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Research article
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Atrial fibrillation (AF) is a common arrhythmia that increases the risk of stroke and heart failure. Here, we
have shown that mast cells, key mediators of allergic and immune responses, are critically involved in AF
pathogenesis in stressed mouse hearts. Pressure overload induced mast cell infiltration and fibrosis in the
atrium and enhanced AF susceptibility following atrial burst stimulation. Both atrial fibrosis and AF induc-
ibility were attenuated by stabilization of mast cells with cromolyn and by BM reconstitution from mast cell-
deficient WBB6F1-Kit"/¥* mice. When cocultured with cardiac myocytes or fibroblasts, BM-derived mouse
mast cells increased platelet-derived growth factor A (PDGF-A) synthesis and promoted cell proliferation
and collagen expression in cardiac fibroblasts. These changes were abolished by treatment with a neutral-
izing antibody specific for PDGF o-receptor (PDGFR-a). Consistent with these data, upregulation of atrial
Pdgfa expression in pressure-overloaded hearts was suppressed by BM reconstitution from WBB6F1-Kit¥/V
mice. Furthermore, injection of the neutralizing PDGFR-o.-specific antibody attenuated atrial fibrosis and
AF inducibility in pressure-overloaded hearts, whereas administration of homodimer of PDGF-A (PDGF-AA)
promoted atrial fibrosis and enhanced AF susceptibility in normal hearts. Our results suggest a crucial role
for mast cells in AF and highlight a potential application of controlling the mast cell/PDGF-A axis to achieve

upstream prevention of AF in stressed hearts.

Introduction

Atrial fibrillation (AF) is a supraventricular arrhythmia that
is characterized by rapid and fibrillatory atrial activation with
an irregular ventricular response. AF remains the most com-
mon arrhythmia encountered in clinical practice and is associ-
ated with an increased risk of stroke, heart failure, and overall
mortality (1). Several cardiovascular disorders predispose to AF,
such as coronary artery disease, valvular heart disease, congestive
heart failure, and hypertension, especially when LV hypertrophy
is present (1). Recent electrophysiological evidence has indicated
that the triggering ectopic foci act on predisposing substrates to
initiate single- or multiple-circuit reentry, leading to AF (2). The
most important histopathological change in AF is atrial fibro-
sis (3, 4). Accumulation of ECM proteins has been documented
in biopsied specimens of atrium from patients with AF (5), and
experimental studies using animal models have indicated that
interstitial deposition of dense ECM proteins causes separa-
tion between bundles of atrial myocytes and disturbs cell-to-cell
impulse propagation (3, 4). In addition, atrial fibrosis potentially
exaggerates myocardial ischemia by hampering oxygen diffusion
and alters the electrophysical and biomechanical properties of
atrial myocytes, allowing the initiation and perpetuation of AF
(4). The mechanisms underlying the development of atrial fibro-
sis in AF remain unclear, but evolving evidence has suggested
that inflammation is profoundly implicated in the process of
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the structural remodeling in the atrium (4, 6). Inflammatory
infiltrates were observed in the atrium of AF patients and animal
models (7, 8). Furthermore, inflammatory biomarkers such as
C-reactive protein were elevated in AF patients and were associ-
ated with the presence of AF and the future development of AF
(9, 10). However, it remains to be fully elucidated how inflamma-
tion is linked to the development of structural remodeling as a
susceptible AF substrate in stressed hearts.

Mast cells function as key effector cells during allergic and
immune responses through releasing preformed or newly synthe-
sized bioactive products (11). Recent studies have implicated mast
cells in inflammation and tissue remodeling (11, 12). Indeed, mast
cells reside in many tissues including the heart (13) and participate
in the inflammatory process underlying several cardiovascular dis-
orders, such as atherosclerosis (14, 15), aortic aneurysm (16, 17),
heart failure (18), viral myocarditis (19), and ventricular arrhyth-
mia during ischemia/reperfusion injury (20). In particular, mast
cell-derived IL-6 and IFN-y have been reported to promote ath-
erosclerosis and abdominal aortic aneurysm (15, 16). Meanwhile,
mast cells enhance the fibrogenic process through the release of
multiple proteases and inflammatory cytokines in the skin, lung,
and kidney (21-24). Here, we demonstrate that mast cells infil-
trate the atrium of pressure-overloaded mice and contribute to
the pathogenesis of atrial fibrosis and AF susceptibility. Mecha-
nistically, upregulation of PDGF-A mediates the fibrogenic effect
of mast cells in promoting AF. These results provide mechanistic
insights into the pathogenic role of mast cells in promoting an AF
substrate in stressed hearts.
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Table 1

Echocardiographic measurements in TAC- and sham-operated mice with or

without treatment with cromolyn
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TAC-operated mice on day 10, as compared with
sham-operated mice (Figure 2A). Avidin conjugat-
ed to fluorochrome dyes binds to the negatively
charged heparin proteoglycans and identifies the

Sham TAC granules of mast cells (20, 26). In the left and right
Cromolyn ) (+) -) +) atria of TAC-operated mice, we observed a marked
Number 10 5 17 15 increase of mast cell activation with the presence of
HW/BW (mg/g) 455+0.11 4.64 +0.04 5.24 +0.05*  5.54 +0.13A extruded avidin-positive granules close to cell sur-
HR (bpm) 610.10+£7.59 613.20+3.44 599.24+7.30 622.67 +7.05 face (Figure 2B). These results suggest that mast
LvDd (mm) 3.58+0.08 3.51:0.08 355004  3.54:0.09 cells are accumulated and activated in the atrium
LVDs (mm) 199006  206:005  205:004  197+0.07 of pressure-overloaded hearts.
FS (%) 44.5+0.87 41.2£0.99 42.2£0.62 44.6 +0.91 Stabilization of mast cells by cromolyn attenuates AF
LVPWth (mm) 0.65+0.11 0.64+0.04 0.81+0.01~ 0.82 +0.01A

AP < 0.01 versus sham. FS, fractional shortening; HR, heart rate; HW/BW, heart-to-body
weight ratio; LVDd, LV diameter in end diastole; LVDs, LV diameter in end systole;

LVPWth, LV posterior wall thickness in end diastole.

Results

Atrial burst stimulation induces AF in pressure-overloaded hearts. To
develop a model of AF associated with LV hypertrophy, we first
induced pressure overload in mice by producing transverse aorta
constriction (TAC) (25). On day 10, TAC-operated mice showed a
significant increase in heart-to-body weight and LV wall thick-
ness with preserved fractional shortening (Table 1). The atrium-
to-body weight ratios were increased 36%, from 0.22 + 0.02 mg/g
in sham-operated mice (n = 5) to 0.30 + 0.02 mg/g in TAC-oper-
ated mice (n = 5; P < 0.01), indicating that TAC operation induced
hemodynamic overload in both the atrium and ventricle. We
recorded ECGs using telemetry at 10 days after the operation, but
no episode of spontaneous AF was observed in TAC- or sham-oper-
ated mice (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JC139942DS1).

To test the inducibility of AF, we applied programmed electrical
stimulation directly to right atrium under Langendorff perfusion
at 10 days after the operation. During the period for stabiliza-
tion prior to stimulation, spontaneous episodes of AF were not
observed in TAC- or sham-operated hearts. However, the induc-
tion of AF was attainable and reliably reproducible with pro-
grammed electrical stimulation of right atrium (Figure 1A). AF
was defined as an episode of rapid and chaotic atrial rhythm and
irregular ventricular response. AF was induced more frequently in
TAC-operated hearts (100%) than in sham-operated hearts (20%)
(Figure 1, A-C). In addition, the duration of AF episodes in TAC-
operated hearts was significantly longer than that in sham-oper-
ated hearts (Figure 1D). We also applied atrial stimulation under
Langendorff perfusion at 28 days after TAC operation. However,
TAC-operated hearts showed severe LV dysfunction (fractional
shortening, 16.6% + 8.4%) at this time point, and undesirable
arrhythmias such as ventricular fibrillation were induced each
time after stimulation, which hampered our evaluation of AF
arrhythmogenesis. Therefore, atrial burst stimulation under Lan-
gendorff perfusion at 10 days after TAC operation represents a
valid ex vivo model that permits study of AF substrate, especially
in the setting of LV hypertrophy.

Mast cells are accumulated and activated in the atrium of TAC-
operated mice. To assess the contribution of mast cells to atrial
arrhythmogenicity, we evaluated the contents of mast cells in
atrium by staining histological sections with toluidine blue. The
number of infiltrating mast cells showed a 2.5-fold increase in
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in TAC-operated hearts. Accumulation of mast cells
in the atrium indicated a causal link between infil-
tration of these cells and the pathogenesis of AF.
To determine the importance of mast cells in this
process, we systemically administered the mast
cell stabilizer cromolyn (14, 20) to TAC-operated
mice. In the atrium at 10 days after TAC operation, the degran-
ulation of mast cells was almost completely inhibited by cro-
molyn treatment (Figure 2B), although the mast cell contents
were not significantly decreased (P = 0.17; Figure 2A). Echocar-
diographic parameters regarding LV hypertrophy and systolic
function remained unchanged by cromolyn treatment (Table 1).
As revealed by histology, there was no significant difference in
the average size of ventricular myocytes between cromolyn- and
vehicle-treated mice (Supplemental Figure 2). In addition, the
atrium-to-body weight ratios at 10 days after TAC operation
were not significantly different between cromolyn- and vehicle-
treated mice (0.30 + 0.02 mg/g vs. 0.28 + 0.02 mg/g; P = 0.43).
These results suggest that cromolyn did not affect the hemo-
dynamic workload. However, as compared with vehicle-treated
mice, cromolyn-treated mice showed a remarkable reduction
in the incidence and duration of AF episodes after atrial burst
stimulation under Langendorff perfusion (Figure 3, A-C). To
validate and extend our ex vivo findings, we subjected anesthe-
tized mice to rapid transesophageal atrial pacing and simul-
taneous surface ECG recording at 10 days after the operation.
AF could be induced in vivo after atrial burst stimulation in
TAC-operated mice, but not in sham-operated mice (Figure 3,
D-F). Similarly, cromolyn treatment completely suppressed AF
induced by transesophageal atrial pacing in TAC-operated mice
(Figure 3, G and H).

Atrial fibrosis is a major feature of structural remodeling that
contributes to AF substrate (3, 4). In the atrium of TAC-operated
mice, Masson’s trichrome staining revealed areas of interstitial
fibrosis (Figure 3I), and hydroxyproline assay indicated deposition
of collagen (Figure 3]). Mast cell stabilization by cromolyn remark-
ably attenuated fibrotic changes in the atrium of TAC-operated
mice (Figure 3, I and J). These results suggest that stabilization of
mast cells prevents atrial structural remodeling and AF inducibil-
ity in TAC-operated mice.

Reconstitution with BM cells from mast cell-deficient W/W* mice
attenuates AF in TAC-operated hearts. To further examine the role of
mast cells in AF, we utilized mast cell-deficient WBB6F1-KitV/W~
(W/W"¥) mice carrying compound heterozygous mutations of c-kit
(Kit", null; Kit"*, dominant negative). To circumvent the undesir-
able effects by altered c-kit signaling in nonhematopoietic cells,
we reconstituted C57BL/6 mice with BM cells from W/W" mice
or control WBB6F1-Kit*/* (+/+) mice. We first confirmed, by tolu-
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Induction of AF in Langendorff-perfused hearts of mice after TAC operation. (A) Termination of the burst of atrial stimulation triggers AF, char-
acterized by rapid and chaotic atrial rhythm and irregular ventricular response, in Langendorff-perfused hearts undergoing TAC operation (lower
panels), but not sham operation (upper panels). LA-MAP, monophasic action potential of left atrium; LV-MAP, monophasic action potential of
LV. (B) AF was triggered in mice undergoing TAC (n = 5) or sham (n = 5) operation by applying 3 series of bursts with 5-minute intervals. The
duration of AF episode occurring after each burst is plotted. (C) Incidence of AF episodes during 3 series of bursts in mice undergoing TAC (n = 5)
or sham (n = 5) operation. (D) Mean duration of AF episodes during 3 series of bursts in mice undergoing TAC (n = 5) or sham (n = 5) operation.

**P < 0.01 versus sham. Data are presented as mean + SEM.
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immunoregulatory and proinflammatory effects (11, 24).
To delineate mast cell-derived effectors that are involved
in the promotion of atrial fibrosis, we examined the gene
expressions of fibrosis-related effectors in BM-derived
mast cells (BMMCs) after coculture with cardiac myocytes
or fibroblasts (Figure 5, A and B, and Supplemental Figure
3). Notably, in quantitative real-time RT-PCR analysis, the
mRNA levels of murine Pdgfa in BMMCs were prominently
elevated after 6 hours coculture with neonatal rat cardiac
myocytes or fibroblasts (Figure 5, A and B, and Supple-
mental Figure 3). In addition, the expression levels of Pdgfa

were upregulated in the atrium at 10 days after TAC opera-
tion, and they were significantly attenuated by reconstitu-
tion with W/WYBM (Figure 5C). These results suggest that
mast cells infiltrating the atrium are activated to increase
Pdgfa gene expression.

Next, we assayed the concentrations of PDGF-AA in

Sham TAC + Vehicle TAC + Cromolyn
Sham TAC + Vehicle TAC + Cromolyn
r
B Sham TAC + Vehicle TAC + Cromolyn

Figure 2

Stabilization of mast cells infiltrating the atrium of TAC-operated mice by cro-
molyn. (A) Representative histological sections with toluidine blue staining for
detection of mast cells (purple) in the atrium. Wild-type mice were treated with
cromolyn (n = 7) or vehicle (n = 8), and subjected to TAC operation. Mast cell
content on day 10 was presented as mean + SEM. Sham-operated mice were
used as control (n = 5). *P < 0.05 versus sham. (B) Rhodamine-avidin staining
for visualization of mast cell degranulation. Scale bars: 10 um (A); 5 um (B).

idine blue staining, that mast cells were not present in the atrium
of mice reconstituted with BM cells from W/W" mice (W/W"-
BMT mice) after TAC operation, although abundant mast cells
infiltrated the atrium of mice reconstituted with BM cells from
+/+ mice (+/+-BMT mice) after TAC operation (Figure 4A). Echo-
cardiographic examination revealed that LV hypertrophy after
TAC operation did not significantly differ between W/W¥-BMT
and +/+-BMT mice, but the fractional shortening in W/W"-BMT
mice was slightly decreased compared with that in +/+-BMT
mice (Table 2). In spite of the reduced LV systolic function after
TAC operation, the atrium-to-body weight ratios were not sig-
nificantly different between +/+-BMT mice and W/W"-BMT mice
(0.27 £ 0.02 mg/g vs. 0.31 + 0.05 mg/g; P = 0.54), and reconstitu-
tion with W/W"BM induced a marked reduction in the incidence
and duration of AF episode after atrial burst stimulation com-
pared with +/+ BM reconstitution (Figure 4, B-D). In addition,
histological analysis and hydroxyproline assay revealed that atrial
fibrosis after TAC operation was attenuated in W/W'-BMT mice
compared with +/+-BMT mice (Figure 4, E and F). These results
suggest that deficiency of mast cells prevents atrial structural
remodeling and AF inducibility in TAC-operated mice.
BM-derived mast cells cocultured with cardiac myocytes or fibroblasts
release PDGF-A to promote fibrinogenesis. In response to a variety of
stimuli, mast cells are activated and release numerous bioactive
effectors that, either prestored or de novo synthesized, mediate
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medium conditioned by coculture of BMMCs and car-
diac fibroblasts. The PDGF-AA concentration showed
a more than 3-fold increase after 6 hours coculture, and
this increase was remarkably blunted by stabilization
of BMMCs with cromolyn during the coculture (Figure
6A). The conditioned medium of coculture promoted cell
proliferation of cardiac fibroblasts, and the proliferative
effects were abrogated by addition of a neutralizing anti-
PDGEF a-receptor (anti-PDGFR-a) antibody to the con-
ditioned medium (Figure 6B). Furthermore, the expres-
sion of Col3al in cardiac fibroblasts was upregulated after
coculture with BMMC, and it was blunted by the treat-
ment with cromolyn or anti-PDGFR-a antibody (Figure
6C). Thus, BMMC-derived PDGF-A can induce cell pro-
liferation and collagen gene expression in cardiac fibro-
blasts. These results raise a possibility that infiltrating
mast cells promote atrial fibrosis and AF inducibility in a
PDGF-A-mediated pathway.

Administration of PDGF-AA enbances AF susceptibility in nor-
mal bearts. To examine functional significance of atrial Pdgfa
upregulation in the development of AF substrate, we admin-
istered PDGF-AA or vehicle to nonoperated mice and applied
atrial burst stimulation. Administration of PDGF-AA for 10
days induced systemic tissue fibrosis, which was particularly
prominent in atrium as compared with ventricle (Figure 7A). As
a consequence, PDGF-AA-treated hearts showed a significant
increase in the incidence and duration of AF episode after atrial
burst stimulation under Langendorff perfusion compared with
vehicle-treated hearts (Figure 7, B-D). These results suggest that
upregulation of Pdgfa in atrium can induce atrial fibrosis and
enhance AF inducibility in normal hearts.

Neutralization of PDGFR-o. attenuates AF in TAC-operated hearts.
Next, to examine the role of PDGF-A in the pathogenesis of AF
substrate, we inhibited the actions of PDGF-A in TAC-operated
hearts by systemic injection of a neutralizing antibody against
PDGFR-a (APAS) (27). At 10 days after TAC operation, LV hyper-
trophy and contraction, as assessed by echocardiography, did not
significantly differ between neutralizing antibody-treated mice
(TAC-APAS mice) and control IgG2a-treated mice (TAC-IgG
mice) (Table 3). In addition, the atrium-to-body weight ratios
were not significantly different between TAC-APAS and TAC-IgG
mice (0.34 + 0.02 mg/g vs. 0.31 £ 0.03 mg/g; P = 0.44). How-
ever, neutralization of PDGFR-a induced a marked reduction
Volume 120 245
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Figure 3

Attenuation of AF and atrial fibrosis by mast cell stabilization by cromolyn. (A) Scatter plot of the duration of AF episodes occurring during 3 series
of bursts in Langendorff-perfused hearts (n = 10). (B) Incidence of AF episodes during 3 series of bursts under Langendorff perfusion (n = 10).
*P < 0.05 versus sham; #P < 0.05 versus TAC treated with vehicle. (C) Mean duration of AF episodes during 3 series of bursts under Langendorff
perfusion (n = 10). **P < 0.01 versus sham; #P < 0.01 versus TAC treated with vehicle. (D) Representative surface ECG in lead-Il deflection of AF
induced by termination of the burst of transesophageal atrial pacing in TAC-operated mice. (E) High-magnification view of the section delineated by
shaded box in D, showing AF with chaotic atrial rhythm and irregular ventricular response. (F) High-magnification view of the section delineated by
shaded box in D. AF was spontaneously converted to sinus rhythm. (G) Incidence of AF episodes during 3 series of transesophageal bursts (n = 6).
(H) Mean duration of AF episodes during 3 series of transesophageal bursts (n = 6). (I) Representative histological sections with Masson’s trichrome
staining for visualization of atrial fibrosis (blue staining). Scale bars: 20 um. (J) Hydroxyproline content in the atrium. Number of mice for each experi-

ment is indicated in the bars. **P < 0.01 versus sham; ##P < 0.01 versus TAC treated with vehicle. Data are presented as mean + SEM.

in the incidence and duration of AF episode both after atrial
burst stimulation under Langendorff perfusion (Figure 8, A-C)
and after transesophageal atrial pacing in vivo (Figure 8, D and
E). In addition, histological analysis and hydroxyproline assay
revealed that atrial fibrosis was attenuated in TAC-APAS mice
compared with TAC-IgG mice (Figure 8, F and G). Thus, the
effects of cromolyn treatment or BM reconstitution from W/Wv
mice on AF substrate were reproduced by neutralization of
PDGFR-a in TAC-operated hearts. These results suggest that
PDGF-A mediates the deleterious effects of mast cells to pro-
mote atrial fibrosis and AF inducibility.

Discussion

Clinical and experimental studies have suggested that inflamma-
tion underlies a susceptible AF substrate, which is characterized
by interstitial fibrosis in atrium. Our present study demonstrated
a hitherto unknown role of mast cells in the development of a sus-
ceptible AF substrate. Mast cells were accumulated and activated
in the atrium of pressure-overloaded mice, and pharmacological
stabilization or genetic depletion of mast cells prevented atrial
structural remodeling and reduced the incidence and duration of
AF following atrial burst stimulation. Notably, infiltrating mast
cells induced upregulation of PDGF-A in the atrium, and neutral-
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Attenuation of atrial fibrosis and AF by reconstitution with BM cells from W/W" mice. (A) Representative histological sections with toluidine blue
staining. Mast cells were not present in the atrium of TAC-operated W/WY-BMT mice. (B) Scatter plot of the duration of AF episodes occurring dur-
ing 3 series of bursts in TAC-operated W/WY-BMT mice (n = 11) or +/+-BMT mice (n = 11). (C) Incidence of AF episodes during 3 series of bursts
(n=11). *P < 0.05 versus +/+-BMT mice. (D) Mean duration of AF episodes during 3 series of bursts (n = 11). **P < 0.01 versus +/+-BMT mice. (E)
Representative histological sections with Masson’s trichrome staining for visualization of atrial fibrosis (blue staining). (F) Hydroxyproline content in
the atrium. Number of mice for each experiment is indicated in the bars. Scale bars: 10 um (A); 20 um (E). Data are presented as mean + SEM.
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Table 2

Echocardiographic measurements in TAC- or sham-operated W/WY-BMT or

stimulation reproducibly induced AF either in ex
vivo or in vivo hearts subjected to pressure overload

+/+-BMT mice (Figures 1 and 3). Although the duration of AF was

limited in length as compared with that in large

Sham TAC animal models, a mouse model is powerful for dis-

. . section of the causal relationship between arrhyth-

Numb +/+-:MT W/WQ-BMT +/+-:MT W/WQ-BMT mogenesis and genetic or cellular factors. Although
umbper . . . . .. .

HW/BW (mo/g) 4494014 4424013 55140108 594 40164 transesophageal pacing in vivo is minimally inva-

HR (bpm) 636.63 N 7.78 629.22 N 2.89 613.20 N 9'34 612.33 N 6.78 sive for atrial stimulation, the incidence of AF was

LVDd (mm) 368005 361007 3552007  3.69+0.07 relatively low even in TAC-operated mice (50%), and

LVDs (mm) 230 +0.05 215+ 0.05 2.05 + 0.04A 2.98 + 0.088 an anesthetic agent mlght influence the inducibil-

FS (%) 39.3:093  40.4+0.44 416+0.26C 38961320 ity and duration of AF in an in vivo model (28). In

LVPWth (mm) 0.61£0.01  0.58=0.01 0.68£0.01"  0.66 +0.024 this regard, atrial stimulation under Langendorff

AP < 0.01 versus sham. BP < 0.01 versus TAC-operated +/+-BMT. °P < 0.05 versus sham.

DP < 0.05 versus TAC-operated ++-BMT.

ization of PDGFR-a. prevented atrial fibrosis and AF inducibility,
indicating a pivotal role of PDGF-A in mast cell-triggered AF. It
has been reported that atrial arrhythmias and fibrillation occur
with extremely low frequency in mice because the atrium is too
small in size to maintain multiple-circuit reentry (28). Indeed, we
did not detect any spontaneous episode of AF in TAC-operated
mice by ECG telemetry (Supplemental Figure 1), but atrial burst

perfusion is a suitable and reliable model of AF that
provides mechanistic and therapeutic insights into
development of an AF substrate in the setting of
hemodynamic overload.

Besides orchestrating allergic and immune responses, mast cells
participate in the inflammatory process that underlies the devel-
opment of cardiovascular diseases (11). Insomuch as the number
of infiltrating mast cells at the affected lesions is significantly
increased but yet relatively low, it has been difficult to characterize
the relevance of these cells to the pathogenesis of a disease. How-
ever, mice genetically deficient for mast cells allow assessment of
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the contributions of mast cell function to biological responses in
vivo (11). In this study, we utilized c-kit mutant W/W" mice that are
profoundly mast cell deficient (29) and virtually lack melanocytes
and interstitial Cajal cells (30). According to a recent paper, c-kit is
also expressed in cardiac stem cells and cardiac myocytes and plays
a regulatory role in the differentiation of these cells (31). Thus, to
avoid the effects of c-kit mutation on cardiac myocytes, we reconsti-
tuted C57BL/6 mice with BM from W/W" mice. BM reconstitution
from W/W" mice influenced contractile function, which might be
related to hematological abnormalities such as macrocytic anemia
(32). In spite of the hemodynamic burden, atrial structural remod-
eling and AF susceptibility were blunted by BM reconstitution from
W/W" mice, which underpinned the functional importance of mast
cells in the AF pathogenesis of pressure-overloaded hearts.

Mast cells exist in the heart under physiological conditions
(13), and mast cell density in heart tissues of patients with car-
diomyopathy is elevated, as compared with normal hearts (33).
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Figure 6

BMMC-derived PDGF-A can induce cell proliferation and collagen gene
expression in cardiac fibroblasts. (A) ELISA analysis of PDGF-AA con-
tent in conditioned medium at baseline, 6 hours, and 24 hours after
coculture of BMMCs and cardiac fibroblasts with or without cromolyn
(10 uM). Experiments were repeated 5 times in triplicate. **P < 0.01 ver-
sus baseline; #P < 0.01 versus vehicle. (B) Number of viable cardiac
fibroblasts at baseline, 6 hours, and 24 hours after culture in medium-
conditioned coculture of BMMCs and cardiac fibroblasts with or without
a neutralizing anti-PDGFR-a antibody (2 ug/ml), as assessed by rela-
tive amount of ATP. Experiments were repeated 4 times in triplicate.
**P < 0.01 versus baseline; P < 0.05; #P < 0.01 versus vehicle. (C)
mRNA expressions of Col3a1 in cardiac fibroblasts cocultured with
BMMCs with or without cromolyn (10 uM) or a neutralizing anti—
PDGFR-a antibody (2 ug/ml) at baseline, 6 hours, and 24 hours. Exper-
iments were repeated 4 times in triplicate. **P < 0.01 versus baseline;
#P < 0.01 versus vehicle. Data are presented as mean + SEM.

Mast cells are long lived in the tissue and can reenter cell cycle
and proliferate locally (34). A variety of chemokines have been
identified that induce local recruitment of mast cells, such as
SCF, monocyte chemoattraction protein-1 (MCP-1), nerve
growth factor (NGF), and RANTES (24). In addition, interac-
tions between mast cells and connective tissue matrix compo-
nents have profound influences on the distribution of mast
cells in tissues (35-37). Although the most important trigger
for mast cell activation is antigen- and IgE-dependent aggre-
gation of IgE receptor (FceRI), mast cells can be activated by
various factors, such as cytokines, growth factors, and hormones
(11, 12, 24). In our study, coculture with cardiac myocytes or
fibroblasts per se promoted gene expression of some cytokines
in BMMCs. We postulate that a certain paracrine- or cell-to-cell
contact-dependent signaling may trigger mast cell activation in
hearts. Further investigation will be required to delineate the
precise mechanisms of how cardiac mast cells are accumulated
and activated in stressed hearts.

Mast cells secrete diverse chemical mediators, cytokines,
and growth factors upon exposure to a stimulus. This process
involves release of the mediators prestored in the granules
(degranulation) and de novo synthesis of mediators. Differential
synthesis of mast cell mediators is dependent on the particu-
lar mechanism of activation and the strength of the stimulus
and is crucially involved in the inflammatory process (12, 24).
We identified PDGF-A as a crucial molecule that mediates mast
cell-induced atrial fibrosis. Among the fibrogenic mediators,
upregulation of Pdgfa in BMMCs was pronounced after cocul-
ture either with cardiac myocytes or fibroblasts. In our coculture
experiments, BMMC-derived PDGF-A accelerated proliferation
of cardiac fibroblasts and stimulated synthesis of type III colla-
gen in cardiac fibroblasts. PDGF-A dimeric isoform (PDGF-AA)
selectively binds to PDGFR-a. (38), and PDGF-AA infusion exert-
ed potent fibrogenic effects, particularly on atrium (Figure 7A),
consistent with a previous paper demonstrating that atrial fibro-
blasts showed higher reactivity to PDGF than ventricular fibro-
blasts (39). Importantly, the mRNA levels of Pdgfa in atrium were
significantly increased after TAC operation, which was blunted
by depletion of mast cells by BM reconstitution from W/WV
mice. PDGF-A production in atrium is critically relevant to the
AF pathogenesis of pressure-overloaded hearts because neutral-
ization of PDGFR-a. prevented atrial fibrosis and AF. Collective-
ly, our results suggest that atrial mast cells induce upregulation
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Systemic administration of PDGF-AA induces
atrial fibrosis and enhances AF susceptibility in
Langendorff-perfused hearts. (A) Representa-
tive histological sections with Masson’s trichrome
staining for visualization of fibrosis (blue staining)
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istered PDGF-AA or vehicle. Scale bars: 20 um.
(B) Scatter plot of the duration of AF episodes
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of Pdgfa, leading to progression of a susceptible AF substrate
in pressure-overloaded hearts. At present, it remains uncer-
tain whether atrial mast cells are the sole source of PDGF-A.
Indeed, mast cell activation can influence the function of many
different cell types (12, 24), and especially, macrophages may
serve as a source of PDGF-A (38). Further studies using an intri-
cate genetic model to delete Pdgfa specifically in mast cells will be
required to dissect the importance of mast cell-derived PDGF-A
in the pathogenesis of AF.

Several clinical studies have proved the efficacy of pharmaco-
logical inhibition of the renin-angiotensin system in the preven-
tion of atrial fibrosis and promotion of AF (40). The therapeutic
approach to attenuating or reversing the AF substrate is appeal-
ing. Our study highlighted the pathogenic role of mast cells in
promoting the AF substrate in pressure-overloaded hearts. Of
course, this observation must be further investigated in future
studies using large animal models for testing applicability to
clinical conditions because variability among species and experi-
mental models may give rise to differences in anatomical and
electrophysiological parameters (41). As a starting point for
250
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investigations, we propose that the mast cell-PDGF-A axis will
be a promising therapeutic target for the upstream prevention
of AF in stressed hearts.

Methods
Mice, TAC operation, and echocardiography. All of the experimental protocols
were approved by the Institutional Animal Care and Use Committee of Chiba
University. C57BL/6 mice, mast cell-deficient W/W" mice, and congenic +/+
littermates were purchased from Japan SLC. For TAC operation, 10-week-old
male mice were anesthetized by i.p. injection of pentobarbital, and respira-
tion was artificially controlled with a tidal volume of 0.2 ml and a respiratory
rate of 110 breaths/min. The transverse aorta was constricted with 7-0 nylon
strings by ligating the aorta with splinting a blunted 27-gauge needle, which
was removed after the ligation. After aortic constriction, the chest was closed
and mice were allowed to recover from anesthesia. We confirmed that the
magnitude of initial pressure elevation after aortic banding was identical in
all groups of mice. The surgeon had no information about the mice used in
this study. For evaluation of cardiac dimensions and contractility, transtho-
racic echocardiography was performed on conscious mice with the Vevo 770
Imaging System using a 25-MHz linear probe (Visual Sonics).
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Table 3
Echocardiographic measurements in TAG-APA5 or TAC-1gG mice

TAC-lgG TAC-APAS
Number 10 10
HW/BW (mg/g) 571+0.18 5.67+0.16
HR (bpm) 633.30 + 16.06 657.00 £ 11.91
LVDd (mm) 3.54 £0.09 3.59+0.08
LVDs (mm) 2.07+0.09 2.01£0.09
FS (%) 41.7 £1.48 442 +1.51
LVPWth (mm) 0.84 £0.01 0.81+£0.01

Mast cell stabilization and BM reconstitution. For stabilization of mast cells,
cromolyn (50 mg/kg/day; Sigma-Aldrich) or vehicle was administrated
daily to mice by i.p. injection (14) for the duration of the experiment
(10 days after TAC operation). For BM reconstitution, BM cell suspensions
were harvested by flushing the femurs and tibias of 8-week-old W/W" or
+/+ mice. The 5-week-old C57BL/6 mice were preconditioned with total
body irradiation (9.5 Gy) 6 hours before transplantation. BM cell suspen-
sions (1.0 x 107 cells per mouse) were transfused via the tail vein to the
preconditioned recipient mice. The recipient mice were subjected to BM
reconstitution for 6 weeks and were subjected to TAC operation.

Induction of AF in ex vivo and in vivo hearts. For induction of AF in ex
vivo hearts, hearts were rapidly excised after i.p. injection of heparin
(0.5 U/g) and urethane (2 mg/g) and immediately mounted onto a
Langendorff perfusion apparatus (42). The hearts were perfused with
anonrecirculating Krebs-Henseleit buffer (119 mM NacCl, 4.8 mM KCl,
1.2 mM KH,PO4, 1.2 mM MgSOy, 2.5 mM CaCl,, 10 mM glucose, and
24.9 mM NaHCOj3), which was equilibrated with 5% CO2/95% O; at
37°C. All isolated hearts were stabilized for 5 minutes by perfusion at
constant flow (3.0 £ 0.2 ml/min) before programmed electrical stimu-
lation. The whole system temperature was kept at 37°C. Two chlori-
nated silver wires were placed on the base of the heart as indifferent
and common ground electrodes. A pair of recording electrodes were
placed on the apex and anterior wall of the heart to record ventricular
electrograms. Bipolar stimulating electrodes were pressed against the
right atrium surface, and bipolar recording electrodes were placed on
the left atrium surface to record atrial electrograms.

For induction of AF in in vivo hearts, mice were anesthetized with i.p.
injection of pentobarbital and supported by artificial ventilation. The body
temperature of mice was monitored and kept at 37°C using a heating pad
during the experiments. A 2-French catheter electrode (Japan Lifeline) was
placed at the esophageal position dorsal to the left atrium. A surface ECG
was simultaneously recorded using electrodes in a lead-II configuration.

Inducibility of AF was tested by applying a 2-second burst using the
automated stimulator. The first 2-second burst had a cycle length (CL)
of 40 ms, decreasing in each successive burst with a 2-microsecond dec-
rement down to a CL of 20 ms. A series of bursts was repeated 3 times
after stabilization for S minutes. AF duration was defined as the interval
between the rapid irregular atrial rhythm triggered after the bursts and
the onset of first normal sinus beat.

Histological analysis. Hearts were excised and immediately fixed in 10%
neutralized formalin, and they were then embedded in paraffin. Serial
sections of atrium at 5 um were stained with Masson’s trichrome for
evaluation of fibrosis. We determined mast cell number and morphol-
ogy with toluidine blue staining (0.1%; Sigma-Aldrich) and rhoda-
mine-avidin staining (1:100; Vector Laboratories) (20, 26). Specificity
of mast cell detection was confirmed by staining sections of W/W" and

+/+ mice at the same dilution of the reagent. The total number of mast
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cells was counted manually and blindly in 3 microscopic sections from
each mouse, and the total area was determined using computer-assisted
image analysis (Image]J; http://rsbweb.nih.gov/ij/).

Hydroxyproline assay. We evaluated collagen content in the atrium by
quantification of hydroxyproline, as described previously (43). In brief, the
atrium was weighed and then hydrolyzed in 6 N HCl at 100°C overnight.
Hydrolyzed tissue was neutralized with NaOH, vacuum dried at 50°C,
and resuspended in 1 ml of 5 mM HCI. An aliquot of 20 ul hydrolyzed
tissue was added to 180 ul of H,O in a glass tube. Thereafter, we mixed
100 ul of chloramine-T solution (0.14 g chloramine-T, Sigma-Aldrich;
2 ml H,O, 8 ml hydroxyproline assay buffer) with the diluted hydrolyzed
tissue solution. The ingredients of hydroxyproline assay buffer were as fol-
lows: 11.4 g sodium acetate anhydrous (Sigma-Aldrich), 7.5 g trisodium
citrate dihydrate (Sigma-Aldrich), 40 ml H,O (pH adjusted to 6.0), and
77 ml isopropanol, bringing the final volume to 200 ml with H,O. After
incubation for 10 minutes at room temperature, 1.25 ml Ehrlich’s reagent
(6.0 g p-dimethylaminobenzaldehyde [Sigma-Aldrich], 18 ml 60% perchlo-
rate [Fluka], 78 ml isopropanol) was added and mixed. The samples were
incubated at 55°C for 20-25 minutes, and the sample absorbance was read
at 558 nm. We used trans-4-hydroxy-L-proline (Sigma-Aldrich) (ranging
from 0 to 4 mg) to draw the standard curve.

Coculture of BMMCs with cardiac myocytes or fibroblasts. The BM cells were
harvested from C57BL/6 mice and cultured for 5 weeks in RPMI 1640
medium (GIBCO; Invitrogen) supplemented with 10% FBS (Equitech-Bio),
0.1 mM MEM Non-Essential Amino Acids Solution (GIBCO; Invitrogen),
4 mM L-glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 50 uM f3-mer-
captoethanol, 100 U/ml penicillin, 100 ug/ml streptomycin, and 30 ng/ml
of recombinant murine IL-3 (PeproTech GmbH) at 37°C in 5% CO, (44). By
S weeks in culture, mast cells were enriched to more than 95%, as assessed
by the presence of metachromatic granules in toluidine blue-stained cells
and by cell-surface expression of FceRI (Upstate) using flow cytometric
analysis. The cardiac myocytes and fibroblasts were prepared from hearts
of 1-day-old Wistar rats, as described previously (45). Dissociated cells were
preplated onto 10-cm culture dishes for 30 minutes, which permitted pref-
erential attachment of fibroblasts to the bottom of the dish. Nonadher-
ent cardiac myocytes (3.5 x 10° cells/3.5-cm dish) or adherent fibroblasts
(2.0 x 106 cells/3.5-cm dish) were plated on 3.5-cm dishes and cultured for
24 hours in medium (DMEM [GIBCO; Invitrogen], supplemented with
10% FBS, 100 U/ml penicillin, and 100 ug/ml streptomycin). The cells were
starved under a serum-free condition for 24 hours before initiation of the
coculture. BMMCs (5.0 x 10° cells/3.5-cm dish) were placed onto layers
of cardiac myocytes or fibroblasts and were continuously cocultured in
DMEM without supplementation with FBS. For stabilization of BMMCs
in vitro, BMMCs were pretreated with 105 M cromolyn (Sigma-Aldrich)
for 30 minutes before initiation of coculture, and cromolyn treatment was
continued throughout the coculture.

Real-time RT-PCR analysis. Total RNA was extracted by using RNeasy Kit
(QIAGEN), and single-stranded cDNA was transcribed by using QuantiTect
Reverse Transcription Kit (QIAGEN) according to the manufacturer’s pro-
tocol. We conducted quantitative real-time PCR analysis with the Universal
ProbeLibrary Assays (Roche Applied Science) according to the manufactur-
er’s instructions. Amplification conditions were as follows: initial denatur-
ation for 10 minutes at 95°C followed by 45 cycles of 10 seconds at 95°C
and 25 seconds at 60°C. Individual PCR products were analyzed by melt-
ing-point analysis. The expression level of a gene was normalized relative
to that of Gapdh by using a comparative Ct method. The primer sequences
and universal probe numbers were designed with the ProbeFinder software
as follows: Pdgfa, 5'-GTGCGACCTCCAACCTGA-3' and 5'-GGCTCATCT-
CACCTCACATCT-3', no. 52; Pdgfb, 5'-CGGCCTGTGACTAGAAGTCC-3'
and 5'-GAGCTTGAGGCGTCTTGG-3', no. 32; Col3al, 5'-TCCCCTG-
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Figure 8

Attenuation of atrial fibrosis and AF by neutralization of PDGFR-a. (A) Scatter plot of duration of AF episodes occurring during 3 series of bursts

under Langendorff perfusion in TAC-APA5 (n = 9) or TAC-IgG mice (n =

9). (B) Incidence of AF episodes during 3 series of bursts under Lan-

gendorff perfusion (n = 9). *P < 0.05 versus control IgG. (C) Mean duration of AF episodes during 3 series of bursts under Langendorff perfusion
(n=9). **P < 0.01 versus control IgG. (D) Incidence of AF episodes during 3 series of transesophageal bursts (n = 6). (E) Mean duration of AF
episodes during 3 series of transesophageal bursts (n = 6). (F) Representative histological sections with Masson’s trichrome staining for visual-
ization of atrial fibrosis (blue staining). Scale bars: 20 um. (G) Hydroxyproline content in the atrium (n = 9). Number of mice for each experiment
is indicated in the bars. **P < 0.01 versus control IgG. Data are presented as mean + SEM.

GAATCTGTGAATC-3" and S'-TGAGTCGAATTGGGGAGAAT-3', no. 49;
mouse Gapdh, 5'-TGTCCGTCGTGGATCTGAC-3" and 5'-CCTGCTTCAC-
CACCTTCTTG-3', no. 80; rat Gapdh, 5'-TGGGAAGCTGGTCATCAAC-3'
and 5'-GCATCACCCCATTTGATGTT-3', no. 9.

ELISA of PDGF-AA. The concentrations of PDGF-AA in the conditioned
medium were assayed by using Human/Mouse PDGF-AA Quantikine
ELISA Kit (R&D Systems) according to the manufacturer’s protocol.

Cell proliferation assay. Cardiac fibroblasts (2 x 10 cells/well) were plated
on a 48-well plate and were cultured for 24 hours in medium (DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pug/ml strepto-
mycin) at 37°C in 5% CO,. After 24 hours of starvation under serum-free
conditions, we replaced the medium with that conditioned by coculture
of BMMCs and cardiac fibroblasts. After 24 hours of culture, cells were
harvested, and subjected to semiquantification of the viable cell numbers
that are proportional to the amount of ATP by using CellTiter-Glo Lumi-
nescent Cell Viability Assay Kit (Promega).
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Systemic administration of PDGF-AA. Mini-osmotic pumps (model 2002;
Alzet) were subcutaneously implanted in 10-week-old male mice to deliver
recombinant murine PDGF-AA (0.2 ug/day; PeproTech) or vehicle. At
10 days after implantation, mice were sacrificed for analysis.

Inbibition of PDGF-A by a neutralizing anti-PDGFR-. antibody. To antago-
nize the effects of BMMC-derived PDGF-A in vitro, we pretreated BMMCs
with 2 ug/ml of clone APAS (200 ug/day) (27) or control IgG2a (eBiosci-
ence) for 30 minutes before initiation of coculture and continued the treat-
ment throughout the coculture. To inhibit the effects of PDGF-A in vivo,
we administered anti-PDGFR-a antibody (200 pg/day) (27) or control
IgG2a by i.p. injection to mice for the duration of the experiment (10 days
after TAC operation). APAS, a rat monoclonal anti-mouse PDGFR-a anti-
body (IgG2a), was described previously (46).

Statistics. All data are presented as means + SEM. Two-group compari-
son was analyzed by unpaired 2-tailed Student’s ¢ test, and multiple-group
comparison was performed by 1-way ANOVA followed by the Fisher’s pro-
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tected least significant difference test for comparison of means. P < 0.05

was considered to be statistically significant.
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