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The mechanistic links between exposure to airborne particulate
matter (PM)pollution and the associated increases in cardiovascular
morbidity andmortality,particularly inpeoplewith congestiveheart
failure (CHF),havenotbeen identified.Toadvanceunderstandingof
this issue, genetically engineeredmice (CREBA133) exhibiting severe
dilated cardiomyopathic changes were exposed to ambient PM col-
lected in Baltimore. CREBA133 mice, which display aberrant cardiac
physiology and anatomy reminiscent of human CHF, displayed evi-
dence of basal autonomic aberrancies (compared with wild-type
mice) with PM exposure via aspiration, producing significantly re-
duced heart rate variability, respiratory dysynchrony, and increased
ventricular arrhythmias. Carotid body afferent nerve responses to
hypoxia and hyperoxia-induced respiratory depression were pro-
nounced in PM-challenged CREBA133 mice, and denervation of the
carotid bodies significantly reduced PM-mediated cardiac arrhyth-
mias. Genome-wide expression analyses of CREBA133 left ventricular
tissues demonstrated prominentNa1 andK1 channel pathwaygene
dysregulation. Subsequent PM challenge increased tyrosine phos-
phorylation andnitrationof the voltage-gated typeVcardiacmuscle
a-subunit of the Na1 channel encoded by SCN5A. Ranolazine, a Na1

channel modulator that reduces late cardiac Na1 channel currents,
attenuated PM-mediated cardiac arrhythmias and shortened PM-
elongated QT intervals in vivo. These observations provide mecha-
nistic insights into the epidemiologic findings in susceptibility of
humanCHFpopulations toPMexposure.Our results suggestamulti-
organ pathobiology inherent to the CHF phenotype that is exagger-
ated by PM exposure via heightened carotid body sensitivity and
cardiac Na1 channel dysfunction.
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Exposure to particulate matter (PM) air pollution increases the
risk of adverse cardio-pulmonary events (1), resulting in an

estimated 800,000 premature deaths annually worldwide (2).
Compelling epidemiologic findings indicate that short-term
increases in PM exposure are associated with a wide range of
cardiovascular morbidity indicators (3). Comorbid conditions,
such as age, diabetes, hypertension, chronic respiratory condi-
tions, cardiac ischemia, and congestive heart failure (CHF), in-
crease susceptibility to PM (4–6). For example, the mortality
rate for people with CHF who have been acutely exposed to
elevated ambient PM levels is estimated to be 4-fold higher
when compared with healthy subjects (7). Thus, compelling ev-
idence links PM exposure to the rapid occurrence of adverse
cardiovascular effects, especially in people with preexisting car-
diac disease, including CHF. This finding parallels results of
observational and experimental studies of cardiovascular con-
sequences of exposure to PM-containing secondhand tobacco
smoke (8, 9).

Multiple pathogenetic mechanisms have been hypothesized
to underlie the adverse cardiac effects of PM, including induction
of inflammatory cascades (10), increased levels of reactive oxy-
gen species (ROS) (11), induced coagulation cascades (10, 12),
changes in blood viscosity (13), and altered autonomic function
(6). In a rat model of acute myocardial infarction, PM exposure
produced severe bradycardia, decreased heart rate variability
(HRV), and increased ventricular arrhythmias (14). PM expo-
sure alters the duration of the QT interval in patients with
preexisting coronary disease and increases the number of dis-
charges in patients with implanted cardiac defibrillators (15).
However, despite the abundant evidence documenting the del-
eterious cardiac effects of PM, information remains limited re-
garding the mechanistic underpinnings of PM-induced cardiac
pathophysiology (2).

Sympathetic nervous system hyperreactivity is a hallmark
of CHF in humans and experimental models and may involve
heightened carotid body reflexes (16, 17). We used a murine
model of dilated cardiomyopathy to address potential mecha-
nistic links between PM exposure and the development
of life-threatening cardiac dysrhythmias in people with
CHF. CREBA133 mice are engineered to express a cardiomyo-
cyte-specific dominant/negative mutant form of CREBA133

(Ser-Ala133), a 43-kD basic leucine zipper transcription factor
essential for cardiac muscle function (18), and exhibit cardio-
myopathic changes, such as cardiac chamber dilation and re-
duced left ventricular function, that closely resemble human
CHF (18). Our findings of heightened carotid body sensitivity
and serious ventricular arrhythmias due to sodium channel dys-
regulation in PM-challenged CHF mice are relevant to under-
standing the risks of PM exposure for the susceptible population
of older persons with CHF, who number in the millions in the
United States (19).
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MATERIALS AND METHODS

PM Characteristics

The collection and characterization of ambient Baltimore PM has been
previously described (20, 21). The PM used in our studies was collected
from a sixth-floor window in urban Baltimore using a high-volume
cyclone collector (theoretical cut point of 0.85 mm aerodynamic diam-
eter) intermittently operated over a period of months with a flow rate
of 0.6 m3/min. The count median diameter of the PM was 1.78 mm
(from 0.1–10 mm), with a geometric standard deviation of 2.21.

Mice

CREBA133 and CD1 control mice (Jackson Laboratories, Bar Harbor,
ME) were used. At 20 weeks of age, these animals were anesthetized and
received a 50-ml aliquot of PBS or PM suspended in PBS (20 mg/kg) as
previously described (20, 22). All measurements (transthoracic echocar-
diography, EKG, respiratory parameters, carotid body functional tests,
and organ harvesting) were performed 36 hours after PM or PBS chal-
lenge. CREBA133 mice express a dominant-negative form of the 43-kD
basic leucine zipper CREB transcription factor CREBA133 (Ser-Ala133)
with a severe dilated cardiomyopathy phenotype (see Figure E1 in the
online supplement), which results in 40% mortality at 20 to 25 weeks of
age (23, 24).

EKG Assessment

Continuous electrocardiograms were recorded using Data Science im-
plantable leads (Data Science, Minneapolis, MN). Electrodes were
implanted subcutaneously, and animals were allowed a 24-hour recov-
ery period before subsequent recording for 36 hours. At the completion
of this recording, a single intratracheal dose of PM or PBS was admin-
istered, followed by a second 36-hour EKG recording.

Respiratory Responses to PM

Respiratory responses, including VT, respiratory rate, and _VE, were mea-
sured at baseline and 36 hours after PM/PBS exposure using a whole-
body plethysmograph (BUXCO chamber) as previously described (25).

Carotid Body Function and Hypoxic Responses

The effects of brief hyperoxia (Dejour’s test) on diaphragmatic EMG
activity (an index of neural respiration) were determined as previously
described (26). Details are provided in the online supplement.

RNA Isolation and Microarray Analysis

Total RNA was isolated from the left ventricle and used for microarray
analysis using Affymetrix Mouse 430_2 arrays. Chip quality was evalu-
ated (27) and analyzed as previously described (28). Details are pro-
vided in the online supplement.

Canonical Pathway and Molecular Network Modeling

Dysregulated genes were uploaded into the IPA software (http://www.
ingenuity.com). Details are provided in the online supplement.

Statistical Analysis

Values are provided as the mean 6 SEM. Physiological and hemody-
namic results were analyzed by unpaired two-tailed Student’s t test, and
P , 0.05 was considered to be significant. Microarray data were bio-
informatically analyzed using significance analysis of microarrays, ca-
nonical pathways analysis by Fisher’s exact test, P value < 0.05, and
Pearson correlation for distance metric in heat maps.

RESULTS

PM Induces Bradycardia and Cardiac Arrhythmias in

CHF Mice

PM-mediated alterations in heart rate and HRV were assessed
because these physiological parameters are independent risk

factors for the development of cardiac arrhythmias, sudden
death, and myocardial infarction (29), particularly in people
with CHF and coronary artery disease (2). Continuous ECG
monitoring (0–36 h) revealed marked bradycardia in CREBA133

CHF mice soon after intratracheal instillation of Baltimore
PM (20 mg/kg; mean aerodynamic diameter, 1.9 mm), whereas
wild-type (CD1) mice were minimally affected (Figure 1A).
PM-exposed CREBA133 mice exhibited significant decreases in
HRV (standard deviation of 5-min segments of normal-to-
normal intervals) when compared with CD1 mice after PM ex-
posure or with CREBA133 mice before PM exposure (24 h) (P,
0.05; Figure 1B).

In addition to heart rate alterations, PM-exposed CREBA133

mice displayed prominent cardiac arrhythmias, including multifo-
cal premature ventricular contractions, runs of nonsustained ven-
tricular tachycardia, and idioventricular rhythms (Figure 1C).
Cardiac dysrhythmias were quantified using a ventricular ar-
rhythmia scoring system (VAS), which incorporates the fre-
quency and duration of premature ventricular contractions
and ventricular tachycardia. CD1 mice exhibited a VAS of
0 at baseline and after PM exposure (ectopy absent; data not
shown), whereas unexposed CREBA133 mice exhibited in-
creased a basal VAS (1.8 6 0.3), with further time-dependent
VAS increases beginning 2 hours after PM instillation (3.0 6
0.4) to a maximum VAS at 24 hours after PM exposure (5.5 6
0.5) (Figure 1D). The VAS increase in CREBA133 mice was
dose dependent, with 2 mg/kg PM failing to significantly in-
crease VAS above baseline values (Figure 1E).

PM Mediates Heightened Carotid Body Sensitivity and

Autonomic Dysfunction

Alterations in autonomic nervous system function have been im-
plicated in the adverse effects of PM on cardiovascular mortality
(30, 31); however, direct measurements of autonomic indicators,
including breathing patterns, have not been previously assessed
in animal models of PM exposure. CREBA133 mice demon-
strated elevations in basal respiratory rates and minute ventila-
tion compared with CD1 mice (Figure 2A), but prominent
respiratory instability after PM challenge manifested as a peri-
odic breathing pattern, a prognostic sign for the sudden cardiac
decompensation and death often observed in patients with se-
vere CHF (30, 32, 33). Respiratory dysynchrony was more pro-
nounced during hypoxia (Figure 2B) and was abolished by
carotid body denervation (Figure 2C), which also significantly
reduce PM-mediated cardiac arrhythmias in CREBA133 mice
(Figure 2D). In contrast, inhibition of cholinergic muscarinic
autonomic neurons (atropine, 1 mg/kg, intraperitoneally) or ad-
renergic autonomic neurons (propranolol, 1 mg/kg, intraperito-
neally) failed to prevent PM-evoked cardiac arrhythmias in
CREBA133 mice (data not shown). These results strongly sug-
gest that PM-mediated heightened carotid body sensitivity con-
tributes to the subsequent development of cardiac arrhythmias.

Carotid body function in PM-challenged CREBA133 mice
was further validated by monitoring the magnitude of the tran-
sient ventilatory decline by recording diaphragmatic electro-
myograms (EMGs) in response to brief hyperoxic exposure,
an index of peripheral chemoreceptor sensitivity, especially
the carotid body (34). Diaphragmatic EMGs were recorded in
anesthetized mice for 5 minutes under normoxic conditions and
then for 20 seconds after hyperoxic challenge. PM-challenged
CREBA133 mice manifested significantly greater regulatory
depression (near apnea) in response to hyperoxia compared with
CD1 mice, indicating heightened carotid body sensitivity (Figures
3A and 3B). To directly demonstrate altered chemoreceptor
function, “single” fiber carotid sinus nerve activities were recorded
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ex vivo from carotid bodies isolated from CREBA133 mice pre-
viously challenged with PM or vehicle control. The carotid body
sensory response to hypoxia was markedly pronounced in
PM-exposed CREBA133 mice compared with vehicle-treated
CREBA133 mice or PM-challenged CD1 mice (Figures 3C and
3D), indicating that PM exposure sensitizes carotid body responses
to acute hypoxia only in CHF mice, with reflexive sympathetic
nervous system–mediated cardiac and respiratory arrhythmias.
These findings parallel the susceptibility of patients with CHF
to the adverse effects of PM exposure (14).

Genomic Analyses to Evaluate Gene Deregulation

in CHF Mice

Howmight PM sensitize carotid body responses to hypoxia? Ca-
rotid bodies express receptors for proinflammatory mediators
(35) that sensitize carotid body responses to acute hypoxia
(31, 36, 37). Assessment of expression levels of selected genes
within carotid body tissues from PM-exposed mice (by qRT-
PCR) revealed profound PM-mediated gene dysregulation
in CREBA133 mice (compared with CD1 mice), including genes
encoding a number of proinflammatory and oxidant markers

Figure 1. Particulate matter (PM)

mediates bradycardia, decreases
heart rate variability (HRV), and

induces unstable electrocardio-

graphic rhythms in CREBA133 mice.

(A) Representative heart rate trac-
ings of CREBA133 transgenic mice

and wild-type CD1 mice after PM

exposure via intratracheal instilla-

tion. The heart rate is obtained from
continuous 10-s segments. Arrows

represent the point in which Balti-

more PM (2–20 mg/kg) was admin-

istered. Minimal decreases in heart
rate (bradycardia) were observed in

PM-exposed CD1 mice (20 mg/kg)

or in CREBA133 mice receiving
2 mg/kg PM. In contrast, greater

sensitivity in CREBA133 transgenic

mice challenged with 20 mg/kg

PM was observed with sustained
and pronounced bradycardia. (B)

HRV represented by the standard

deviation of normal-to-normal

intervals (SDNN) obtained in
CREBA133 or CD1mice 24 hours be-

fore and 24 hours after ambient Bal-

timore PM exposure. CD1 mice
failed to exhibit significant altera-

tions in HRV after PM exposure

(P ¼ 0.56; n ¼ 7), whereas PM-

challenged CREBA133 mice dis-
played significant HRV decreases

(P , 0.05; n ¼ 7). (C) Representa-

tive 3-second rhythm strips

recorded with implantable EKG
leads depicting ectopic beats in

phosphate-buffered saline (PBS)-

challenged CREBA133 mice with in-
creased frequency of ventricular

ectopy and nonsustained ventricu-

lar tachycardia sequences 36 hours

after PM exposure. CD1 mice did
not exhibit rhythm abnormalities

even after PM exposure. (D) The

bar graph depicts the average ven-

tricular arrhythmia scores (VAS) in
20-week-old CREBA133 mice before

and after PBS or PM exposure

(20 mg/kg) (n ¼ 6–8). VAS reflects a 60-minute period averaged over 2 to 36 hours after PM exposure. A VAS value of 0 reflects the absence of

ectopic beats or premature ventricular contractions (PVCs); a VAS score of 1 ¼ 1 to 30 PVCs; VAS 2 ¼ 31 to 90 PVCs; VAS 3 ¼ 91 to 300 PVCs; VAS 4 ¼
91 to 300 PVCs and an idioventricular rhythm,10 s; VAS 5 ¼ 91 to 300 PVCs and an idioventricular rhythm.10 s; and VAS 6 ¼ ventricular fibrillation.

CREBA133 mice exhibit increased VAS scores at baseline, with further increases occurringafter PM exposure in a time-dependent manner beginning

within 2 hours and reaching significance at 24 and 36 hours (*P , 0.05). CD1 mice failed to demonstrate a VAS above 0 even after 36-hour PM
exposure (20 mg/kg). (E) Dose-dependent increases in VAS in CREBA133 mice before and after PBS or PM exposure (n ¼ 4–8; *P , 0.05). VAS was not

increased by exposure to 2 mg/kg PM exposure compared with PBS-exposed CREBA133 mice measured 36 hours after PM administration.
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(Figure 3E and see Table E1 in the online supplement). In
addition, carotid bodies from PM-challenged CREBA133 mice
exhibited marked gene up-regulation of Na1 channels (scnn1b
and scn8a) and Na1–Ca1 exchangers (slc8a1) with concomitant
down-regulation of K1 channels (kcnd3, kcnmb2, kcnc1, kcnd1,
and kcnd2), responses which potentially contribute to hyperex-
citability of carotid body sensory activity (16, 38). Furthermore,
significant down-regulation of glial-derived neurotrophic factor
(GDNF), which is critical for maintenance of the dopaminergic
phenotype of hypoxic-sensing type I carotid body cells (39), was
observed in PM-challenged CREBA133 mice (Table E1). Re-
duced expression of GDNF likely results in down-regulation of
dopamine’s inhibitory effects on carotid body sensory activity.

We next evaluated genome-wide cardiac gene expression in
left ventricular tissue samples obtained from the PM-exposed
CREBA133 and CD-1 mice (Affymetrix Mouse 430 v2.0 array)
with selected RT-PCR validation (Table E2). Unsupervised hi-
erarchical clustering analyses demonstrated that the CREBA133

genotype was the dominant factor in left ventricular gene

dysregulation (Table E2; Figure E2). Unlike PM-induced gene
dysregulation in carotid body tissues, PM exposure minimally
affected cardiac gene expression, although the magnitude of
gene dysregulation was greater in cardiac tissues from PM-
challenged CREBA133 mice than from PBS-exposed CREBA133

mice (Figure 4A). Similar to carotid body expression profiling,
marked cardiac ion channel gene dysregulation was observed in
CREBA133 mice, with increased expression of multiple Na1

channel subunit and Na1–Ca21 exchanger genes accompanied
by reduced K1 channel subunit gene expression (Figure 4B).

The a Subunit of the Late Na1 Channel Is a Key Participant

in PM-Mediated Cardiac Arrhythmias

Dysregulation of ion channel gene expression in left ventricular
tissues potentially contributes to altered myocardial handling of
Na1 and Ca21 and subsequent Ca21 overload, tissue hyperexcit-
ability, and arrhythmogenesis in PM-challenged CREBA133 mice.
Immunoprecipitation experiments were performed targeting the

Figure 2. Unstable ventilation pat-

terns in PM-exposed CREBA133
mice. (A) Respiratory tracings and

bar graph summary of ventilation

parameters (tidal volume or VT, re-

spiratory rate or RR, and minute
ventilation or _VE) in CD1 and

CREBA133 mice exposed to varying

levels of inspired oxygen (100, 21,

and 12% O2). CREBA133 mice
exhibited elevated baseline respira-

tory rate and minute ventilation as

well as augmented ventilatory
responses to acute hypoxia. The

data presented are mean 6 SEM

from six mice per group. (B)

Breathing patterns in CD1 and
CREBA133 mice before and after

PM exposure, during normoxia

and hypoxia (12% O2). Unlike

CD1 mice, which exhibit no alter-
ations in respiratory patterns after

PM exposure or hypoxic challenge,

PM-exposed CREBA133 mice

exhibited waxing and waning
breathing patterns (red frames),

which were more pronounced dur-

ing hypoxia. (C) Breathing patterns
in CREBA133 mice with carotid body

denervation (CBD). Bilateral surgi-

cal removal of carotid bodies (CB

denervation or CBD) resulted in
declines in basal breathing rate

and abolished PM-induced unsta-

ble ventilatory pattern in CREBA133
mice. (D) Carotid body denervation
significantly reduced PM-induced

cardiac arrhythmias in CHF mice.

Wang, Lang, Moreno-Vinasco, et al.: PM Induces Cardiac Arrhythmias 527



cardiac a subunit of the voltage-gated late Na1 channel encoded
by SCN5A, an up-regulated gene in CHF mice (Figure 4C). This
Na1 channel subunit facilitates the late Na1 current, which flows
throughout the ventricular action potential and contributes to
cardiac arrhythmia development, particularly in fibrotic tissues
(40). Our results indicate that this Na1 channel subunit under-
goes PM-mediated significant posttranslational modification re-
flected by tyrosine phosphorylation and nitration (Figures 4D
and 4E), events previously observed to deregulate Na1 channel
activity and to generate late-channel current leak and arrhythmo-
genesis (41, 42). Highly consistent with the mechanistic contribu-
tion of Na1 channel dysfunction in PM-mediated arrhythmia
generation in CHF mice, the selective late Na1 channel inhibitor
ranolazine (50 mg/kg, intraperitoneally) significantly attenuated
PM-mediated cardiac arrhythmias in CREBA133 mice (Figure
4G) while shortening PM-mediated elongation of the QT
interval (Figure 4F). These findings strongly suggest a critical role

of PM-mediated dysregulation of cardiac Na1 channels in ar-
rhythmia development in the CHF mice.

DISCUSSION

Although the public health implications of sudden death and
adverse cardiovascular outcomes after ambient PM exposure
are profound, the mechanistic underpinnings for the epidemio-
logic observations have been incompletely understood. Using
CREBA133 mice that exhibited severe cardiomyopathy, we have
noted that the CHF phenotype is inherently primed to respond
in exaggerated fashion to PM challenge. For example, only ca-
rotid bodies from CHF mice (but not CD1 mice) responded to
PM challenge with the induction of marked inflammatory, oxi-
dant, and ion channel gene signatures in carotid body tissues.
The mechanism by which carotid bodies for CHF mice acquire
this priming is not known. PM-mediated carotid body gene

Figure 3. PM sensitizes carotid

body function in CREBA133 mice.
(A) Diaphragmatic EMG re-

sponses to brief (20 s) exposure

to 100% O2 (arrows) in CREBA133

and CD1 mice exposed to vehicle
(PBS) or PM. AP ¼ action poten-

tial of the diaphragmatic EMG;

AU ¼ arbitrary units; !EMG ¼ in-

tegrated diaphragmatic EMG
activity. (B) Effects of brief hyper-

oxia (Dejour’s test) on minute

neural respiration (MNR). Data

are mean 6 SEM change in
MNR (MNR100% –MNR21%

O2)/MNR21%O2. n ¼ 4 mice

per group (*P , 0.05). (C and
D) Integrated sensory activities

of the carotid body in response

to hypoxia in CD1 and CREBA133

mice exposed to PBS or PM
(PO2 ¼ partial pressures of O2 in

the perfusate [PO2 ¼ 50 mm

Hg]). Black bars represent dura-

tion of the hypoxic challenge.
The superimposed action poten-

tial of a “single” fiber is shown

(inset). Average sensory
responses to graded hypoxia

are presented as changes in

impulses/second (hypoxia – baseline).

Values are mean 6 SEM. *P ,
0.05. n ¼ Number of fibers ana-

lyzed from five mice per group.

(E) PM induces dysregulation

of inflammatory, oxidant, and
carotid body regulatory genes

in CD1 and CREBA133 mice.

Pooled carotid body RNA from
PBS- and PM-challenged CD1

and CREBA133 mice (36 h; n ¼
10–12 mice per group) was used

in qPCR reactions (see MATERIALS

AND METHODS). Shown are expres-

sion levels for IL-6, Toll-like

Receptor 2 (TLR2), heme oxygen-

ase (Hmox1), superoxide dis-
mutase (SOD2), the large

conductance Ca21–activated K1 channel (Kcnd2), and the Na1–Ca21 exchanger 1 precursor protein (Slc8a1). Data represent the fold change

in gene expression compared with PBS-challenged CD1 mice (*P , 0.05).
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dysregulation may be related to the well recognized induction
of lung inflammatory cascades (10) after PM exposure with
accompanying increases in the levels of circulating cytokines
and reactive oxygen species (ROS) (11). Proinflammatory mol-
ecules are known to augment Ca21 flux in glomus cells of the

carotid body and to sensitize carotid body responses to hypoxia
via Ca21 signaling pathways (37) and to increase carotid sinus
nerve firings, leading to an increase in reflex automaticity and
electromechanical cardiac coupling. Our assessment of carotid
body susceptibility in CHF mice confirmed heightened carotid

Figure 4. Cardiac ion channels

regulation in PM-challenged
CREBA133 mice. (A) Genome-

wide expression profiling of

PM-exposed left ventricular tis-

sues from CREBA133 mice identi-
fied a large set of dysregulated

genes with 1,927 probe sets

(Table E3) when compared with

PBS-challenged CD1 mice (Sig-
nificance Analysis of Microarrays

software). Comparison between

PM- and PBS-exposed CREBA133
mice shows that 60 of the 1,927
probe sets display differential

expression (Student’s t test

P value < 0.05). The heat map
(dChip software) of these 60

genes across the four groups is

displayed. Red, white, or blue

color represents expression
level above, at, or below the

mean level, respectively. (B)

The expression pattern of dys-

regulated genes involved in ion
transport (Gene Ontology ID:

0006811 and 0043269) is dis-

played across all left ventricle
tissue samples. Noted is the up-

regulation of Na1 channels and

the Na1–Ca21 exchanger with

concominant down-regulation
of K1 channels, events which

potentially alter myocardial

Na1 and Ca21 homeostasis,

resulting in increased [Ca21]i
and [Na1]i, tissue hyperexcit-

ability, and arrhythmogenesis.

Up-regulated nonchannel pro-
teins, such as ankyrin and

gelsolin, also participate in lo-

calization and regulation of

pore function, including L-type
Ca21 channel activity in PM-

challenged CREBA133 mice.

(C) Expression and posttrans-

lational modification of the
voltage-gated, type V cardiac

muscle a-subunit Na1 channel

encoded by SCN5a. This Na1

channel protein was analyzed
by Western blot in CD1 and

CREBA133 left ventricle tissues.

The late Na1 channel protein is up-regulated in CREBA133 ventricle tissues but is not altered significantly by PM exposure. (D and E) The cardiac
Na1 channel subunit encoded by SCN5A was immunoprecipitated (IP) in left ventricle protein lysates and subjected to Western blotting (IB) for

phosphotyrosine (PT) or nitrotyrosine (NT). Increased phosphorylation and nitration of late Na1 channel protein tyrosine residues was observed in CD1

and CREBA133 mice after PM exposure (representative blots from more than three independent experiments). Bar graphs were generated from

quantification of Western blots from four independent experiments. *P , 0.05 compared with CD-1 control. **P , 0.05 compared with CREBA133
control. (F) QT interval alterations evoked by PM or by ranolazine treatment. QT intervals were quantified from ECG recordings in CREBA133 mice. PM

exposure significantly prolonged QT intervals in CREBA133, mice with ranolazine pretreatment significantly reversing PM-mediated QT interval elon-

gation. n ¼ 4. *P , 0.05 compared with PM-alone group. (G) Inhibition of late sodium channel by ranolazine pretreatment (Rano, 50 mg/kg,

intraperitoneally) attenuates PM-induced ventricular arrhythmias reflected by significantly reduced VAS in PM-treated CREBA133 mice.
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body sensitivity to acute hypoxia, consistent with prior obser-
vations that peripheral chemoreflex sensitivity is enhanced in
rabbits with CHF (43) and plays a major role in the sympa-
thetic activation found in human CHF (44). It is likely that
these autonomic alterations in CHF mice are influenced by
PM-mediated up-regulation of Na1 channels, the Na1–Ca21

exchanger, and down-regulation of K1 channels (Figure 3B) in
carotid body tissues.

The morphology of the numerous aberrantly conducted beats
recorded in CREBA133 CHF mice implicates electrical activity
emanating from the substantially remodeled fibrotic left ventri-
cle previously noted in CREBA133 mice (23). Complex arrhyth-
mogenic mechanisms resulting in sudden death due to
ventricular tachycardia or ventricular fibrillation (15) are often
linked to defects in myocardial intracellular Na1 and Ca21

homeostasis (45, 46). Our unbiased network analysis of left
ventricular gene expression identified marked ion channel ab-
normalities inherent to the CHF phenotype as well as promi-
nent deregulation of genes encoding ryanodine receptors and
cytoskeletal proteins (ankyrin, gelsolin), which participate in
localization and regulation of Ca21 channel activity and Ca21

release in failing human heart myocytes (47, 48) (Table E2). For
example, gelsolin expression is up-regulated in human and mu-
rine heart failure, and gelsolin mutations are associated with
sudden cardiac death (48, 49). Together, these findings suggest
that the CHF phenotype is primed by genomic alterations
that contribute to aberrant Na1 and Ca21 handling and arrhyth-
mogenesis.

This hypothesis is supported by studies that explored the
voltage-gated late Na1 channel protein, encoded by SCN5A,
as a target for PM-mediated posttranslational modification.
This Na1 channel protein subunit produces the sustained com-
ponent of fast Na1 current of cardiac myocytes occurring in
inflammatory and hypoxic conditions (45, 50). We noted that
SCN5A is up-regulated in CHF mice with , inducing prominent
Na1 channel subunit tyrosine phosphorylation and nitration,
post-translational modifications, which presumably reflect
PM-mediated increases in systemic oxidative stress (51) but
which are well recognized to mediate sustained activated late
Na1 currents (40, 42, 52). These events appear to directly con-
tribute to PM-induced ventricular arrhythmias because the ad-
ministration of ranolazine, the late Na1 current inhibitor,
reduced PM-induced QT interval elongation and significantly
attenuated PM-mediated cardiac arrhythmias (Figures 4F and
4G). These findings strongly implicate a critical contributory
role for the late Na1 channel in PM-augmented cardiac arrhyth-
mias in CHF mice.

There are several limitations of the current study, including
the mode of PM exposure, intratracheal PM instillation, which
is distinct from the human pattern of sustained exposure at lower
dosage levels via inhalation. The instilled dose (20 mg/kg) is
equivalent to 1-year exposure of a human in a highly polluted
area (.200 mg/m3). In addition, we have not characterized the
aspect of PM exposure that results in PM-mediated carotid
body dysfunction and cardiac arrhythmias. Deleterious PM
responses may be due to direct contact with PM constituents
or may be evoked indirectly via lung-derived inflammatory pro-
cesses that generate substantial cytokine and ROS release from
lung tissues. Finally, further investigation is required to fully
understand the mechanism and the functional consequences of
Na1 channel protein phosphorylation and nitration induced by
PM exposure, including identification of the modified tyrosine
residue(s). Despite these limitations, our findings in a murine
model of dilated cardiomyopathy provide novel mechanistic
insights regarding complex PM pathophysiology in susceptible
individuals with CHF at risk for acute cardiovascular morbidity

and mortality after short-term PM exposure (7). Using comple-
mentary physiological and genomic approaches with direct
measurements of carotid body neural activity, our studies sig-
nificantly extend earlier in vitro (53) and in vivo studies (54, 55)
and indicate that PM-mediated decreases in HRV, respiratory
dysynchrony, and serious cardiac arrhythmias are driven by
heightened sensitivity of carotid body function, augmented pe-
ripheral chemoreceptor reflexes, and dysregulated cardiac ion
channel expression within the CREBA133 CHF phenotype. The
cardiac late Na1 channel appears to be a major target for
PM-mediated posttranslational modification and subsequent
life-threatening cardiac arrhythmogenesis.

Author disclosures are available with the text of this article at www.atsjournals.org.
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