyses for all data in this stadye performed using Prism
version 4.03 (GraphPad Software, Inc., San Died9, ®ne-way analysis of variance
(ANOVA) with Tukey post-hoc test was used to degghificant differences between groups in
biochemical endpoints and tissue weight. Repeaieasures two-way ANOVA with Bonferroni
post-hoc test was performed on (1) arrhythmia fesguy data, which were collected at pre-, mid-
, and post-exposure periods (spanning approximdtalyurs each) and normalized by sampling
duration; (II) HRV and ECG morphology parametersmyithe exposure period, including
exposure hours 1-4, baseline (30 min), and recovernyds (30 min); and (Ill) HRV and ECG
morphology to analyze for intra-group differencesaAeen time-matched periods (separated by

exactly 24 hours) collected on the exposure dayasmithe previous day. Two-way ANOVA
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with Bonferroni post-test was also used to anafgeénter-group differences in change in HRV
and ECG parameters at post-exposure relative tdahéefore exposure. P < 0.05 was
considered statistically significant. Linear reggiens were performed to test for correlations

between various physiologic endpoints.

Results

Physiological Responses to Exposure by Inhalation.

Heart rate, heart rate variability, and ECG morgbgy. At pre-exposure and baseline
no significant differences emerged between theggdor HR, HRV parameters, or ECG
morphology (Table 3.2). All rats in each group &active at the beginning of the exposure and
became inactive during exposure to Air or DE. Apgexted with decreased activity, HR
decreased for both the Air and DE groups over #p@sure period (Figure 3.1). Also, HR
increased for both groups during baseline measurenadter transfer of animals to the exposure
chamber (Table 3.2). Only DE exposure altered Hi@kameters significantly during exposure
relative to baseline. SDNN, RMSSD, triangular mdeF, HF, and pNN15 increased at hours 3
and 4, and recovery, consistent with parasympatlaetivation (P < 0.05). The groups did not
differ from each other in HR at any time during egpre; yet, DE exposure increased pNN15 (at
hour 4) and triangular index (at recovery) relatwehe Air group (all P < 0.05). Exposure to
DE did not affect any measures of ECG morpholodptine to baseline or the Air group during
the exposure period.

Cardiac arrhythmiaDuring exposure, the DE and Air groups did notedifrom each

other in their rates of second-degree AV block ¢&ven premature beats, including VPBs (P =
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NS). The rate of VPBs increased during mid-exp@soirAir when compared to pre-exposure,
baseline, and recovery (Supplemental Figure 340R5).

Physiological Responses after Exposure by Inhalatio

Heart rate and heart rate variabilityrhere were notable differences in HRV over the
first four hours after animals were returned to karages after inhalation exposure. The DE
group exceeded the Air group in change in trianguldex and LF from pre-exposure (Figure
3.2; all P <0.05). Change in SDNN was also higheéhe DE group relative to Air during hours
1-4 of post-exposure (Figure 3.2; P = 0.06).

ECG morphology Relative to air exposure, DE caused severatmiffces in ECG
morphology over the first four hours of post-expes(in home cages). The DE group exceeded
the Air group in change from pre-exposure ST afeanplitude, and Tp-Te (Figure 3.2; all P <
0.05). DE also exceeded Air in ST amplitude changean +SE—2.0 £7uV Air vs. 24.2 +7uV
DE; P =0.04). These alterations in T-wave andaSenarea, amplitude, and duration (Figure
3.3) indicate that DE altered repolarization. Nloeo aspects of ECG morphology were affected
by DE in the hours following exposure. All four nse@es of ventricular repolarization at post-
exposure (ST amplitude, ST area, T amplitude and@)positively correlated with mid-
exposure HRV (Table 3.3; all P < 0.05), indicatmgossible relationship between changes in
repolarization and preceding autonomic imbalarfeest-exposure triangular index also
correlated with post-exposure Tp-Te (P = 0.03), laaudl a near-significant correlation with ST-
amplitude (Supplemental Figure 3.2; P = 0.07).

Cardiac Arrhythmia DE exposure increased the rate of Mobitz tymedond-degree
AV block events over the first 4 hours after renmlafaanimals from exposure chambers. The

DE group’s rate of Mobitz Il AV block events wasirased relative to itself at all prior periods,

65



as well as relative to the Air group at post-expestrigure 3.4; P < 0.05). Among the eight
individual Mobitz 1l AV block events observed atgtexposure in the DE-exposed group, four
happened among four rats within 1 h of return tméaages (1.5 h post-exposure), and the
remaining half occurred in a single rat 4 h inte fflost-exposure period within home cages.
Because most DE-exposed rats (4 of 6) had an Abkldorhythmia at hour 1 of post-exposure,
we looked at this time point for associations valtianges in HRV and ECG morphology. At
hour 1 of post-exposure, AV block events amongeadl positively correlated with change in
RMSSD and SDNN, whereas AV block negatively cotelavith heart rate (Supplemental
Table 3.1; P < 0.05).

Echocardiography.At pre-exposure LV systolic function in both gpsuwas normal as
indicated by mean ejection fraction (90%) and faal shortening (54%). DE exposure altered
several measures of LV diameter, volume, and watkhess concomitant with an increase in
cardiac output (Figure 3.5). At post-exposure-éiagtolic and end-systolic volumes (EDV and
ESV) increased in the DE group relative to pre-axpe (178 pl and 34 pl, respectively),
leading to an increase in stroke volume (144 pd) @ardiac output (39.4 ml/min) (Figure 3.5, P
< 0.05). These increases in LV volumes and outpuesponded with LV wall thinning,
including decreased posterior wall thickness adtdla (-13%) and systole (-10%) and decreased
interventricular septal thickness at diastole (-1 &¥#d systole (-10%) relative to pre-exposure
(all P < 0.05). At post-exposure, DE also increélasteoke volume, cardiac output (body weight-
normalized and raw), and EDV while decreasing pastevall thickness relative to Air (all P <
0.05). DE did not affect HR during echocardiogiapheasures (332 + 14 bpm Airvs. 339+ 7

bpm DE; P = NS), but both groups decreased in H&Rive to their own pre-exposure values
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(Figure 3.5, P < 0.05). All of the cardiac paraangthat were affected by DE exposure also
correlated with changes in HRV during the expogeod (Table 3.4, P < 0.05).

Pulmonary and Systemic Markers of Inflammation bmdry

The air-exposed aged SHHF rats in this studydaadiac hypertrophy relative to 10-
week-old SHHF, 19-week-old WKY, and 15-month-old Wkats (Figure 3.6; P < 0.05).
Exposure to DE did not alter cardiac or lung wesgl8upplemental Table 3.2). DE exposure
increased pulmonary eosinophils in aged SHHF faplemental Table 3.2, P < 0.05).
Relative to the Air group, the DE group increasexisy CRP (+6.5%; P = 0.01) and plasma
total protein (+7%; P = 0.05). Decreases in NA@ Bpase of uncertain significance were
evident in the DE group relative to Air control €F.05). There were no other significant

changes in circulating or pulmonary biochemicat@tular endpoints.

Discussion

In the present study, a single four-hour exposuigiesel exhaust (DE) by inhalation
altered multiple cardiac endpoints in aged hedrraprone rats with cardiac hypertrophy but
without overt signs or symptoms of heart failuRrincipal among these was DE-induced LV
dilation, which may correspond with myocardial &theand attendant electrophysiologic effects
(Franzet al, 1992) and changes in cardiac repolarization.s €fect may bear particular
implications for the mechanisms underlying air ptalht-induced hospitalizations for heart
failure. In the 16-month-old SHHFs of our currehidy, the absence of congestive symptoms at
baseline, maintenance of normal LV ejection frati{i®0%) and fractional shortening (relative to
(Tamura, et al., 1999)), and elevated cardiac weigdicate a state of compensated LV

hypertrophy prior to exposure. Fractional shortgrahbaseline (FS: 53%) and dimensional
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changes after DE exposure compared closely to musmeasurements in terminally senescent
mice exposed to carbon black particles (Tankergegl., 2008). In these mice, a 4-day
inhalation exposure (PM = 400 pug/m) caused LV dilation and evidence of myocardiaststn
(increased gene expression of natriuretic peptiads)e decreasing FS and activating proteases
responsible for myocardial remodeling. Similadyhers have demonstrated decreased
contractility accompanied by increased LV volumd aressure after a single, high, 1-2 mg/kg
intra-tracheal dose of DE particles (Huang et24110; Yan et al., 2008). Importantly, LV
dilation can increase filling pressures and watsd (Tkacovat al, 1997), which promotes
parasympathetic reflexes (Waagal, 1995), cardiac arrhythmia (Huaegal, 2009), and
signaling pathways for LV remodeling (Foreeal, 2002). Given our observations, it seems
increasingly plausible that repeat exposures coalde LV remodeling.

The mechanisms that underlie DE-induced increaseardiac output remain uncertain
but may involve alterations in venous tone. Theaase in SV and LV volume concurrent with
normal HR, EF, and FS indicate that DE increasedriilar preload. Accordingly, Knuckles
and colleagues (2008) previously found that DE enba endothelin-1-induced constriction of
veins (but not arterioles) through uncoupling dfiaioxide synthase (NOS). Tankersksyal.
(2008) found in restrained, conscious mice thatiRMiced LV dilation was mediated by NOS
uncoupling. Importantly, physical restraint caugeste stress, which stimulates endothelin-1
release (Treibeet al, 2000) and could trigger DE-enhanced venocongirictAlthough we
found no effects of DE on ACE, the observationstbers (Ghelfiet al, 2010) implicate the
renin-angiotensin system (RAS) as a mediator ofiiditiced increases in cardiac output. Our
findings merit further investigation to determiteit mechanistic origins.

DE exposure in aged hypertrophic SHHFs withindlwerent study led to robust increases
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in HRV both during and after exposure. These tesrk in contrast to our recent findings in
similarly exposed young adult SHHF, normotensivetafi Kyoto (WKY), and hypertensive
(SH) rats (Carll et al., 2012; Lamb et al, 2018)which there was little evidence of HRV
effects. Although this is our strongest eviderddte that DE exposure can cause a relative
parasympathetic dominance over cardiac functionhawe seen similar HRV effects with ozone
inhalation (Farragt al, 2012). Likewise, Tankersley et al. (2004) sawked increases in HRV
with repeated (4-day) inhalation exposure to cantemicles in terminally senescent mice.
Previous studies by us and others have shown es@tsDE or DE particles causes pulmonary
irritant receptor activation (Deering-Rice, et @D11; Hazari, et al., 2011; Wong, et al., 2003),
which is known to cause parasympathetic reflexesl@@ombe & Lee, 2001). The multiple
effects of whole DE on arrhythmia and HRV in the@@®HHF rat vs. the minimal effects of this
same exposure on young SHHF rats (Carll et al.2R8dpports epidemiologic evidence that age
and progression of cardiac disease heighten suisitigypto air pollutant exposure (Broot al,
2004). Moreover, these effects indicate that pemgsithetic reflexes may factor into this
susceptibility. Increased parasympathetic nemglt to the heart can provoke second-degree
AV block (Drici et al, 2000; Massie, et al., 1978). We found corretagibetween post-
exposure second-degree AV block events and chand¢#&RV (Supplemental Table 3.1) that
correspond with previous demonstrations of parasyhgtic-mediated AV block (Castellanos, et
al., 1974; Dirici, et al., 2000; Massie, et a@78). Beyond this effect, the clinical health
implications of enhanced parasympathetic tonesparse to DE exposure remain uncertain and
unexplored.

The effects of DE that we observed on autonoralarixe, bradyarrhythmia due to AV

block, ventricular repolarization and LV dilatioragninterrelate (Figure 3.7). Changes in HRV
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and LV volume correlated, consistent with the kndinmk between parasympathetic excitation
and the activation of myocardial stretch recepf@mmwford, 2003). Parasympathetic activation
provokes a K channel lxacn) that augments repolarizing currents, decreasastapeous
depolarization, increases HRV, and promotes AV lbi@rici, et al., 2000; Moreno-Galindst

al., 2011). Likewise, the changes in spatiotempoeédtogeneity of repolarization that we
observed may have resulted from several factocijdimg myocardial stretch (Taat al, 2004;
Xian Taoet al, 2006), autonomic mechanisms (Drici, et al., 208@ndaet al, 2011; Moreno-
Galindo, et al., 2011), inflammation (Zhaagal, 2011) or changes in heart rate, electrolyte
balance, and metabolism (Channer & Morris, 2002}imately, our findings of altered
repolarization, increased HRV, LV dilation, and Al6ck collectively suggest an important role
for parasympathetic mechanisms in the adverseagargsiologic effects of DE.

Our findings of DE-induced ECG changes correspaitial prior observations and bear
notable implications for the health effects of DEesure. Rich and colleagues (2012) recently
found in patients with prior coronary events thptTle (a measure of the heterogeneity of
transmural depolarization (Castro Heeiaal, 2006)]) increased with exposure to fine mode
particles. We similarly observed an increase iAT€gan the first 4 hours after DE exposure,
suggesting that DE may desynchronize repolarizdigiween the different regions or cell types
of the ventricular myocardium. Tp-Te prolongatlas been demonstrated to correlate with
post-infarct LV remodeling (Szydlet al, 2010) as well as ventricular tachycardia and sadd
cardiac death in patients with hypertrophic cardiopathy (Shimiziet al, 2002). Similarly,
the effects of DE on ST-area and ST- and T-wavelitudps were not unprecedented. Both
elevation and depression of the ST-interval andalievmay indicate myocardial ischemia

(Channer & Morris, 2002). Several researchers Ineperted decreased T-wave or ST-
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amplitudes with air pollutant exposure. Such fingdi occurred with exposure to ambient
particles in ischemic heart disease patients (Hegnger, et al., 2005), inhalation of DE in
exercised coronary artery disease patients (Milisl, 2007) and sedentary atherosclerotic mice
(Camperet al, 2005), and inhalation of particle-free DE gasegaung adult SH and SHHF rats
(Lambet al, 2012; Carllet al, 2012). While these changes in repolarization neaylt from
ischemia, they may also stem from alterationsangmembane Kbalance by myocardial

stretch and parasympathetic activation as prewausintioned.

Unlike our previous findings in young-adult WK®H, and SHHF rats (Carll et al.,
2012; Lamb et al., 2012), DE increased markersaafiopulmonary inflammation in aged SHHF
rats suggesting that age and advancement towartifagare mediate enhanced proclivity to
these effects. The DE-induced increased in seruf iSRonsistent with the findings of Rich
and associates (2012), who along with the aforeioreed observations of Tp-Te prolongation,
recently noted positive correlations between CRiP@article concentrations within the
preceding 2-4 days. The increase in pulmonary epsifs was unexpected; however, similar
effects of DE have been observed in healthy hur(@hm et al, 2012). The relationship
between these findings and the changes in cartiggiglogy require further study.

In summary, a single inhalation exposure to DBged heart failure-prone rats without
evidence of heart failure caused LV dilation andrades in cardiac repolarization. In light of
our prior study (Carll et al., 2012), our findingemonstrate that age in a heart failure-prone rat
strain confers overt susceptibility to the effeztsir pollutant exposure on the occurrence of
bradyarrhythmia, repolarization, and HRV. Mostlo observed physiologic changes correlated
with increased HRV markers of parasympathetic arilte, suggesting autonomic modulation

played an important role in the observations. Meehanism by which increased
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parasympathetic influence may relate to such effesmjuires further study. Taken together,

these findings may provide new insight on the tmeaftects of traffic related air pollutants.
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Tables

Table 3.1. Inhalation Exposure Characterization

Air DE
PM, 5 (ug/nt) 21 515
PM, snumber (n/cri) 9.7x16 2.3x16
Number median diameter of PM (r 96 58
Volume median diameter of PM (nm) 184 89
0O, (%) 20.7 £0.0 20.2 £0.0
CO (ppm) 0.0 £0.1 16.6 £1.4
NO (ppm 0.06 £t0.00 15.9+1.2
NO; (ppm) 0.07 £0.00 0.66 +0.09
SO (ppm) BDL BDL

Data represent mean values + standard deviatioh d8merated from measurements made either
continuously (concentrations 0L, CO, NO, and Ng), once (PMs mass concentration), or six
times (DE PM s number) per exposure. Number median diametebassd on exposure day
particle size distributions + SD. Volume diameat&s calculated from number-based mobility
diameters and assumed spherical particles. Aicabeks filtered air; DE, diesel exhaust; £M

fine particulate matter; BDL, below detectable timi
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Table 3.2. Heart rate variability and ECG morplgglparameters prior to exposure to diesel

exhaust (DE).
Pre-Exposure (home cages) Baseline (exposure clipmbe
Air DE Air DE

HRV mean (SE) mean (SE) mean (SE) mean (SE)
HR (beats/min) 277 (7.5) 282 (5) 355 (13) 334 (6)
SDNN (msec) 10.5 (0.7) 9.9 (0.9) 8.1 (0.5) 8.0 (0.6)
RMSSD (msec) 5.7 (0.9) 5.7 (1.4) 3.8 (0.8) 4.1(1.1)
Tri. Index 1.25 (0.04) 1.18 (0.04) 1.20 (0.08) 1.20 (0.05)
LF/HF 0.92 (0.15) 1.15 (0.32) 1.42 (0.33) 1.17 (0.11)
LF (msed) 1.64 (0.58) 2.35 (0.74) 0.66 (0.16) 0.68 (0.21)
HF (msed) 2.30 (0.75) 2.8 (1.3) 0.78 (0.34) 0.93 (0.47)
PNN15 (%) 5.7 (0.9) 5.7 (1.4) 1.6 (1.5) 2.3(2.2)

ECG morphology

PR (msec) 61.0 (1.8) 59.7 (2.3) 57.7 (1.9) 56.3 (1.7)
T amplitude (mV) 0.058 (0.011) 0.063 (0.089) 0.074 (0.021) 0.100 (0.013)
QTc (msec) 80.1 (3.3) 78.3 (0.8) 83.3(2.1) 80.9 (2.0)
ST area (mV*msec) -0.92 (0.4) -0.93 (0.19) -0.55 (0.45) -0.72 (0.18)
Tp-Te (msec) 28.9 (3.1) 27.7 (1.7) 30.3(4.1) 30.3 (2.0)

Pre-exposure values represent an average overnd time-matched with the first 4 h of post-
exposure within home cages. Baseline values aeages from ECGs collected 30 minto 1 h
after placement in exposure chamber but beformimy DE generation. QTc: Fridericia-

corrected QT interval. N = 5-6/group.
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Table 3.3. Correlations between mid-exposure changRV and post-exposure change in ECG
measures of ventricular repolarization. ECG valuere limited to hours 1-4 of post-exposure.

HRV Exposure
parameter  hour
SDNN 3 __
Recovery
4
Triangular
Index
Recovery

ECG Post-expo.
P-value
parameter hour
Tp-Te 1 0.70 0.03
Tp-Te 2 0.66 0.04
ST area 2 0.62 0.06
Tp-Te 1-4 0.67 0.03
ST
\ 1-4 0.60 0.06
amplitude
Tp-Te 4 0.74 0.01
T amplitude 4 0.69 0.03
ST 4 0.66 0.04
amplitude
T amplitude 1-4 0.63 0.05
Tp-Te 1-4 0.61 0.06
T amplitude 2 0.67 0.03
ST area 4 0.66 0.04
Tp-Te 4 0.62 0.05

Change in HRV during individual hours of exposuedtive to baseline) significantly correlated
with a subsequent change in ECG during hours 1pbst-exposure.
correlation coefficient. “Post-expo.” indicatessp@xposure, when animals were monitored in

home cages. N = 5-6/group.
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Table 3.4. Correlations between mid-exposure changkRV and post-exposure change in left
ventricular function and dimensions.

Echo HRV Exposure

Parameter parameter  hour P-value
PW (D) RMSSD 3 -0.60 0.05
4 -0.82 <0.01
R -0.64 0.04
SDNN 3 -0.76 <0.01
4 -0.74 <0.01
pPNN15 4 -0.65 0.04
PW (S) SDNN 3 -0.71 0.02
4 -0.76 <0.01
RMSSD 4 -0.82 <0.01
EDV RMSSD 3 0.74 <0.01
HF 3 0.63 0.04
pPNN15 4 0.84 <0.01
ESV PNN15 4 0.73 0.02
SV RMSSD 3 0.77 <0.01
pPNN15 4 0.71 0.02
HF 3 0.70 0.02
HF R 0.66 <0.01
Cardiac RMSSD 3 0.65 0.03
output pPNN15 4 0.65 0.04

Changes in echocardiographic measures after thesarg period correlated with changes in
HRYV during exposure. Change was calculated asrdiifee from baseline. N = 6/group. 3, 4,
and R represent the third and fourth hour of expoand the recovery hour immediately
following inside exposure chambers. “r’ indicaB=arson correlation coefficient. PW (D) and
PW (S), posterior wall thickness at end diastole emd systole, respectively; EDV, end diastolic
volume; ESV, end systolic volume; SV, stroke volume
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Figure 3.1. Change from baseline in heart rate and HRV endgdmean +/- SE) during whole
body exposure. 1, 2, 3, 4, and R represent hotlreoligh 4 of exposure and Recovery (post-
exposure) within the chamber. All measurement®waen from un-restrained conscious rats
temporarily housed within exposure chambers. Stadsdiamonds mark significant differences
from baseline (in chambers) and the Air grouplfatsame hour), respectively (P < 0.05). See
Table 3.2 for baseline values. N = 6/group.
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Figure 3.2. Change in HRV (left column) and ECG (right colunangr the first 4 hours after

removal from exposure chambers. Data were cotlesithin home cages at hours 1-4 of post-
exposure, excluding the first 30 minutes after eelndiography. Stars and diamonds indicate P
<0.05 and P < .10, respectively. N = 5-6 / group.
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i Post-exposure

Pre-exposure

20ms

Figure 3.3. ECG waveforms before (gray) and after (black) DRasure in a single rat. Ea
waveform represents the average cardiac electrofyoama -min ECG sampled at -min
intervals. Data were collected from an individual radim its home cage at hour-4 of post-
exposure, excluding the first 30 minutes after eelndiography. Horizontal time mark indica

20 ms interval.
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Figure 3.4. Diesel exhaust increased hourly rate of Mobi#&\block per rat (mean +/- SE) at
post-exposure (A). ECG waveform with represenéasi@cond degree AV block Mobitz I
arrhythmia (arrow) following DE exposure (B). Barel Exposure, and Recovery were all
measured within exposure chambers. Stars and disrnodicate significant differences
between periods and groups, respectively (P < 0.UBJtical grey lines behind ECG waveform
indicate time in 50 msec intervals. N = 6/group.
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Figure 3.5. A single 4-hour exposure to diesel exhaust (50@nf)gncreased left ventricular
(LV) chamber volume, stroke volume, and cardiag@oyt and decreased LV wall thickness in
aged SHHF rats. The groups did not differ from eattier in heart rate before or after exposure.
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Echocardiographic measures of LV volume, thicknasd, function were performed on
conscious rats before and after exposure to fdtareor diesel exhaust. Stars and brackets
indicate significant differences (P < 0.05). N to@8 / group.
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Figure 3.6. Age and strain-dependent cardiac hypertrophy ikSkats. Mean (+ SE) heart
weight to tibia length ratio of 16-month-old airposed SHHF rats in this study compared to air-
exposed animals in similar studies within our labory (Carll et al.in press Lamb et al.,

2012). Star and parentheses indicate all groupsigméicantly different from each other (P <
0.05).
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Figure 3.7. Proposed pathways accounting for electrophysiotdgtfects of DE. cCAMP: cycli
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and Belevych, 2003.
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Supplemental Material

Supplemental Table 3.1. Correlations between oAV block Mobitz 1l events and HRV
or HR at hour 1 of post-exposure.

2

parameter slope r P-value
RMSSD (msec) 3.2 0.45 0.01
SDNN (msec) 5.1 0.44 0.02
heart rate (beats / min) -55.8 0.44 0.02

Linear regressions were based on mean HRV andAdtdllock events for each rat over the first
hour of post-exposure within home cages (priorctwoeardiography). N = 5-6 / group.
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Supplemental Table 3.2. Endogenous anti-oxidamdswarkers of cardiovascular risk and
injury.

Air DE P-value

Broncho-alveolar lavage fluid

eosinophils (#/ml) 0 (0) 45 (21)* 0.03

neutrophils (#/ml) 707 (160) 651 (211) 0.84

lymphocytes (#/ml) 789 (122) 687 (206) 0.69

macrophages (#/ml) 11,282 (772) 12,431 (1,268) 0.46

N-acetyl glucosaminidase 5.9 (0.3) 5.0 (0.2)* 0.03

total anti-oxidant status

(Lg/L) 113 (13) 144 (13) 0.11
Serum

C-reactive protein (ug/L) 216 (3) 230 (3)* 0.01

lipase (U/L) 267 (23) 195 (18)* 0.02

ALT (U/L) 107 (8) 152 (20) 0.06

AST (U/L) 220 (12) 274 (32) 0.15

GST (IU/L) 49 (4) 92 (26) 0.14
Plasma

total protein (g/dl) 4.7 (0.2) 5.1 (0.1)* 0.05

TIMP-1 (pg/ml) 4,264 (941) 7,109 (899) 0.b6
Organ Weights

heart/tibia (g/cm) 0.285 (0.005) 0.277 (0.006) 0.35

heart/body (g/kg) 3.37 (0.05) 3.32 (0.02) 0.34

caudal lung lobef/tibia (g/cm) 0.081 (0.003) 0.085 (0.003) 0.44

Values presented as means (SE). 4 of 9 DE-expasetad pulmonary eosinophilia. See
Methodssection for other markers of cardiopulmonary tayjaisk, inflammation, and
antioxidants measured in serum, plasma, and brahaaar lavage fluid. U and 1U denote
units and international units, respectively. ALTgrane aminotransferase; AST, aspartate
aminotransferase; GST, glutathione S-transferaldéPT1, tissue inhibitor of metalloproteinase
1. * indicates significant difference from Air gnou N = 8-9 / group, except # indicates N =
4/group.
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Supplemental Figure 3.1. Hourly rate of ventricgdeemature beats. Stars indicate significant
differences between periods or time-matched vadfiesher group (P < 0.05). N = 6/group.
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Supplemental Figure 3.2. Linear regression of HRAhgular index and ECG measures of
ventricular repolarization after exposure. Da®@esented as mean change over hours 1-4
after exposure relative to change from pre-expo&i&éours prior) for each rat, regardless of
exposure and excluding the first 30 minutes aftéoeardiography. N =5 to 6 / group.
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CHAPTER 4

DIESEL EXHAUST-INDUCED CARDIAC DYSFUNCTION IS MEDIAED BY
AUTONOMIC IMBALANCE IN HEART FAILURE-PRONE RATS

Overview

Short-term exposure to vehicular emissions is glgoassociated with adverse cardiac
events. Diesel exhaust (DE) is a ubiquitous dliupent hypothesized to provoke adverse
cardiac events, in part, through defective co-atiam of the sympathetic and parasympathetic
branches of the autonomic nervous system. To iigas this putative mechanism, we
examined cardiophysiologic responses to a singlénb&ation exposure (508y/m°, 4 h,
whole-body) in young adult heart failure-prone ratsl incorporated autonomic challenges and
inhibition. These included post-DE sympathetic agon(dobutamine, 32g/kg/min x 2 min
i.v.) with and without parasympathetic ablation (vagogd and, separately, treadmill exercise
and pretreatment with a sympathetic or parasympatimibitor (atenolol or atropine; 5 mg/kg
i.p. each). Measures of cardiac function by left vieatar (LV) pressure, autonomic balance by
heart rate (HR) and HR variability (HRV), electradiagram, and aortic pressure were
performed. Upon exercise recovery at 4 h post-sexyy HRV and HR changes indicated that
DE increased parasympathetic influence. At 21st-paposure, DE increased sympathetic
influence during exercise recovery only in salimetgeated rats. DE impaired-contractility and
decreased systolic blood pressure relative to Aesed rats during exercise recovery at 21 h

post-exposure, and this effect was prevented onlympathetic inhibition. Intra-cardiac
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pressures indicated DE impaired systolic and di@stanction and altered diastolic and
chronotropic responses to dobutamine partly throogdaired parasympathetic regulation. Thus,
altered autonomic regulation of the heart, charesetd by an early parasympathetic dominance

and a delayed sympathetic dominamoediates adverse cardiac effects of air pollutiquosure.

Introduction

Exposure to combustion-derived air pollution hasrbeonsistently linked to near-road
adverse clinical outcomes, especially in those pitdexisting cardiac disease (Bell, et al., 2009;
Brook, 2008; Chiusolo, et al., 2011; Mann, et2002; Popet al, 2008). Multiple pollutants
have been implicated in these observations, inauine and ultra-fine particulate matter
(PM2s and UFP, with diameters < 2 and < 0.1um, respectively), nitrogen dioxide (N}
carbon monoxide (CO), and sulfur dioxide @hODiesel engine exhaust (DE) is a major urban
source of these pollutants, as well as volatil@oigs, and carbonyls, and it may thus contribute
largely to pollutant-induced adverse cardiovascatdacomes (Krivoshto, et al., 2008; Peretz, et
al., 2008a). For instance, ischemic heart diseaspitalizations have been attributed, in part, to
short-term DE exposure in eight European citiesTedre, et al., 2002). The physiologic and
biochemical responses observed with DE exposunesthighlighted several candidate
mechanisms of toxicity, including autonomic imbaanmyocardial ischemia, and
electrophysiological dysfunction—among others.

Epidemiological studies have linked exposure to ponents of air pollution to
autonomic imbalance and ischemia as reflectedtieyations in heart rate variability (HRV) and
ST-interval amplitude among other changes in teetedcardiogram (ECG). Our group and

others have shown limited DE-induced changes isetlegmdpoints in animal models of
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cardiovascular disease (Anselme, et al., 2007; geaet al., 2005; Carll, et al., 2012; Caitll
al., in review; Lamb, et al., 2012). The most profound ischemiecf of DE exposure reported
to date were measured during exercise stressinestsonary artery disease patients (Mills, et
al., 2007). Because physical exertion increasggenxdemand and provokes autonomic
compensatory reflexes (including sympathetic atitwaduring exercise and parasympathetic
activation thereafter), exercise stress tests@meron clinical tools for unmasking latent
myocardial ischemia and autonomic imbalance asctftl within the ECG (Froelicher & Myers,
2006; Goldbergeet al, 2006). Myriad studies have demonstrated thainugxercise stress
test, increased cardiac arrhythmia and abnormpbreses in heart rate (HR), HRV, and ECG
correlate with cardiovascular disease and riskaofliovascular death (Beckermanal, 2005;
Deweyet al, 2007; Jaet al, 2006; Watanabet al, 2001). Meanwhile, cardiac dysfunction
during and after exercise tests has been showrethigd adverse outcomes in patients with
hypertrophic cardiomyopathy (Pellicaa al.,2007).

In addition to using treadmill stress tests, exsarcan be mimicked using sympathetic
agonists to unmask latent effects of exposure. |&urecently found in hypertensive rats that
DE inhalation enhanced sympathetic, ischemic, arid/gomic responses to dobutamine (Hazari
et al, 2012). Itis unclear whether dobutamine-inducleainges in cardiac function, specifically
left ventricular pressure, cardiac contractilitgldasitropy (cardiac relaxation), are also modified
by DE exposure. In addition, little is known abthg contribution of the autonomic nervous
system (ANS) to the potential adverse effects of Diis, the following hypotheses were tested
in the present study in heart failure-prone rafsietermine if DE exposure modifies the
physiologic response to treadmill exercise, 2) heiiee if DE exposure alters dobutamine-

induced changes in cardiac function, and 3) bynpa@ting pharmacologic inhibitors of the
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ANS during treadmill challenge as well as vagotaiaying dobutamine challenge, determine if
imbalance of the ANS mediates the adverse physokftects of DE exposure. HR, HRYV,
arrhythmia, repolarization, left ventricular pressicardiac contractility and lusitropy, and blood

pressure were all measured to assess the effeeiposure.

Materials and Methods
Diesel Exhaust Exposure and Generatidt.animals were exposed to either whole diesel
exhaust (DE, target of 500 pg R¥m°) or filtered air (Air) under conditions previously
described (Carll, et al., 2012). DE exposures \a¢ngdtrafine PM and N@concentrations
comparable to those found in traffic tunnels arabiweays in the U.S. and Europe (Anselme, et
al., 2007; Svartengren, et al., 2000; Zhu, e28l07). DE was generated using a 4.8 kW (6.4
hp) direct injection single-cylinder 0.320 L dispégment Yanmar L70 V diesel generator
operated at a constant 3600 rpm on low sulfur tiesé (16 ppm) at a constant load of 3 kW as
previously described (Carll, et al., 2012). Thaaust was diluted with clean room air
previously passed through high-efficiency partiteilair (HEPA) filters adjusted periodically to
maintain target PMs mass concentration. The diluted DE was deliveoesl iHazelton 1000 (984
L) exposure chamber. Control animals were planexisecond chamber supplied with HEPA-
filtered room air. The chambers were operateti@same temperature, pressure and flow rate
(424 L/min; approximating 25 air exchanges per ho@hamber concentrations of PM,, @O,
NO, NG,, and SQwere measured as previously described (Carll e2@12). Chamber
temperatures, relative humidity, and noise were alenitored, and maintained within

acceptable ranges (< 80 dB, 30-70%, and 73° £ 5° F)
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DE Exposure Study 1—Left Ventricular (LV) Pressh@ahutamine Stress Test, & Vagotomy.
Lean male rats of the spontaneously hypertensiag Fedlure strain (SHHMccCrl-
Lepr*®, Charles River Laboratories) were acquired (nF1@geks old). These rats acquire
cardiac hypertrophy by 2 months of age and transitito dilated cardiomyopathy and overt
heart failure (HF) at 18 months (Carll et al., 20Carll et al., 2012). Rats (13.5 weeks old) were
exposed by whole-body inhalation to either filteeddor DE (target Pl¥s concentration: 500
pg/m). At 20-24 h after exposure, rats were anesthetidéh urethane (2 mg/kigp., Sigma)
and prepared for LV pressure measurement by reylotid arterial catheterization with a 2-
French transducer (SPR-320, Millar Instrumgn{Bhe left jugular vein was cannulated in
preparation for cardiac stress test by administnadif a sympathomimetic (dobutamine). The
LV probe was connected via a Pressure Control (Maidel 2000, Millar Instruments) to a
receiver (Powerlab 4/30, ADInstruments) and a cammpacquiring data at 1000 Hz. Rats were
observed for a 2-min aortic pressure baselinetrimsducer was advanced into the LV for a 4
min baseline, and the rats were then infused foir2(Infusion A) with freshly diluted
dobutamine hydrochloride (32@®/kg/mini.v., dissolved in 0.9% NaCl saline at a concentration
of 640ug/ml). Rats were observed for 12 min after infustessation, which pilot studies
revealed as adequate time for recovery to restagtinate and dP/gf. Animals then received
bilateral vagotomy by suture occlusion of both tighd left vagus nerves followed by a
stabilization period (3 min), a second 2-min domitee infusion at the same dose (Infusion B),
and a post-infusion observation period (2.5 miffie transducer was then retracted for
measurement of aortic pressure (2 min), after wthielrats were euthanized by exsanguination.
For details, see Supplemental Material. Acqusisoftware (LabChart Pro version 7.3.2,

ADInstruments) generated LV pressure parametezadtliastole (EDP) and end systole (ESP)
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and the maximum upslope (dR4gd and minimum downslope (dP/gf of LV pressure per

beat, indicative of contractility and relaxationer@lusitropy), respectively.

DE Exposure Study 2—Treadmill Stress Test & Phaohegc Autonomic Inhibition

Radiotelemetry implantatiomlean male SHHF rats were implanted with radiotelense
transmitting ECG, aortic blood pressure (BP), ame dody temperature € 24, 8 weeks old,
telemeter model TL11M2-C50-PXT, Data Sciences fr@ggonal) by surgeons at Charles River
Laboratory adhering to preoperative, anesthetid,samgical procedures as described previously
(Carll, et al., 2010). Rats were shipped after-aldQ recovery period to our AAALAC
International-approved animal facility. AdditioraHHF rats § = 15, 11-12 weeks old) were
implanted in our AAALAC International-approved arahfacility at the U.S. Environmental
Protection Agency (EPA) laboratory with radioteleers equipped for ECG, HR, and core body
temperature measurements (model TA11CTA-F40, Datn€es International) while adhering
to preoperative, anesthetic, and surgical proceddescribed previously (Lamb et al., 2012). All
rats were housed individually in 42 x 21 x 20-crexdfilas cages with pine-shave bedding in an
animal holding room (22°C + 1°C, 50% = 5% relatiuemidity, 12-h light:dark cycle 0600:1800
h), and provided standard Purina rat chow (500&nBvood, MO) and watexd libitum All
studies conformed to the guidelines of the US ERAitutional Animal Care and Use
Committee (IACUC). After 310 days of surgical recovery, rats were transtetoea satellite
facility and maintained under the same conditiagpraviously stated but in 33 x 18 x 19-cm
Plexiglas cages.

Autonomic Inhibition and Treadmill Challendeats were weighed and assigned blindly

to one of six treatment groups (Air-Saline, Air-gpine, Air-Atenolol, DE-Saline, DE-Atropine,
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and DE-Atenolol) while maintaining equivalent mésody weights between groups. All animals
were trained for treadmill challenge (Treadmill $iex II, Columbus Instruments) on two
subsequent days before telemeter data were callémtédaseline treadmill challenges. Each
challenge involved an initial 4-min run at 0° im&i (Run A), a 20-min resting period, and a
subsequent 5-min run at 25° incline (Run B) witii&d electric stimulus (1.47 mA at 2.9 Hz) at
the rear of the treadmill to encourage consistemtement. For Run B, peak belt speed and
incline were set to optimize ECG signal clarity ampbroach a peak heart rate response of 500
beats per min (BPM) based on pilot study obseraatio

Rats were placed in exposure chambers for a 2lmetion and returned 2 days later for
a 5 h exposure to filtered air (baseline) withred¢ry monitoring. At 3-5 h and 20-22 h after end
of baseline, animals were subjected to treadmallehges. Inhalation exposures began 48 h
after baseline exposure. At 1 h before inhala¢igposure, atropine and atenolol were each
dissolved into saline, twice sonicated and vortelioe@ min each, maintained at 38° C. Rats
(12-15 weeks old) were then weighed and injeciedvith saline vehicle (0.9% NaCl, Sigma
Inc.), atropine (5 mg/kg, Sigma), or atenolol (5/kgg Sigma) at a volume of 2.5 ml/kg body
weight, placed in exposure chambers immediatelyetfeer, and allowed 30 min to equilibrate.
Animals were exposed whole body for 4 h to eithiegred Air or whole DE (target P4
concentration of 500g/m°), followed by a 1 h wash-out period for both grsip which clean
filtered air was circulated through exposure chamsibEreadmill challenges were repeated at 3-
5 h and 20-22 h after cessation of exposures.d€ils, see Supplemental Material.

Radiotelemetry data acquisition and analystadiotelemetry was used to track changes
in cardiovascular and thermoregulatory functiorcogitinuously monitoring ECG, BP, core

body temperature, and activity in awake, unrestchirats beginning at 3 days before inhalation
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exposure and continuing through exposure untilandbkia 24 h after exposure. Arterial BP
(mean, systolic, diastolic, and pulse), heart rael, aortic pre-ejection period (PEP) were
derived from pressure and ECG waveforms sampladae of 1,000 Hz in 2-min streams every
10 min within home cages, and 1-min streams evemrbwithin exposure chambers. Treadmill
ECG and BP waveforms were sampled continuously0@X01Hz. Parameters were automatically
calculated using software (DataART 3.01; DSI) asvjmusly described (Carll, et al., 2010). The
aortic PEP (also referred to as QA interval) pregidn index of contractility measured by the
delay between onset of LV depolarization and epactwhich are respectively indicated by the
initializations of the R-wave and the increaseortia pressure (Cambridge & Whiting, 1986).
ECG waveforms were analyzed with computer softyfeGauto 2.8.1.26; EMKA
Technologies, Falls Church, VA) that enabled udeniification and exclusion of arrhythmias
and artifacts from automated HRV and ECG morpholmgglysis as previously detailed (Carll,
et al., 2012). HRV analysis generated HR and tio@an measures, including mean time
between adjacent QRS-complex peaks (RR intervaidsard deviation of the RR interval
(SDNN), square root of the mean of squared diffeesrof adjacent RR intervals (RMSSD), and
percent of adjacent normal RR intervals differiygi5 ms (pNN15). pNN15 is a measure of
parasympathetic tone. SDNN represents overall Hf\&reas RMSSD represents
parasympathetic influence over HR (Rowan, et &810,72. HRV analysis also provided
frequency-domain parameters, including low freqygihé-: 0.200-0.750 Hz) and high
frequency (HF: 0.75-3.50 Hz), and the ratio of ¢hego frequency-domains (LF/HF). For
frequency-domain analysis, the signal was analyadda Hanning window for segment lengths
of 512 samples with 50% overlapping. LF is gengfaglieved to represent a combination of

sympathetic and parasympathetic tone, whereaméi€ates cardiac vagal (parasympathetic)
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tone, and LF/HF serves as an index of sympathousjahce (Rowan, et al., 2007).

Measures of ECG, BP, and arrhythmia frequencywetained during and after
treadmill challenge occurring after sham air expesnd after subsequent exposure to either DE
or Air. Arrhythmias were analyzed and identifietile blinded to treatment group according to
previously described criteria (Carll, et al., 201Qarll, et al.jn review). HRV and ECG
morphologic analyses were conducted on ECG wavefaotiected during treadmill challenges.
All 30-sec ECG streams with less than 5 identigatnduction cycles were excluded from ECG
parameter calculation and streams with less thase2®f identifiable RR intervals were
excluded from HRV analysis. Thorough visual ingmecwas conducted to identify and exclude
arrhythmias and artifacts from HRV and ECG analyses

Tissue collection and analysikt approximately 24 h after termination of the 4-h
inhalation exposure, rats were deeply anesthetizébdan intraperitoneal injection of a sodium
pentobarbital / phenytoin solution. Tissue sampfdslood, lung lavage fluid, heart, and lungs,
were collected, processed, and analyzed as preyidescribed (Carll, et al., 2012). Heart
weight was normalized by right tibia length. To emae for indications of cardiopulmonary
inflammation, injury, oxidative stress, and riskyltiple biochemical markers were assayed.
Lavage supernatants were analyzed for albumin, gaglatamyl transferase, lactate
dehydrogenase, N-acetyl-b-d-glucosaminidase, &otibxidant status, and total protein (Carll,
et al., 2010). Serum supernatants were analyzetdatine kinase, C-reactive protein (CRP),
total protein, and glutathione peroxidase, red@gtard -S-transferase; and supernatants from
plasma were assayed for angiotensin convertingnre@ACE), alobumin, blood urea nitrogen,
creatinine, and total protein (Carll, et al., 20118erum was also analyzed for

hydroxybutyrate dehydrogenase, D-dimer, ferritincgse, insulin, lipoprotein (a), total
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cholesterol, triglycerides, alanine aminotransferaspartate aminotransferase, lactate
dehydrogenase-1, lipase, high and low density hpigin cholesterol, myoglobin, sorbitol
dehydrogenase, superoxide dismutase (SOD), margg&@iS, and copper-zinc SOD according
to previous procedures (Carll, et al., 2012; Catlil., 2010).

Statistics. &tistical analyses of all data were performedgi§inism version 4.03
(GraphPad Software, Inc., San Diego, CA). Repeateasures two-way ANOVA with
Bonferroni post-hoc test was performed on LV pressiata for specific moments: immediately
before Infusion A (Pre-Infusion), 12 min after Isfan A (Recovery), 2-3 min after bilateral
vagotomy (Post-Vagotomy), the final 10 sec of IidasA, and last 10 sec of Infusion B. As with
autonomic inhibitors, brief bouts of exercise altatonomic regulation of cardiovascular
physiology (Cheret al, 2009). To control for these effects and teseftects of DE exposure,
changes in physiologic parameters from pre-expaseagimill to post-exposure treadmill were
compared between groups pretreated with the satoaa@uic inhibitor (or saline) by two-tailed
t-test. To control for potential physiologic efted¢ollowing containment in exposure chambers,
treadmill data at 3-5 h and 20-22h after inhalag&posure were compared to challenges at
corresponding times relative to sham exposure.-\meanalysis of variance (ANOVA) with
Tukey post-hoc test was used to detect signifidédfgrences between groups in biochemical

endpoints and tissue weight. For all analyses0FS was considered statistically significant.

Results
Study 1. Effects of DE Inhalation on LV Pressuréd Antonomic Modulation.
Pre-Infusion At 20-24 h after inhalation exposure, DE increas¥dend diastolic

pressure (DE 4.4+0.9 vs. Air 0.4+1.6 mmHg, P < D.@&creased contractility (dP4d§, P =
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0.056; Figure 4.1-A), and slowed LV relaxation @Ry, P < 0.05; Figure 4.1-C). DE did not
affect heart rate, arterial pressure, or LV systpliessure before infusion (all P > 0.05).

Dobutamine Infusion ADobutamine equally increased dR/gdfor both groups (Figure
4.1-B) such that the groups no longer differedPidt,.« at recovery (Figure 4.1-A).
Dobutamine infusion abolished the difference betwibe Air and DE groups in dP/gl at
recovery (Figure 4.1-C) by disproportionately irasig this parameter in the Air group during
infusion (P < 0.05; Figure 4.1-D). InterestinglyEEnhalation at Pre-Infusion had a similar
effect on diastolic function as did dobutamine sifun in the Air group at Recovery (Figure
4.1-C). Heart rate (HR) increased by approximai&ly BPM for both groups during the first 90
sec of infusion, but the Air exposed rats had dinkean HR shortly before the end of infusion
such that the DE group exceeded the Air groupetast 10 sec of infusiofi44 BPM vs. Air, P
< 0.05; Figure 4.1-F).

Vagus Nerve Ablation and Dobutamine InfusioBe Air and DE groups did not differ
from each other in dP/gt, dP/dkax Or HR during the recovery period after InfusiorfiAgure
4.1; P > 0.05). HR and dPjdkreturned to near-baseline values for both growpmd this
recovery period (Figure 4.1-A & 4.1-E), whereas Aliegroup continued to have elevated
dP/dti, relative to its own baseline (P < 0.05, Figure@)1 Vagotomy restored the difference
between the Air and DE groups in dR{g{P < 0.05; Figure 4.1-C) and increased HR and
dP/dtax for both groups (P < 0.05 each vs. Pre-Infusiah Racovery; Figure 4.1-A & 4.1-E).
Notably, in contrast to the effects of Infusiond@butamine after vagotomy had equivalent
effects on dP/¢i, and HR in the Air and DE groups (Figure 4.1-D &-.). There were no

significant differences between groups in HR ordtiR24 during or after Infusion B, nor in
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arterial pressure after infusion; nevertheless[iBegroup appeared to recover from peak

dP/dt,ax more slowly than the Air group (see Supplemeniglife 4.4).

Study 2. Effects of DE inhalation on Cardiovasciasponses to Treadmill Exercise.

Prior to treatment, treadmill challenge causeeéakmR of approximately 500 BPM in
all groups at both Run A and Run B, indicating laust response relative to the normal resting
heart rate in conscious rats of this strain anadptype (roughly 325 BPM [Carll et al., 2012]).
At treadmill challenge 3-5 h after exposure, thed Air groups differed from each other in
their changes in HRV from pre-exposure during recg¥rom treadmill Run B (Figure 4.3); the
DE-Atenolol group’s change in HR was 67 BPM lesmtiAir-Atenolol (P < 0.05). At this same
point, the DE-Saline group exceeded the Air-Sajjiraip in change from pre-exposure SDNN
by 4.4 msec (P < 0.05). Both the DE-Saline andAdBpine groups had a change in recovery
RMSSD that exceeded their respective air contrelspectively, 1.22 and 0.63 msec greater, P <
0.05 each).

At treadmill challenge 20-22 h post-exposure,Die and Air- groups significantly
differed in their HRV and/or HR responses only dgrihe recovery period for Run A (Figure
4.4). Specifically, the DE-Saline group’s changesiR and LF/HF from pre-exposure treadmill
were 32 BPM and 0.99 units greater than thoseeAihSaline group (P < 0.05). As well, the
DE-Saline group’s change in RMSSD was lower than ¢ the Air-Saline group, but this
difference was only marginally significant (P = D)0In saline-treated rats, DE inhalation
prolonged PEP relative to Air (P < 0.05). At thasre time point, the DE-Atropine group had a
significantly lower change in systolic BP than Atropine (Figure 4.5), and the saline-

pretreated groups had a similar trend (P = 0.112ontrast, atenolol pretreated rats did not have
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any significant changes in HRV, BP, or PEP at Dbt-exposure. There were no significant
effects of DE or Air exposure on arrhythmia freqepgrHR-increase, or HR-decrease during
treadmill challenges. There were no clear effeE3B or autonomic inhibitors on biochemical

measures of cardiopulmonary injury, inflammationpridative stress.

Discussion

We demonstrate that a single inhalation expotua& environmentally relevant
concentration of DE impairs cardiac performanceart, through altered autonomic balance.
DE exposure in hypertensive heart failure-prong caused changes in intra-cardiac pressures
indicative of LV systolic and diastolic dysfunctiahrest. DE exposure decreased contractility
approximately one day after exposure as evidengeathénges in two indicators: decreased
dP/dtax during LV pressure assessments and, separatefgased pre-ejection period (PEP)
after treadmill challenge. This decrement wasart mediated by sympathetic dominance, as
evidenced by inhibition of DE-induced PEP prolomgatand HRV decrements with a
sympathetic antagonist (atenolol). In addition, iD&eased end diastolic pressure and impaired
LV relaxation (dP/dfin). Impairments in LV ejection and relaxation andreased filling
pressure can promote pulmonary edema and heantefgiatz, 2006). As such, these effects
alone offer insight into epidemiological findindsat short-term air pollution exposure increases
heart failure-related hospitalizations and deafn{inici, et al., 2006; Goldberg, et al., 2000;
Pope, et al., 2008) and complement our recent watsen that DE causes LV dilation in aged
SHHF rats (Carll, et alin review). DE changed diastolic and HR responses to syropathetic
administration and altered autonomic reflexes tresge recovery, suggesting an impaired

ability to compensate to physiologic stress. Eiserchallenges can unmask cardiac pump
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dysfunction and autonomic imbalance with strongljmtése ability of adverse cardiovascular
outcomes and death (Dewey, et al., 2007; Dunekal, 2005; Pelliccieet al, 2007). The
effects of DE indicate an early enhancement ofgyemgathetic activation shortly after exposure
followed by increased sympathetic influence oneldssr. Notably, sympathetic antagonism in
DE-exposed rats prevented the DE-induced declimemtractility as evidenced by the reversal
of the effects on PEP and systolic BP after exerciBhus, the data reveal that short-term DE
exposure induces an early increase in parasympathétience followed by a late sympathetic
dominance that may mediate contractile and diastiyisfunction. Ultimately, this study
indicates that a predominance of sympathetic imitesover the heart may cause air pollutant-
induced cardiac dysfunction, and tRaadrenergic blockade bears important therapeutic
potential for mitigating these effects.

The relative responses of DE- and air-exposedealsbutamine infusion and vagotomy
indicated that DE caused a loss of parasympathedaulation of cardiac function. DE exposure
impaired pre-dobutamine LV lusitropy comparabléh® effects of dobutamine in air-exposed
rats at infusion recovery. Vagotomy (occlusiornhed nerve fibers responsible for
parasyampathetic cardiovascular regulation) didaftet the DE group’s lusitropy, whereas it
restored the Air group to pre-infusion dR{dt Finally, vagotomy caused both the Air and DE
groups to have the same responses in lusitropghiatdmine infusion, indicating their prior
differences may have been vagal-mediated. Fusilygporting this, and in concordance with our
recent findings (Hazari, et al., 2012), DE exposabelished inhibitory chronotropic responses to
dobutamine infusion that were otherwise evidenhaAir group. The absence of similar
reflexes in air-exposed rats following vagotomy egms to confirm that this effect was

parasympathetic in origin. Thus, responses to dobutamine and vagotomy demonstrated that
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DE impaired normal parasympathetic function, thgrebabling increased sympathetic influence
and impeding cardiovascular function.

Several aspects of our study indicate a majorfaoléhe parasympathetic branch in DE-
induced autonomic imbalance. DE-induced decremardsntractility at 1 day post-exposure
were preceded by an increase in parasympathetcsioortly after exposure. The changes in
HRV and HR that we observed at 3-5 h post-DE acwattd our previous evidence of
parasympathetic dominance during acute exposud&t(Carll, et al.jn review), residual oil fly
ash PM (Farraj, et al., 2011) or ozone (Farra),2@L2) in rat models of hypertension or heart
failure. Atropine’s inability to prevent parasyntpatic dominance at treadmill challenge 3-5 h
post-exposure (8-10 h post-injection) may relattheodrug’s relatively short half-life (2-4 h)
(Gyermek, 1998) and does not rule out the possilmfiparasympathetic antagonism occurring
during exposure, when vagal responses to DE are usuaby pnonounced (Carll, et al., 2012,
Carll, et al.in review). Regardless, atropine inhibited sympatho-exoiteat 1 day post-DE,
suggesting that air pollutant-induced parasympatlaetivation may later lead to sympathetic
dominance.

We observed changes in LV function and HRV thagssga central role for the
autonomic nervous system and may stem from the lsomelationships between oxidative
stress, nitric oxide (NO), and autonomic balan&ati-oxidant treatment can prevent PM-
induced changes in HRV (Rhoden, et al., 2005), edeerir pollutant exposure has been
repeatedly associated with systemic and cardiatatixe stress and increased sympathetic
influence (Brook, 2008). Sympathetic activatiooreases the release of catecholamines, which
promote oxidative stress and mediate cardiac cesgagyression (Dhallat al, 2000).

Interestingly, both sympathetic and parasympathehibition have been found to decrease air

104



pollutant-induced cardiac oxidative stress (Rho@emaj., 2005), which is a key cause of
contractile dysfunction and cardiomyocyte injurylateath (Dhalla, et al., 2000). Air pollutant
exposure may also promote cardiac dysfunction tiitdliO synthase uncoupling (Knuckles, et
al., 2008; Tankersley, et al., 2008), which imp&IO homeostasis and promotes oxidative
stress via superoxide production. NO is a presymapodulator of parasympathetic
neurotransmission that can suppress cardiomyooytactile responses foadrenergic
receptor BAR) activation. When increased in the brain’s aotaic regulatory site, NO causes
short term parasympathetic-associated physiologatkxes later followed by evidence of
sympatho-excitation among hypertensive rats, ttierlaf which may be mediated by superoxide
production (Danson & Paterson, 2006). Furtheristudre necessary to disentangle the
interactions between oxidative stress, NO, andrenntoc balance in air pollutant cardiotoxicity.
DE exposure caused an early vagal dominance thatetete to the triggering of
pulmonary irritant receptors, including the tramsieeceptor potential ankyrin 1 (TRPAL)
channel, which activate sensory nerves (C-fibetigkéri, et al., 2011), thereby causing acute
parasympathetic cardiovascular reflexes (Widdico&lee, 2001). We have previously
shown that both (A) the inhibition of TRPA1 champlior to DE exposure and (B) the
administration of a sympathetic antagonist 1 dégrddE exposure prevent DE-enhanced
sensitivity to a pro-arrhythmic drug (Hazari, et 2012). Meanwhile, others have found that a
3-day PM s inhalation exposure in mice decreases cardiad vegaion excitability and HRV,
indicating that air pollutant exposure can compi®ithe parasympathetic counterbalance to
sympatho-excitation through induced neuroplastifftyamet al, 2009). Importantly, the
parasympathetic branch suppresses sympathetient#uover the heart through a number of

mechanisms, including presynaptic inhibition of gatinetic neurons, inhibition of
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catecholamine release, and decreased firing rateg sino-atrial and atrioventricular
pacemaker nodes (Katz, 2006). In contrast, thasyampathetic branch has relatively minimal
effects on vascular tone, which is disproportiolyateediated by sympathetic input in humans
(Chong & Michel, 2012) and Spontaneously Hypertemsats (Fribergt al, 1988). Our
observation that DE decreased both HRV and sy€#tisuggests that sympathetic dominance
may have resulted from diminished parasympathegalation of the heart rather than increased
sympathetic cardiovascular regulation. Decreasg@hone and increased sympathetic
influence over the heart have been found to coomdpvith heart failure exacerbation and
predict arrhythmia and sudden cardiac death in Imgnllaa Rovereet al, 1994; Nolaret al,
1998). Thus, a deterioration of parasympatheflo@mce bears critical implications for cardiac
health.

In summary, our findings here demonstrate that Ddttced cardiac dysfunction is
mediated in part by autonomic imbalance. Thesarfggihighlight the utility of treadmill
exercise tests and dobutamine infusion as toalsmeask latents effects of air pollution
exposure and imply that evidence toward the puatiechanism of autonomic-mediated air
pollution cardiotoxicity may elude conventional reeges due to their dependency upon uniform
physiological conditions or autonomic stimuli. Atddnally, our study indicates thft
adrenergic blockade can prevent DE-induced sympathkitation and LV dysfunction, perhaps
by accommodating a deterioration in parasympattetiction. Ultimately, the potential f@
adrenergic blockade to mitigate the adverse cakffacts of air pollutant exposures deserves

further investigation and should be factored ifivical and epidemiological studies.
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Tables

Table 4.1. Inhalation Exposure Characterization

Air DE
PM, 5 (1g/nT) 1.9 (0.3) 502 (2.8)
Volume median diameter of PM (nm) 184 89
O, (%) 20.9 (0.0) 20.3(0.1)
CO (ppm) <0.5 33.1(2.3)
NO (ppm <0.5 23.4 (1.8)
NO, (ppm) <0.5 3.8 (0.22)
SG; (ppm) <05 <05
Temperature (°F) 73.9 (1.3) 71.7 (0.8)
Humidity (%) 43.8 (2.6) 56.1(1.2)

Data represent mean values (standard error in {heses) generated from measurements made
daily either continuously (concentrations of GO, NO, and Ng), once (PMs mass
concentration), or six times (DE RBNnumber) per exposure over 4 exposure days pepgrou
Volume diameter was calculated from number-basebiliodiameters and assumed spherical
particles. Air indicates filtered air; DE, diesxhaust; PMs, fine particulate matter.
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Figure4.1. LV pressure measurements of contractility (dR¥glt lusitropy (dP/dtin), and heart
rate 1 day after DE exposure. Panels A, C, amd:10-sec means (+SE) before dobutamine
(Pre-Infusion), 12-min after termination of initiafusion (Recovery), and after vagus nerve
occlusion (Post-Vagotomy). Panels B and D: chdrgya pre-infusion to final 10 sec of
infusion. Panel E: change from peak heart ratendunfusion to final 10 sec of infusion. Stars
indicate differences between Air and DE groupsetstindicate differences from Pre-Infusion
(a) or Recovery (b), and diamonds indicate diffeemnfrom Infusion A (P < 0.05). N = 5/group.
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Figure4.2. Changes in HR and HRV during recovery from tredidmin B at 3-5 h post-
exposure relative to run B at 3-5 h post-sham exgosStars indicate differences between Air
and DE groups (P < 0.05). Values represent groegns over 3 min, N = 5-6 / group.
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Figure4.3. Changes in HR and HRV during recovery from tregidun A at 20-22 h post-
exposure relative to run A at 20-22 h post-shanoswpe. Stars indicate differences between Air
and DE groups (P < 0.05). Values represent groegns over 2 min, N = 5-6 / group.
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Figure4.4. Changes in systolic and diastolic aortic pressaral pre-ejection period (an index
of contracitility) during recovery from treadmilim B at 20-22 h post-exposure relative to run B
at 20-22 h post-sham exposure. Stars indicaterdiftees between Air and DE groups (P < 0.05).
Values represent group means over 3 min, N = dumr
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Supplemental Material
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Supplemental Figure4.1. Study 1 Regime The Effects of DE Inhalation on Cardiovasct
Responses to Dobutamine Infusion and Vagot Left ventricular pressure was measured fi
-4 min until 22.5 min. Animals were exposed wi-body to DE at a PM concentration of £
pg/m® and challenged 1 day lat
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Autonomic inhibitor
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Supplemental Figure4.2. Study 2 Regimen. Effects of DE Inhalation on Gardscular
Responses to Treadmill Exercise. ECG and blooskpre were measured by radiotelemetry.
Animals were pre-treated with an autonomic inhibdosaline control 30 min before whole-
body exposure to clean air or DE at a PM concentraif 500pg/m® and challenged 3-5 h and
20-22 h later. Sham exposure to Air for both gsapcurred 3 days before actual exposure.
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Treadmill Challenge Regimen
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Supplemental Figure 4.3. Treadmill challenge regimen. For Run A, belt speedeased by
m/min in 10 sec increments fro5 to 22 m/min, followed by 30 sec periods at 2&hm and
then 18 m/min, after which the treadmill was stapf a --min recovery, and animals we
returned to home cages for 10 min. Run B regimealired a :-min “pre+un” stationary perioc
subsequerbelt speed increases by 1 m/min every 15 secmons5 m/min to a 3-sec 15
m/min period, and then speed was decreased t¢-8, 76, and 5 m/min in the ensuing-sec
intervals. Belt speeds and inclines were set torope ECG signal clarity at pk heart rate
responses 500 bpm based on pilot study observati
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CHAPTER 5

IMPLICATIONS AND CONCLUSION

Implications

This research was conducted to investigate thedtogical mechanisms underlying
epidemiologic findings that acute exposure to amtéér pollution increases adverse cardiac
events and related mortality, especially in humaitls preexisting cardiac conditions (Brook et
al., 2008). Heart failure-prone rats of the SHHt&ia were incorporated into several studies to
determine (1) if short-term exposure to diesel esh&DE) promotes changes in autonomic
balance and cardiac function, (2) if physiologiess tests can unmask latent cardiac and
autonomic effects of DE exposure, (3) whether antwio changes are associated with adverse
cardiac effects, and (4) if changes in autononggeilaion of cardiac function mediate adverse

cardiac effects of DE exposure.

Whole and particle-free diesel exhausts differéiyti@ffect cardiac electrophysiology, blood
pressure, and autonomic balance in heart failurexa rats.

The initial characterization study in young aduttbs- rats revealed that acute DE
inhalation of either particle-free DE or whole-D&ncaffect cardiovascular physiology during or
shortly after exposure by (i) altering ventriculapolarization, (ii) impeding atrioventricular
(AV) nodal conduction, (iii) increasing the frequsrof spontaneous AV block

bradyarrhythmias, (iv) increasing heart rate valitgi{HRV) and/or decreasing heart rate (HR),



and (v) decreasing blood pressure. Alone, thdsetsfare consistent with dominance of the
parasympathetic nervous system and indicate a fpaitéor adverse cardiac events, including
fatal arrhythmia and myocardial ischemia. In corrgmn between whole DE and filtered DE
groups, the effects appeared to be primarily medidy DE gases and may have been partly
counteracted by the presence of particulate matsethe whole DE-exposed group had fewer
significant responses and had HRYV indications wéaasient sympathetic excitation. The
increased adverse effects of particle-free DE coatpto whole DE deserves additional
investigation, particularly given the increasing us exhaust filters on new diesel-burning on-
road vehicles. Although the public health implioas of these results are unclear, the data
provide evidence that air pollution alters autononaigulation of cardiac function and promotes

arrhythmia.

Diesel Exhaust Inhalation Increases Cardiac Outugdyarrhythmias, and Parasympathetic
Tone in Aged Heart Failure-Prone Rats

To further investigate the cardiophysiologic eftect DE and associated changes in
autonomic influence, an additional study was cotetlicn aged adult SHHF rats with normal
cardiac function at pre-exposure. Echocardiograpltpnscious rats 1.5 h after inhalation
exposure revealed that DE caused left ventricldj ¢lilation and increased cardiac output.
Additionally, electrocardiographic (ECG) data iratied that DE altered ventricular
repolarization, increased AV block bradyarrhythmeasd markedly increased several HRV
measures of parasympathetic cardiac regulatiomgwmd/or shortly after exposure. These
effects in aged SHHF rats were more pronounceddbaarved in the prior study involving
whole DE exposure in young adult SHHFs, suggedtiagage and progression toward heart

failure confer added susceptibility to the cardexaar impacts of air pollutant exposure. If
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sustained, increased venous return, LV dilatiod,ianreased cardiac output can promote
myocardial remodeling and eventual heart failuredggh volume overload. Appropriately,
myriad epidemiologic studies have demonstratedipestorrelations between heart failure
morbidity and mortality and exposure to air polhati(Bell, et al., 2009; Chiusolo, et al., 2011,
Colaiset al, 2012; Dominguez-Rodriguet al, 2011; Dominici, et al., 2006; Goldberg, et al.,
2003; Mann, et al., 2002; Pope, et al., 2008)e @&chocardiographic evidence of LV dilation
and increased cardiac output indicate potentiakames in LV pressure and complement the
findings of Tankersley and associates (2004 & 20@8)ch collectively involved PM-induced

LV dilation, impaired systolic function, moleculavidence of increased myocardial stretch, and
parasympathetic activation in a mouse model of iteahsenescence. The observations also
accord with recent findings that DE inhalation emtes venoconstriction in mice (Knuckles et
al., 2008), which can acutely augment venous ratfilfiood to the heart thereby increasing
cardiac output and LV volumes. In addition, thisdy introduced a new putative mechanism of
air pollutant-induced parasympathetic activatiod altered cardiac repolarization, as LV
dilation can activate myocardial stretch receptbeas cause parasympathetic reflexes (Crawford,
2003; Wang, et al., 1995) and alter ion channiettly responsible for repolarization (Tan, et
al., 2004; Xian Tao, et al., 2006). Thus, thelifngs justify further investigations into air
pollutant-induced LV dilation, including its causés mechanistic link to the autonomic effects

of air pollutants, and its downstream effects omlieec function.

Treadmill Stress Test after Diesel Exhaust Partiteilntra-tracheal Instillation Reveals a Time-
dependent Shift from Parasympathetic to SympatbBetminance—a pilot study.

The prior studies revealed that the aged (16 molthSHHF rat was a more useful

model than young adult SHHFs for demonstratingrauttc-associated cardiovascular effects
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of DE exposure. Nevertheless, the aged SHHF ratdifacult to reliably obtain for further
mechanistic investigation. Thus, a pilot study wagormed to determine if physiologic stress
tests in young adult SHHFs could reveal autonomaGardiovascular effects of DE exposure
that were unapparent in sedentary rats. Thesevatsintra-tracheally instilled with diesel
exhaust particles (DEP, n=4) or saline vehicle jres¥l observed both at rest and during
treadmill challenge. At rest, young adult SHHFad Increased HRYV in the first 10 hours after
exposure (Appendix Figure 4 & 5). These effectsawecapitulated during treadmill challenge
at 3 hours post-exposure (Appendix Figure 2), iading that DEP causes a short-term
parasympathetic dominance. At 1 day post-insoifgtDEP tended to decrease HRV during
treadmill challenge, suggesting sympathetic exomafAppendix Figure 3). Similar effects
indicating sympatho-excitation were not apparentewtats were at rest in their home cages in
this pilot study or our previous studies (Carlakt 2012; Carll et alin review), indicating that
the treadmill challenge could reveal latent automoeffects of air pollutant exposure.
Moreover, at 1 day post-exposure to DE, treadrhélllenge provided the first evidence of

sympathetic dominance within the research conductedrd this dissertation.

Acute Diesel Exhaust Inhalation Exposure Causesrfmic-Mediated Cardiac Dysfunction in
Heart Failure-Prone Rats.

Subsequently, treadmill challenge was used to cheterif inhalation exposure of young
adult SHHFs to DE at equivalent concentrationdagtior inhalation studies could provoke a
similar pattern of autonomic imbalance as the liaston/treadmill study. An additional stress
test was implemented involving the. administration of a sympatho-mimetic (dobutamine)
order to mimic the effects of exercise on autonopalance and cardiovascular function. This

latter challenge also involved more direct deteations of cardiac function in anesthetized rats
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(relative to conscious ECG or aortic blood presstimough measures of left ventricular (LV)
pressure. LV pressures before challenge indight#dDE impaired LV relaxation (lusitropy),
decreased contractility, and increased LV fillimggsures—key determinants of cardiac output.
To the author’s knowledge, this is the first sttiolglemonstrate decrements in systolic and
diastolic function after a single inhalation of DEeveral groups have demonstrated in rodents
that longer or much higher exposures to DE, DEigla#, or non-vehicular PM can impair
contraction and relaxation of the heart (Huan@l.e®010; Lorcet al, 2011; Tankersley, et al.,
2008b; Woldet al, 2012; Yan, et al., 2008). Much like the prewaustillation study,

treadmill challenge revealed that DE inhalationéased parasympathetic influence over the
heart at 3-5 h post-exposure, whereas, 1 day lateyealed that DE caused sympathetic
dominance, impaired contractility, and decreasatiodig blood pressure. Responses to
dobutamine challenge complemented these findirggseart rate at the final 10 sec of
dobutamine infusion was elevated in the DE grolggtike to the Air group, suggesting impaired
parasympathetic reflexes to sympathetic stimulatiddditionally, dobutamine had the same
effect on lusitropy in the Air group as did DE espee at pre-infusion, suggesting that the DE
group’s impairments in lusitropy were mediated bypathetic dominance. Therefore, the
treadmill and dobutamine stress tests were usefukiealing DE-induced cardiac dysfunction
and imbalance of the autonomic nervous system.

The following experiments were conducted to mareatly determine whether the
autonomic effects of DE mediate cardiac dysfunctiBharmacologic inhibitors of sympathetic
(atenolol) or parasympathetic (atropine) influenger cardiac function were administered
immediately before DE inhalation. HRV and HR measwents during treadmill stress tests at 1

day post-exposure revealed that sympathetic araspaupathetic inhibition both abolished DE-
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induced sympathetic dominance. Because DE cawsedynpathetic dominance at treadmill
challenge 3-5 h post-exposure, and administrati@parasympathetic inhibitor prevented
subsequent sympatho-excitation, the findings alggested that parasympathetic blockade
during DE exposure may prevent subsequent sympatbitation. Yet, only sympathetic
inhibition prevented decrements in contractilityldrlood pressure, indicating that the effects of
DE on cardiac function may be primarily mediatedalrglative dominance of sympathetic
regulation—either through diminished parasympathetiincreased sympathetic output to the
heart. In addition, after the initial post-expasdobutamine challenge, surgical vagotomy was
performed and followed by a second infusion. Vagot revealed that the dobutamine-induced
increases in lusitropy for the Air group were lik@larasympathetic-mediated reflexes to
sympathetic agonism, while the DE group’s diminghsesitropic responses to infusion as well
as to vagotomy were likely due to a pre-establishetdrioration in parasympathetic function.
This was further supported by a lack of chronotaphibitory responses to dobutamine for the
DE group before vagotomy and for the Air group raftegotomy. Thus, DE abolished the
impact of vagotomy on lusitropic and chronotropasponses to dobutamine, whereas
sympathetic inhibition prevented DE-induced changgsost-exercise measures of contractility,
systolic blood pressure, and HR. Collectivelysth&ndings correspond with demonstrations by
others that air pollutant exposure can diministapampathetic output to the heart (Pham et al.,
2009), and suggest that this effect results in sthgtic dominance, consequently, cardiac
dysfunction.

While the investigations herein did not examinetble of NO in the cardiovascular
effects of DE, it should be noted that both NO #melautonomic nervous system can modulate

each other upstream of changes in cardiac or vasfuriction (Katz et al., 2006; Danson &
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Paterson, 2006). Interestingly, observations ¢t IE-enhanced venoconstriction and PM-
induced cardiac dilation appear to involve medratit least in part, by the uncoupling of nitric
oxide (NO) synthase, which promotes superoxideytdn and oxidative stress (Tankersley et
al., 2008; Knuckles et al., 2008). Others haveddhat autonomic inhibition prevents PM
exposure-induced oxidative stress, and converadipjnistration of an anti-oxidant can prevent
PM-induced autonomic imbalance and adverse caetiacts (Rhoden et al., 2005). Of
additional consideration with respect to the phipgiw effects reported here, DE exposure
appears to increase circulating nitrates throughrthalation of NO (Knuckles et al., 2011).
Further studies are necessary to disentangle tbagtions between oxidative stress, NO, and

autonomic balance in air pollutant cardiotoxicity.

Conclusion

The multiple studies toward this dissertation cstesitly indicated that diesel exhaust
exposure caused an early parasympathetic predoocarer cardiac function. Such findings
are frequently neglected in literary reviews off@ilutant exposure’s effects on autonomic
balance and cardiac function. Nevertheless, myriadan studies have reported air pollutant-
induced increases in HRV (Peretz, et al., 2008aljgMt al., 2011a; Popst al, 1999;
Riediker, 2007; Riedikeet al, 2004; Routledget al, 2006; Yeatt®t al, 2007). While at
least one of these studies noted an increase msamricular arrhythmias in association with
increased HRV, the health implications of air ptaht-induced elevated HRV and
parasympathetic dominance remain largely unackrayelé and underexplored. Interestingly,
the findings of the present research also contvabktfindings that DE exposure in humans

increases blood pressure (Cosselman, et al., 2@i&krepancies in blood pressure and HRV
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responses between studies may stem from differdsetesgeen rodents and humans in
cardiovascular and thermoregulatory responsesxind@Rowan, et al., 2007; Watkinsenhal,
2001; Watkinson & Gordon, 1993); differences mdstdesign, underlying disease of subjects,
conditions, and exposures (i.e., engine load meslgimission toxicity (McDonalet al, 2011));
or a divergence in unidentifiable covariates.

The results herein suggest that the parasympatfédicts of air pollution exposure may
precipitate sympathetic dominance over cardiactfanc Increased sympathetic influence over
cardiac function is closely associated with adveesdiac outcomes. To this end, the
effectiveness off-adrenergic receptor blockers on the preventiotaodiac disease and related
deaths provide a compelling case in point gsal, 2008; Ram, 2010). The vascular effects
that would likely accompany air pollutant-inducganpathetic activation (e.g., hypertension) are
also of significant public health concern. Inteirgglty, the absence of hypertensive responses to
DE indicates that central sympathetic excitatiahribt occur. This seems especially likely
given that the parasympathetic branch has relgtiv@himal effects on vascular tone, which is
disproportionately mediated by sympathetic inpthuimans (Chong & Michel, 2012) and
Spontaneously Hypertensive rats (Friberg, et 888). Of additional note, traditiongd
blockers such as atenololfaadrenergic receptor antagonist) do not cause asod and
have been deemed ineffective in the preventiorypéhension-associated cardiovascular
disease progression (Ram, 2010). Thus, the DEcedldecrements in contractility and systolic
BP which atenolol prevented were probably not #silt of hypertensive reflexes to exposure.
Ultimately, the present research indicates thatiiXticed impairments in cardiac function may
depend upon enhanced sympathetic stimulation (i;Haelrenergic receptor, which is likely a

result of impaired parasympathetic inhibition ofrgyathetic input to the heart. Direct
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examinations of sympathetic and parasympathetiengetivation and norepinephrine spillover
rates may enable a more definitive understandirtgefiutonomic effects of air pollutant
exposure.

Several questions persist about the basis for aotamimbalance in air pollutant-induced
cardiac toxicity. Firstly, the findings of moregmounced parasympathetic-associated effects of
fillered DE on cardiovascular physiology indicdtattthe filtration of particles may enhance the
autonomic and cardiac effects of DE. Additionalds¢s are required to test this theory.
Meanwhile, the involvement of oxidative stress anatyocardial stretch in the activation of
autonomic reflexes to air pollutant exposure rem&ngely unexplored. Although Rhoden and
colleagues (2005) demonstrated a link between tixalatress and autonomic reflexes, they did
not assess cardiac function to determine whetlgeintibition of either oxidative stress or
autonomic reflexes prevented adverse physiolodgects. Likewise, myocardial stretch receptor
inhibition has been shown to prevent cardiac aimmyas (Hanseet al, 1991) and stretch-
mediated activation of the hypertrophic pathwayirfie et al, 2012) and thus could be readily
incorporated into air pollution exposure studi@fe influence of myocardial ischemia and
systemic hypoxia on autonomic control of the hatst deserves study in the context of air
pollutant exposure. For instance, hypoxia causemmediate decrease in cardiac
norepinephrine turnover and heart rate and a sulks¢gebound increase in norepinephrine and
heart rate upon return to normoxic conditions (kisaa & Hayashida, 2002; Johnseinal,

1983). Myocardial ischemia also causes a casdactengpounds that activate cardiac
nociceptors (pain receptors), including adenodinggkyinin, lactate, serotonin, prostaglandins,
and other substances, some of which are knowrféotafutonomic balance (Horst, 2000).

Finally, it is unclear to what extent autonomic atdnce may mediate the adverse cardiac effects
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of long-term exposures to air pollutants. Wold antleagues (2012) recently demonstrated that
long-term inhalation exposure to particulate mav) in mice causes myocardial remodeling
and impairs contractile function. From the predemtings of short-term effects of DE exposure,
it is conceivable that repeated exposures could dganomic-mediated adverse effects on
cardiac function.

Thus, the findings within this dissertation intredumany new questions about the
etiology of autonomic-mediated cardiac effectsiopallutant exposure. As well, this research
enhances understanding of the impact of dieselustltanstituents, the role of disease in
conferring susceptibility to diesel exhaust, aneltechanisms by which exposure to diesel
exhaust causes adverse cardiovascular healthsffééile decreasing exposure to air pollution
remains the most assured means of harm prevetitiene, may be promise f@radrenergic
blockade in inhibiting the adverse cardiac eff@ftair pollutants,. Taken together, the findings
in this dissertation may contribute to both thetdjgeand air quality control strategies for

mitigating the health effects of air pollution expoe.
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FigureA.l. Study Regimen: Treadmill stress test after -tracheal instillation (IT) of diest
exhaust particles (DEP; 5Q@/kg) or saline vehicle (1 ml/kg) in adult SHHFgatreadmill
challenges occurred at 21 hours-IT, 3 hours post-IT, and 24 hours post-IEach challeng
consisted of 2 consecutive runs separated by 2ofgst. ECG was monitored |
radiotelemetry during treadmill (continuous) or lghin home cages (2 of every 15 min). F

were trained 4 times before data collection ortitbadmill
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at 3 h post-IT. Trends in SDNN suggested parasyimetia activation at this time. All values
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