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Abstract
In the abdominal aortocaval (AV) fistula model of heart failure, we have shown that the acute
doubling of cardiac mature mast cell (MC) density involved the maturation, but not proliferation,
of a resident population of immature cardiac MCs. An increase in stem cell factor (SCF) may be
responsible for this MC maturation process. Thus, the purpose of this study was to determine if: 1)
myocardial SCF levels are increased following the initiation of cardiac volume overload; 2) the
incubation of left ventricular (LV) tissue slices with SCF results in an increase in mature MC
density; and 3) chemical degranulation of mature cardiac MCs in LV tissue slices results in an
increase in SCF and mature MC density via MC chymase. Male rats with either sham or AV
fistula surgery were studied at 6 hrs and 1 and 3 days post-surgery. LV slices from normal male rat
hearts were incubated for 16 hrs with media alone or media containing one of the following: 1)
recombinant rat SCF (20 ng/ml) to determine the effects of SCF on MC maturation; 2) the MC
secretagogue compound 48/80 (20 μg/ml) to determine the effects of MC degranulation on SCF
levels and mature MC density; 3) media containing compound 48/80 and anti-SCF (5μg/ml) to
block the effects of SCF; 4) chymase (100 nM) to determine the effects of chymase on SCF; and
5) compound 48/80 and chymostatin (chymase inhibitor, 10 μM) to block the effects of MC
chymase. In AV fistula animals, myocardial SCF was significantly elevated above that in the sham
group at 6 hrs and 1 day post fistula by 2 and 1.8 fold, respectively, and then returned to normal by
3 days; this increase slightly preceded significant increases in MC density. Incubation of LV slices
with SCF resulted in a doubling of mature MC density and this was concomitant with a significant
decrease in the number of immature mast cells. Incubation of LV slices with compound 48/80
increased media SCF levels and mature MC density, anti-SCF and chymostatin prevented these
compound 48/80-induced increases. Incubation with chymase increased media SCF levels and
mature MC density. These findings indicate that activated mature cardiac mast cells are
responsible, in a paracrine fashion, for the increase in mature MC density post AV fistula by
rapidly increasing SCF levels via the release of chymase.
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1. INTRODUCTION
Mast cells (MC) are derived from multipotent hematopoietic progenitor cells circulating in
the blood. Once peripherally located in connective or mucosal tissues, they differentiate to a
final phenotype under the influence of the local microenvironment [1]. Mast cells are
capable of producing and releasing a wide variety of cytokines, chemokines and growth
factors that have the potential to mediate tissue remodeling. In fact, cardiac MC have been
shown to play a causal role in the pathogenesis of adverse myocardial remodeling secondary
to sustained elevations in myocardial stress [2–7]. As part of this response, cardiac MC
density increases in a variety of cardiac pathologies including hypertension [8, 9],
myocardial infarction [10, 11], volume overload [4, 12] and heart failure [13]. In the
abdominal aortocaval (AV) fistula model of heart failure, we have shown that the acute
increase in cardiac MC density was associated with maturation, but not proliferation, of a
resident population of immature cardiac MC [14]. One possible mechanism driving the
cardiac MC maturation is stem cell factor (SCF). This is supported by studies demonstrating
the expansion of cardiac and other organ MC populations following a 2 to 3 week
administration of exogenous recombinant SCF to mice, rats and primates [15–17]. These
results, together with our findings, suggest that perturbations to the heart elicited by volume
overload may regulate local SCF production and/or release, thereby promoting maturation
and differentiation of resident immature cardiac MC. Thus, the purpose of this study was to
determine if: 1) myocardial SCF levels are increased following the initiation of cardiac
volume overload; 2) the incubation of left ventricular tissue slices with SCF results in an
increase in mature MC density; and 3) chemical degranulation of cardiac mast cells in LV
tissue slices results in an increase in SCF and mature MC density via MC chymase.

2. Methods
The study protocol was approved by the Institution’s Animal Care and Use Committee and
conformed to the principles of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. For all experiments, adult male Sprague-Dawley rats, seven to eight
wks of age, were purchased from Harlan Laboratories. The animals were housed under
standard environmental conditions and maintained on a normal rodent diet and tap water ad
libitum. Anesthesia for non-terminal surgical procedures was achieved using inhaled
isoflurane (4%), with post-operative analgesia maintained by administration of
buprenorphine hydrochloride (0.025 mg/kg). Euthanasia was accomplished by removal of
the heart after the rats were deeply anesthetized with an intra-peritoneal injection of
pentobarbital sodium (70 mg/kg).

2.1. Volume Overload
An infrarenal AV fistula was created in rats to induce a sustained cardiac volume overload
as previously described [4, 5, 18]. Briefly, a ventral abdominal laparotomy was performed to
expose the abdominal aorta and the caudal vena cava distal to the renal arteries. These
vessels were then temporally occluded proximal and distal to the intended puncture site. The
fistula was created by inserting an 18-gauge needle into the aorta and advancing it through
the medial wall into the vena cava. After withdrawing the needle, the aortic puncture site
was sealed with cyanocrylate and blood flow restored. A successful fistula was verified by
the presence of oxygenated, pulsatile blood flow into the vena cava. A surgical sham control
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group was also created for each time point whereby an identical surgical procedure was
performed with the exception of creating the fistula.

Groups of rats were studied at 6 hrs and 1 and 3 days post-fistula (n=3 – 6 per time period).
Sham-operated rats (n=3 – 6 per time period) were used as controls. At each end-point,
fistula patency was verified, the animals were sacrificed by excision of the heart, and the left
ventricle (LV) plus septum was weighed. Complete mid-ventricular LV cross sections were
placed in 4% paraformaldehyde and the remainder of the LV tissue was snap frozen and
stored at −80°C.

2.2 LV Tissue Slice Culture
Following anesthesia with isoflurane, a median sternotomy was performed aseptically and
the heart removed and placed in cold sterile saline. The LV plus septum was separated from
the rest of the heart and filled with 2.5% agarose and then placed into a metal cylinder
containing agarose. The LV was sliced perpendicular to the long axis (250 to 300 μm in
thickness) using a Brendel/Vitron Tissue Slicer (Vitron Organ Slicing Tech., Tuscon, AZ).
To determine the effect of SCF on cardiac MC density and maturation, 15 to 20 LV slices
from each heart were randomly divided into three groups with five or more slices per well:
1) culture media alone (RPMI 1640 and 10% FBS); 2) culture media with recombinant rat
SCF (20 ng/ml) [15–17] (Peprotech, Rocky Hill, NJ); and 3) culture media with SCF and
anti-SCF antibody (5μg/ml, Millipore, Temecula, CA). To determine the effects of the MC
degranulation on SCF levels, LV slices from each heart were randomly separated into three
groups with five or more slices per well: 1) culture media alone; 2) culture media with the
MC secretagogue, compound 48/80 (20 μg/ml; Sigma, St Louis, MO); 3) culture media with
compound 48/80 and anti-SCF; and 4) culture media with compound 48/80 and chymostatin
(10 μM, MP Biomedicals, Solon, OH). To determine the effects of chymase on SCF levels
and MC maturation, LV slices from each heart were randomly separated into three groups
with five or more slices per well: 1) culture media alone; 2) culture media with chymase
(100 nM, Sigma, St Louis, MO) [19]. After 16 hrs of incubation (37°C, 95% O2, and 5%
CO2), the slices from each culture well were first weighed and then two of the slices were
fixed with 10% buffered formalin and the remaining slices and culture media were snap
frozen and stored at −80°C.

2.3. Cardiac Mast Cell Density
Mature cardiac MC density from AV fistula and sham-operated animals or cultured LV
tissue slices was determined by staining 5 μm thick LV cross-sections with toluidine blue,
which stains mast cell heparin and histamine granules [20]. Since immature MC do not
contain histamine and heparin [21], toluidine blue stained mast cells are considered to be
mature mast cells. For each heart, cardiac mature mast cell density was determined in 4
sections from the 2 formalin-fixed slices in each group, with the observer (JL) being blinded
as to the source of the tissue, by counting the total number of MC present in each LV cross-
section and dividing this number by the area of the section.

2.4. Determining Mast Cell Maturation Stages
To differentiate between immature and mature MC in the cultured LV tissue slices, the
alcian blue/safranin staining technique was used with modification [14]. Briefly, the cultured
LV tissue slices were fixed in 10% buffered formalin, embedded in paraffin and sectioned to
a 5μm thickness. The slices were then deparafinized, rehydrated and stained with 0.5%
alcian blue (in PBS, pH 1.0) at room temperature for 45 mins. After washing in PBS (pH
1.0), the sections were stained with 0.5% safranin (in PBS, pH 1.0) at room temperature for
45 mins. The slides were again washed in PBS, dehydrated and coverslipped. In each heart,
the percentages of mature (violet-orange and orange in color) and immature (blue in color)

Li et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MC were determined in the 4 sections from the 2 formalin-fixed slices from each group by
the observer (JL) in a blinded fashion.

2.5. ELISA Analysis of SCF
Approximately 100 mg of LV tissue from the infrarenal AV fistula experiments and three or
more LV slices from each culture well were homogenized in PBS buffer containing protease
inhibitor cocktail (Sigma, St Louis, MO) to extract total protein for the SCF assay. LV tissue
slice culture media from each culture group was assayed directly. Levels of SCF were
determined using a commercially available ELISA kit (Abcam, Cambridge, MA). All
samples were run in duplicate.

2.6. Determining Mast Cell Proliferation
To determine whether SCF-induced MC proliferation contributed to the increase in mature
MC density, LV tissue slices were cultured in the following three groups: 1) culture media
alone, 2) culture media and bromodeoxyuridine (BrdU, 10 μM) (Sigma, St Louis, MO), 3)
culture media and BrdU plus SCF (20 ng/ml). After 16 hrs of culture, three slices from each
group were examined by immunostaining with mouse monoclonal anti-BrdU antibody (2
μg/ml; Sigma, St Louis, MO).

2.7. Statistical Analysis
Results are presented as mean ± SEM. For the comparison between groups, one-way
analysis of variance (ANOVA) was performed, followed by the Tukey post test. Statistical
significance was set at a P value < 0.05.

3. RESULTS
The postoperative course was well tolerated for all animals. A patent AV fistula was visually
confirmed by the presence of a pulsatile flow of oxygenated blood into the vena cava at the
study endpoints. Prior to surgery and at completion of the study, there were no fistula/sham
group differences in body, lung and left ventricular weights.

3.1. Myocardial SCF Level and Mature Mast Cell Density in Response to an Acute
Sustained Volume Overload

Myocardial SCF protein levels measured at each sham and post fistula time-point are
presented in Figure 1A. As can be seen, tissue SCF was significantly elevated above that in
the sham group at 6 hrs and 1 day post fistula by 2 and 1.8 fold, respectively. By day 3 post
fistula the fistula group SCF level had returned to that in the sham group. The cardiac
mature MC densities in the fistula groups were greater by 56 and 63% than their respective
sham groups at days 1 and 3 post surgery with the peak value occurring at 1 day (Figure
1B).

3.2. Cardiac Mast Cell Maturation in Response to SCF in Cultured LV Tissue Slices
The ability of SCF to induce maturation of resident cardiac MC was assessed by culturing
LV tissue slices with and without SCF. As can be seen in Figure 2, incubation with SCF for
16 hrs resulted in a doubling in the density of toluidine blue stained MC and anti-SCF
antibody blocked this SCF-induced increase (2A). This was concomitant with a significant
decrease in the percent and density of alcian blue-stained (immature) MC and a significant
increase in percent and density of alcian blue/safranin-stained (mature) MC (2B and 2C).
Also depicted in Figure 2 are representative images of MC stained with toluidine blue (2D)
and with alcian blue/safranin staining (2E) showing mature MC (arrow) and immature MC
(arrow head).
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3.3. SCF Release and Mast Cell Density Following Mast Cell Degranulation in Cultured LV
Tissue Slices

To determine whether MC degranulation can contribute to the increases in SCF level and
mature MC density in the heart, LV tissue slices were incubated with the MC secretagogue,
compound 48/80 with and without anti-SCF and the chymase inhibitor, chymostatin. SCF
was measured in the LV slice and culture media. Compound 48/80 caused a statistically
significant increase in SCF levels in both the LV slices and culture media (Figure 3A and
3B). Compound 48/80 also caused an increase in mature MC density in cultured LV slices,
which was prevented by anti-SCF (figure 3C). Chymostatin prevented the compound 48/80-
induced increases in SCF in both the LV slice and culture media as well as the increase in
mature MC density (Figure 3A, B and C).

3.4. Effects of Chymase on SCF Levels and Mature Mast Cell Density
To further investigate whether MC degranulation increases cardiac SCF levels via the
release of chymase, LV tissue slices were incubated with chymase. Chymase caused
statistically significant increases in SCF levels in the culture media (Figure 4A) and in
mature MC density in the cultured LV slice (Figure 4B).

3.5. Determination of Mast Cell Proliferation in LV Slices Cultured with SCF
Immunohistochemical staining indicated that mature MC in LV slices cultured with SCF for
16 hrs did not incorporate BrdU, indicating that the SCF-induced increase in mature MC
density was not the result of MC proliferation. This observation is consistent with our
previous finding that less than 1% of cardiac MC isolated from volume overloaded hearts
were labeled positive for BrdU [14].

4. DISCUSSION
The first report linking mast cells with the diseased heart was in 1964 where an increase in
mature mast cell number was observed in hearts from patients with endomyocardial fibrosis
[22]. Since then, increased cardiac mature MC number and density has been reported in
rodents, canine and/or humans in: hypertension [8, 9], myocardial infarction [10, 11],
volume overload [4, 12], myocarditis [23], explanted human hearts [23], idiopathic
cardiomyopathy [25, 26], and heart failure [13]. While a mature MC causal role for
myocardial and ventricular remodeling has been established in a number of these cardiac
pathologies [2–6, 12, 27], the question as to the source of the increased number of mature
MC remained. In this study, we have demonstrated the maturation of resident immature MC
brought on by an increase in myocardial SCF to be a source.

Galli and his colleagues [15–17] have demonstrated that daily intravenous injections of SCF
over a two to three week period increased mature MC populations with phenotypic
characteristics of connective tissue MC in all organs and tissue that they studied including
skin, lung, liver, heart, spleen, glandular stomach, and ileum. We demonstrate in the current
manuscript that myocardial levels of SCF were increased at the 6 hr and 1 day time-points,
following volume overload. This slightly preceded the increases in mature MC density,
which occurred at 1 and 3 days, indicating that increased SCF results in an increased
numbers of mature MC in the volume overloaded heart. Previously we have reported mature
MC density to have returned to normal levels at 5 days post fistula [4]. This rapid decline
could be explained by the observation in this study that SCF had returned to that of the sham
group by 3 days post fistula. Galli et al., in addition to showing that the long term
administration of SCF increased mature MC density throughout the body, found that
discontinuation of SCF treatment for 15 days resulted in a decline in mature MC numbers to
pre-SCF administration control levels [17]. While their results are supportive of our
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findings, our novel results highlight the rapidity of the immature and mature MC density
responses to SCF increases and subsequent decreases.

Three possibilities exist to explain this increase in mature MC density: 1) proliferation of
existing MC; 2) recruitment of MC precursors; and 3) maturation of resident immature MC.
Subcutaneous injection of SCF has been demonstrated to increase dermal MC number by
increasing maturation of immature MC, proliferation of MC, and recruitment of precursor
cells [15, 16]. However, we have previously ruled out proliferation as a source of increased
mature MC in the heart following volume overload since less than 1% of cardiac MC
isolated from volume overloaded hearts labeled positive for BrdU by flow cytometry [14].
Also, in the present study, we incubated LV tissue slices with BrdU and SCF for 16 hours.
MCs in the cultured LV tissue slices did not incorporate BrdU, indicating that the SCF-
induced increase in mature MC was not due to MC proliferation. Mast cells are derived from
multipotent hematopoietic progenitor cells from bone marrow which do not develop into
MC until reaching the tissue or organ in which they become resident [28]. Several possible
progenitor cells have been identified, including Thy-1loc-Kithi progenitor mastocytes,
Lin−Kit+Sca-1−Ly6c−FcεRIα−CD27−β7+T1/ST2+, Lin−Kit+FcγRII/IIIhiβ7hi,
CD45+Lin−CD34+−β7hiFcεRIαlo cells in mice [28–31], while in humans MC progenitors
circulate in the blood as mononuclear leucocytes without granules, and express the surface
markers CD13, CD33, CD38, CD34 and Kit [28]. However, recruitment of MC precursors is
unlikely to account for the rapid increase in cardiac mature MC following volume overload
since the recruitment process and subsequent development into a mature MC in the tissue
requires a significant amount of time. This was demonstrated in a study where MCs were
depleted from the peritoneal cavity in rats. It took 6 days before mature MC numbers began
to approach control levels and a full 20 days for full restoration to be achieved [32]. In the
days prior to this point, the MC present were mostly immature. Because of this protracted
timeline, recruitment is not considered to be the source for the increase in mature MC seen
in the heart by days 1 to 3 following the initiation of cardiac volume overload.

To determine whether SCF could induce an increase in mature MC number in the heart, and
whether this could occur in the time-frame similar to that occurring in cardiac volume
overload, we incubated slices of LV tissue with SCF for 16 hours. This resulted in
significant increases in mature MC density as well as the percent of mature MC.
Neutralization of SCF by anti-SCF antibody blocked the SCF-induced increases in mature
MC density and the percent of mature MC. This straightforward experiment demonstrates
that mature MC numbers in the heart can increase simply by maturation of immature
resident MC. That is, this increase could not be the result of blood-borne precursor cell
recruitment because the LV slices were treated in dishes containing only cell culture media.
The 16 hour time period is also very representative of what we see following the initiation of
cardiac volume overload. This demonstrates that a SCF driven maturation alone can account
for the rapid increase in mature MC density that occurs following cardiac volume overload.
Thus, while Tsai et al. [16] had treated mice for 3 weeks with SCF before assessing its effect
on mature MC numbers, our results highlight the rapid nature of MC maturation following
exposure to SCF.

Both the soluble and membrane-bound forms of SCF can be derived from several sources
including fibroblasts, endothelial cells and smooth muscle cells; even MC themselves are
capable of producing SCF [33]. In our previous studies we had also noted that prevention of
MC degranulation with the MC stabilizing compounds, cromolyn and nedocromil, had the
effect of preventing or reducing cardiac mature MC density in fistula and sham animals,
respectively [4, 34]. These findings indicate that MC degranulation is required for mature
MC density to increase. To determine whether MC degranulation results in increases in
myocardial SCF levels, we treated cultured LV slices with the MC secretagogue, compound

Li et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



48/80, and found that SCF levels were significantly increased in both the LV slice itself and
the culture media indicating increased SCF synthesis as well as secretion. While we did not
determine specifically whether soluble or membrane-bound SCF increased, the fact that SCF
in the culture media increased would indicate at least an increase in released, soluble SCF.
Non-cardiac MC chymase has been shown to cleave membrane-bound SCF releasing a
soluble form [35]. In line with this observation, incubation of LV slices with chymase
caused the increases in SCF levels in the culture media, compound 48/80 increased SCF
release from cultured LV slice, and chymostatin, a non-specific inhibitor of chymase,
prevented the compound 48/80-induced increases in SCF levels in both LV tissue slices and
culture media indicating membrane-bound SCF synthesis and cleavage is responsible for
MC degranulation-caused SCF increases. At this stage we cannot discount the possibility
that a portion of the increased SCF was from cardiac MC in addition to other cells in
response to MC degranulation. Accordingly, the activated MC induced-increase in SCF may
very well be the result of an autocrine- and paracrine-mediated process. Concomitant with
the increase and decrease of SCF following MC degranulation and inhibition of chymase,
respectively, was an increase and decrease in mature MC density in LV slices.

In summary, the tissue slice results clearly indicate that SCF can rapidly increase cardiac
mature mast cell density by stimulating resident immature MCs to mature. In addition,
compelling evidence is presented to indicate that the rapid increase in cardiac MC density
following the initiation of a sustained cardiac volume overload is mostly the result of a
paracrine-mediated increase in myocardial SCF secondary to mast cell activation.
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Highlights

• Mast cell degranulation increases cardiac stem cell factor via the release of
chymase.

• Stem cell factor induces maturation of cardiac resident immature mast cells.

• Volume overload increases cardiac stem cell factor and mature mast cell
density.
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Figure 1.
Left ventricular stem cell factor (SCF) concentration (A) and mature mast cell (MC) density
(B) in male rat left ventricular sections at several time points post sham or fistula surgery.
Number within each bar indicates the number of rat hearts in the group. All values are mean
± SEM. * p < 0.05 vs. corresponding group shams.

Li et al. Page 11

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Left ventricular tissue slice mature mast cell (MC) density (2A) and percent (%) and density
of immature and mature MCs (2B and 2C, respectively) that were incubated with media
alone (control), stem cell factor (SCF, 20 ng/ml) alone, or SCF plus anti-SCF antibody
(Anti-SCF, 5 μg/ml) for 16 hrs. Number within a bar represents the number of rat hearts in
the group. All values are mean ± SEM. * p < 0.01 vs. control and Anti-SCF+SCF groups.
Representative images of MC stained with toluidine blue (2D) and with alcian blue/safranin
staining (2E) showing mature MC (arrow) and immature MC (arrow head).
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Figure 3.
Stem cell factor (SCF) concentration in left ventricular (LV) tissue slices (3A) and the
conditioned medium (3B) and mature mast cell (MC) density (3C) that were incubated with
media alone (control), compound 48/80 (20 μg/ml), or 48/80 plus chymostatin for 16 hrs.
SCF levels in LV tissue slices and culture media were normalized with total protein and
tissue slice weight, respectively, and are presented as mean ± SEM. Number within bars
represents the number of rat hearts in the group. * p < 0.01 vs. control and chymostatin
groups.
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Figure 4.
Stem cell factor (SCF) concentration in culture medium (4A) and mature mast cell (MC)
density in cultured left ventricular (LV) tissue slices (4B) that were incubated with media
alone (control) or chymase (100 nM) for 16 hrs. SCF levels in culture media were
normalized with total tissue slice weight, and are presented as mean ± SEM. Number within
bars represents the number of rat hearts in the group. * p < 0.01 vs. control.
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