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Introduction

Correlative and indirect evidence suggests a role for mast

cells in cardiac allograft rejection and adverse cardiac

remodeling. Mast cell hyperplasia is consistently observed

during chronic rejection episodes and in areas of post-

transplant cardiac fibrosis [1–3]. Moreover, mast cells

regulate several processes that contribute to cardiac allo-

graft survival, including inflammatory responses [4],

thrombus formation [5–7], and extracellular matrix

formation [8–10]. Conversely, recent evidence from mast

cell-deficient rodent models shows that mast cells actually

play a protective role in some inflammatory and fibropro-

liferative conditions in the heart [11,12], as well as in

other organs [13,14].

Mast cells contain a plethora of biologically active

mediators, some stored in granules and ready for imme-

diate release, others synthesized on demand. Mast cells do

not only produce several cytokines and growth factors,

including transforming growth factor-b (TGF-b), but also
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Summary

Correlative data suggest that mast cells adversely affect cardiac transplantation.

This study uses a mast cell-deficient rat model to directly address the role of mast

cells in cardiac allotransplantation. Standardized cardiac heterotopic transplanta-

tion with cyclosporine immunosuppression was performed in mast cell-deficient

and mast cell-competent rats. Rejection, ischemia, fibrosis, fibrin deposition,

numbers of T-cell receptor a/b positive cells, expression of transforming growth

factor-b (TGF-b), and of endothelin-1 (ET-1) and its receptors ETA and ETB

were assessed. Differences in baseline cardiac gene expression were quantified by

real-time PCR in a separate group of untransplanted animals. Baseline cardiac

gene expression levels of all investigated growth factors, cytokines, ET-1, ETA,

and ETB were similar in mast cell-deficient and mast cell-competent rats. Surpris-

ingly, upon heterotopic transplantation, donor heart survival was significantly

reduced in mast cell-deficient rats. Moreover, in mast cell-deficient donor hearts

rejection was more severe, although nonsignificant, and extracellular matrix asso-

ciated TGF-b immunoreactivity was significantly lower than in mast cell-compet-

ent donor hearts. Fibrin immunoreactive area, on the other hand, was only

increased in mast cell-deficient donor hearts, but not in mast cell-competent

donor hearts. Histopathological changes in all donor hearts were accompanied by

increased immunoreactivity for ET-1. In conclusion, this study shows that mast

cells play a protective role after cardiac transplantation.
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contain mast cell-specific enzymes that influence biologi-

cal and chemical processes. The mast cell protease chy-

mase, for instance, is able to release TGF-b from

extracellular matrix [8,15]. A recent study has shown that

mast cells are essential for T-cell tolerance after skin allo-

graft transplantation, strongly suggesting that TGF-b is

involved in this process [16].

Notably, recent evidence shows that mast cells mediate

their effects in part via the endothelin system [13,17,18],

by regulating levels of ET-1, both at the mRNA and at

the protein level [19,20]. Increased expression of endothe-

lin-1 (ET-1) and its two receptors ETA and ETB in

human tissue specimens after transplantation and in

animal models of cardiac transplantation suggest a role

for the endothelin system in cardiac allograft survival

[21–23].

This study used a mast cell-deficient rat model that has

been used and validated extensively in our laboratory

[11,12,14] to directly address the role of mast cells in car-

diac allotransplantation. Interestingly, but consistent with

recent findings in other inflammatory and fibroprolifera-

tive disorders, the absence of mast cells was associated

with decreased graft survival, histopathological evidence

of rejection, increased fibrin deposition, and decreased

extracellular TGF-b accumulation. These data strongly

support the notion that mast cells play a protective role

in the post-transplantation period.

Materials and methods

Animals

The investigation conforms with the Guide for the Care

and Use of Laboratory Animals published by the US

National Institutes of Health (NIH Publication No. 85–

23, revised 1996). Male mast cell-deficient (Ws/Ws) rats

and mast cell-competent (+/+) rats were obtained from

Japan SLC (Hamamatsu, Japan). Ws/Ws animals originate

from a rat of the BN/fMai strain with a spontaneous 12-

base deletion in one locus of the c-kit gene. This Ws/+

rat was crossed with normal (+/+) rats of the Donryu

strain. The offspring of these hybrids include mast cell

competent or +/+ rats, heterozygous Ws/+ rats and

homozygous Ws/Ws rats [24], of which the outbred +/+

and Ws/Ws rats were used for this study. Because of the

c-kit mutation, Ws/Ws rats lack functional melanocytes,

mast cells, and interstitial cells of Cajal in the intestine.

All animals were maintained on a 12:12 light-to-dark

cycle with free access to food and water.

Assessment of major histocompatibility complex disparity

The degree of major histocompatibility complex (MHC)

disparity within +/+ and Ws/Ws animals was assessed in

seven animals from each group, by PCR amplification of

the highly polymorphic RT1-Bb locus. Genomic DNA

(0.2 lg) was used as template in PCR using a forward

primer (0.5 lm) corresponding to sequences in the 5¢ end

of RT1-Bb exon 2 (GGCCTGTGCTACTACACCAACGG

GACGCAGCGC) and a reverse primer (0.5 lm) corres-

ponding to sequences near the 3¢ end of RT1-Bb exon 3

(CTCCCCGCTGAGGCGTCATCTCCAGCATGACCAGG).

PCR was performed by using 1 ll Elongase� (Invitrogen,

Carlsbad, CA, USA) in 50 ll of 60 mm Tris–SO4 (pH

9.1), 18 mm (NH4)2SO4, 2 mm MgSO4, and 0.2 mm

dNTPs. Forty cycles of two-step thermocycling was per-

formed at 94 �C for 30 s and 68 �C for 90 s. A portion

(10 ll) of the reaction products was resolved on 0.8%

agarose gels.

Heterotopic cardiac transplantation

Standardized rat heart heterotopic transplants were per-

formed by an experienced rodent transplant surgeon. Ten

mast cell-deficient recipients, at an average weight of

276 ± 5 g, received a mast cell-deficient heart from age-

matched donors. Likewise, nine mast cell-competent rats,

at an average weight of 286 ± 5 g, received a mast cell-

competent heart. Rats were anesthetized with isoflurane

inhalation, followed by intraperitoneal injection of

sodium pentobarbital (70 mg/kg for mast cell-competent

and 35 mg/kg for mast cell-deficient rats, because of their

increased sensitivity to anesthesia). Additional isoflurane

was administered to maintain anesthesia during the

operation.

In the donor, the vena cava was exposed through an

abdominal incision. An aqueous heparin solution (300 U)

was injected and the rats were exsanguinated by incising

the vena cava. The thorax was opened and the heart

exposed. The pulmonary artery was divided, after which

the ascending aorta was clamped distally and cold crystal-

loid cardioplegia was infused into the aortic root. The

aorta was then divided and all venous tributaries to the

heart were ligated with a single braided ligature. The

heart was excised and placed in cold normal saline solu-

tion.

In the recipient, a midline abdominal incision was

made to expose the aorta and inferior vena cava. The

aorta and vena cava were dissected from the surrounding

connective tissue and clamped with a single vascular

c-clamp. The donor and recipient aorta were anastomo-

sed end to side with 8–0 prolene suture. This was repea-

ted for the pulmonary arteries. Intraluminal thrombus,

micro-debris, and air were removed from the vessel

lumen prior to each anastomosis. The aortic clamp was

removed to reperfuse the heart. Spontaneous beating

occurred after every transplant.
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Immunosuppression of the recipients was provided

with a daily dose of cyclosporine A (CSA, 10 mg/kg) by

oral gavage.

Abdominal heterotopic heartbeat was monitored daily

by palpation. Animals with cessation of heterotopic heart-

beat were euthanized humanely. All other animals were

euthanized 12 weeks after transplantation.

From here on, transplanted hearts are designated

‘donor’ and the native hearts of the transplanted animals

are designated ‘native’. Twelve mast cell-competent rats

and 12 mast cell-deficient rats were not operated or trea-

ted with CSA and were used to study basal characteristics

of their hearts. These hearts are referred to as ‘baseline’.

Tissue processing

Baseline hearts of untreated animals, as well as donor and

native hearts of transplanted animals, were harvested and

sectioned transversely at the time of graft failure or at ter-

mination of the experiment 12 weeks after transplantation.

One-half of the hearts was fixed in methanol Carnoy’s solu-

tion (60% methanol, 30% chloroform, and 10% acetic

acid) and one-half was fixed in 10% neutral buffered for-

malin, followed by tissue embedding in paraffin.

Of six mast cell-competent and six mast cell-deficient

baseline hearts, left ventricular tissue specimens were stored

at )80 �C for gene expression analysis with real-time PCR.

Histology

Five micrometer sections of formalin-fixed tissue were

stained with standard hematoxylin–eosin and examined

for histopathological changes by an experienced trans-

plant pathologist as described before [25,26]. Rejection

was scored on a graded scale as follows: 0, no rejection; 1,

mild rejection (sparse, focal or diffuse mononuclear cell

infiltrate, no myocyte damage); 2, moderate rejection

(focal or multifocal mononuclear cell infiltrate, myocyte

damage); 3, severe rejection (diffuse mononuclear cell

infiltrate, multifocal myocyte damage). Ischemia was

scored on a graded scale (0–3), while thrombus formation

was scored as absent or present.

For determination of fibrosis, 5-lm sections of forma-

lin-fixed tissue were stained with standard sirius red.

Fibrosis was scored on a graded scale as follows: 0: no

fibrotic areas; 1: increased numbers of interstitial collagen

fibers; 2: 0–10% of area is fibrotic, 3: 10–50% of area is

fibrotic; 4: 50–100% of area is fibrotic.

Toluidine Blue staining was used to visualize mast cells,

as mast cell granules show metachromatic staining after

uptake of Toluidine Blue stain. Five micrometer sections

of methanol Carnoy’s-fixed tissue were stained with 0.5%

Toluidine Blue in 0.5 N HCl overnight, followed by a 10-

min incubation in 0.7 N HCl and light counterstaining

with eosin. Per section, mast cell density was calculated as

mast cell number per area.

Immunohistochemistry and computerized image analysis

Immunohistochemical stainings were performed with

methods established and optimized in our laboratory.

Five micrometer sections were deparaffinized and rehy-

drated. Endogenous peroxidase activity was blocked with

1% H2O2 in methanol for 30 min at room temperature.

Nonspecific binding was reduced by 10% normal rabbit

serum, 10% normal goat serum or 10% normal donkey

serum (Vector Laboratories, Burlingame, CA, USA) in

3% dry powdered milk in TBS–Tris buffered saline for

1 h. Five micrometer sections of methanol Carnoy’s fixed

tissue were incubated for 2 h at 20 �C with rabbit anti-

fibrin(ogen) (1:500; Dr JJ Emeis, TNO Leiden, The

Netherlands), rabbit anti TGF-b (1:300; R&D Systems,

Minneapolis, MN, USA), mouse anti T-cell receptor a/b
(TCR a/b, 1:20; BD Biosciences, San José, CA, USA), or

rabbit anti-ETA, (1:100; Abcam, Cambridge, MA, USA),

or overnight at 4 �C with mouse anti-ET-1 (1:100; Cal-

biochem, EMD Biosciences, La Jolla, CA, USA), or rabbit

anti ETB (1:100; Abcam). After 30-min incubation with

the appropriate biotin-labeled secondary antibody in a

1:400 dilution [goat anti-rabbit IgG (Vector Laboratories),

donkey anti-rabbit IgG, or donkey anti mouse IgG (both

American Diagnostica, Stamford, CT, USA)], sections

were incubated with an avidin–biotin–peroxidase complex

(Vector Laboratories) for 45 min. For TCR a/b, ET-1,

ETA, and ETB immunostaining, bound peroxidase was

enhanced with biotin-labeled tyramide, followed by

streptavidin-bound horseradish peroxidase (TSATM Biotin

System, PerkinElmer, Shelton, CT, USA). All peroxidase

binding was visualized with 3,3¢-diaminobenzidine.

Computerized image analysis with imagepro plus soft-

ware (Media Cybernetics, Silver Spring, MD, USA) was

used to determine areas immunoreactive for TGF-b or

fibrin in 12 rectangular fields using a 40· objective. This

method of quantitative immunohistochemistry has been

extensively used and validated in our laboratory [27,28].

RNA isolation and real-time PCR

Frozen tissue samples from the left ventricle of baseline

hearts were homogenized in UltraspecTM RNA reagent

(Biotecx Laboratories, Houston, TX, USA). Total RNA

was extracted by a standard chloroform extraction proto-

col. After treatment with RQ-DNAse I (Promega, Madi-

son, WI, USA) at 37 �C for 30 min, cDNA was

synthesized by using the High Capacity cDNA Archive

KitTM (Applied Biosystems, Foster City, CA, USA).
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Steady-state mRNA levels were measured with real-time

quantitative PCR (TaqManTM) by using the ABI Prism

7700 Sequence Detection System, TaqMan mastermix and

TaqMan polymerase, and the following predesigned Taq-

Man Gene Expression AssaysTM: rat interleukin-1b
(IL-1b, Rn00580432_m1), IL-4 (Rn01456866_m1),

IL-6 (Rn00561420_m1), tumor necrosis factor-a
(TNF-a, Rn00562055_m1), TGF-b1 (Rn00572010_m1),

connective tissue growth factor (CTGF, Rn00573960_q1),

ET-1 (Rn00561129_m1), ETA (Rn00561137_m1) and

ETB (Rn00569139_m1). Eukaryotic 18S rRNA

(Hs99999901_s1) was used as endogenous control (all

Applied Biosystems).

Relative mRNA levels were calculated with the abi

prism 700 sds software by using the DDCt method.

Statistical analysis

Statistical tests were performed with NCSS 2000 (NCSS,

Kaysville, UT, USA) and spss 14.0 (SPSS, Chicago, IL,

USA). Cardiac allograft survival was compared with the

Kaplan–Meier test. Differences in mast cell densities were

assessed by using two-way anova, with Tukey post hoc

test. Differences in gene expression were tested with one-

way anova. Differences in histopathological scores were

tested with the Mann–Whitney test. The criterion for sig-

nificance was set at P < 0.05.

Results

Baseline gene expression

The two rat types did not differ in baseline cardiac gene

expression levels of any of the investigated mediators:

TGF-b1, CTGF, IL-1, IL-4, IL-6 and TNF-a (Table 1).

Although baseline gene expression of ET-1 and ETA was

slightly higher in mast cell-deficient rat hearts, the differ-

ences were not significant (Table 1).

Assessment of MHC disparity

Polymerase chain reaction amplification of the highly

polymorphic RT1-Bb locus revealed several different size

PCR amplification products, although all close in size to

the predicted product of the well-characterized RT1-Bbn

allele, suggesting variation in intron 2 length. Thus, by

this analysis, there appears to be a measurable degree of

MHC disparity between donors and recipients.

Graft survival after transplantation

Of nine mast cell-competent recipients, one animal had

to be euthanized on postoperative day 12 with signs of

paraplegia and aortic thrombosis. The start-weight of this

animal was smaller than average, being 228 g at trans-

plantation. Of 10 mast cell-deficient recipients, two ani-

mals died spontaneously on postoperative days 1 and 2.

One animal had to be euthanized on day 4 with paraple-

gia. As it cannot be excluded that these early deaths were

due to technical failures, the four above mentioned rats

were omitted from further analysis.

In the seven remaining mast cell-deficient and eight

remaining mast cell-competent recipients, abdominal

heterotopic heartbeat was monitored daily by palpation.

Of seven mast cell-deficient recipients, only three exhib-

ited palpable donor heartbeat until the predetermined ter-

mination of the study at 12 weeks. In contrast, all eight

mast cell-competent donor hearts survived until the end

of the study (Fig. 1, P ¼ 0.015).

Table 1. Steady-state gene expression levels of pro-fibrogenic and

pro-inflammatory mediators and of components of the endothelin-sys-

tem in baseline hearts of mast cell-deficient rats, relative to baseline

hearts of mast cell-competent rats. No significant differences were

found between mast cell-deficient and mast cell-competent animals.

Mast cell-competent Mast cell-deficient

Transforming

growth factor-b1

1.00 ± 0.23* 1.09 ± 0.27

Connective tissue

growth factor

1.00 ± 0.50 0.89 ± 0.70

Interleukin-1 1.00 ± 0.29 1.08 ± 0.12

Interleukin-4 1.00 ± 0.24 1.27 ± 0.24

Interleukin-6 1.00 ± 0.28 0.87 ± 0.45

Tumor necrosis factor-a 1.00 ± 0.52 1.03 ± 0.62

Endothelin-1 1.00 ± 0.27 1.36 ± 0.30

Endothelin receptor A 1.00 ± 0.14 1.29 ± 0.13

Endothelin receptor B 1.00 ± 0.35 0.84 ± 0.19

*Values are expressed as average ± SEM. n ¼ 6.

Figure 1 Donor heart survival after cardiac heterotopic transplanta-

tion in mast cell-competent rats (dotted line, n ¼ 8) and mast cell-

deficient rats (solid line, n ¼ 7). The difference in survival between

the two types of donor hearts was statistically significant (P ¼ 0.015).
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Animals with cessation of heterotopic heartbeat were

euthanized humanely where after donor and native hearts

were collected for histopathology and immunohistochem-

istry. All other recipients were euthanized 12 weeks after

transplantation, where after donor and native hearts were

collected for histopathology and immunohistochemistry.

Histopathology of baseline, native and donor hearts

Table 2 gives scores for rejection, ischemia, fibrosis, and

whether or not thrombus formation was observed, in

donor hearts of the seven mast cell-deficient and eight

mast cell-competent rats that were included in histopatho-

logical analyses.

Signs of rejection were found in three out of eight mast

cell-competent and three out of seven mast cell-deficient

donor hearts, indicating that there was no difference in

the incidence of rejection between the two types of donor

hearts. Rejection scores were slightly, but not significantly,

higher for mast cell-deficient donor hearts compared with

mast cell-competent donor hearts.

No thrombi were detected in baseline and native hearts

of either rat type. Thrombus formation was observed in

seven out of eight mast cell-competent donor hearts and

five out of seven mast cell-deficient donor hearts. There-

fore, no significant difference was found in incidence of

thrombus formation between the two types of donor

hearts.

Six out of seven mast cell-deficient and six out of eight

mast cell-competent donor hearts exhibited signs of ische-

mia. Ischemia in mast cell-deficient donor hearts (median

score of all seven hearts: 2) did not differ from ischemia in

mast cell-competent donor hearts (median score of all eight

hearts: 1.5). Similarly, there was no significant difference in

fibrosis between mast cell-deficient (median score: 4) and

mast cell-competent donor hearts (median score: 3).

Mast cell densities

As expected, all baseline, native and donor hearts from

mast cell-deficient rats were devoid of mast cells, as demon-

strated by absence of metachromatic staining with Tolui-

dine Blue. Mast cell density in baseline hearts was

0.70 ± 0.40 per mm2. Mast cell density in the native hearts

of the transplant recipients was 2.18 ± 0.82 per mm2 and

thereby slightly, but not significantly, higher than the den-

sity in baseline hearts. Mast cell density of the donor hearts

in these animals, on the other hand, was 15.54 ± 6.44 per

mm2 and thereby considerably higher (P < 0.001).

T-lymphocyte accumulation

Table 3 shows numbers of TCRa/b immunoreactive cells

in comparable areas of baseline, native, and donor hearts.

More TCRa/b positive cells were found in mast cell-com-

petent donor hearts compared with mast cell-deficient

donor hearts.

Extracellular matrix-associated TGF-b and fibrin

Transforming growth factor-b immunoreactive staining in

donor hearts was less pronounced in ischemic areas than

in viable areas. Image analysis was used to measure areas

of extracellular matrix-associated TGF-b immunoreactivi-

ty in viable tissue only of baseline, native, and donor

hearts (Fig. 2a). In mast cell-competent rats, a significant

increase in TGF-b immunoreactivity was shown in donor

hearts compared with native hearts (P ¼ 0.005). In mast

cell-deficient rats, this increase was considerably less and

nonsignificant. TGF-b immunoreactive areas in viable

Table 2. Scores for rejection (0–3), ischemia (0–3), fibrosis (0–4), and

whether (+) or not ()) thrombus formation were observed, in donor

hearts of mast cell-deficient and mast cell-competent rats.

Rat type

Observation

time (days)

Rejection

score

Thrombus

formation (+/))

Ischemia

score

Fibrosis

score

Competent 83 1 + 0 1

Competent 83 1 + 0 1

Competent 83 0 + 1 3

Competent 83 0 + 2 3

Competent 83 1 + 2 3

Competent 83 0 ) 3 4

Competent 83 0 + 3 4

Competent 83 0 + 1 4

Deficient 20 0 + 0 1

Deficient 28 0 + 1 4

Deficient 42 3 + 3 4

Deficient 76 0 ) 2 2

Deficient 83 0 ) 1 1

Deficient 83 3 + 3 4

Deficient 83 1 + 3 4

Table 3. Numbers of baseline, native and donor hearts, categorized

by their total number of TCRa/b immunoreactive cells. Higher num-

bers of TCRa/b immunoreactive cells were found in mast cell-compet-

ent than in mast cell-deficient donor hearts.

Rat type Heart type n*

Numbers of TCRa/b

immunoreactive cells

0–10 10–50 50–100 >100

Competent Baseline 6 6 – – –

Deficient Baseline 6 6 – – –

Competent Native 5 5 – – –

Deficient Native 5 5 – – –

Competent Donor 8 – 3 2 3

Deficient Donor 7 5 1 – 1

*n ¼ total number of hearts.
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tissue correlated with mast cell-density (linear regression:

R2 ¼ 0.3, P ¼ 0.009).

Deposition of fibrin was measured by quantitative

immunohistochemistry in baseline, native, and donor

hearts (Fig. 2b). anova with Tukey post hoc testing

showed a significant difference in fibrin deposition, only

between mast cell-deficient control hearts and mast cell-

deficient donor hearts (P ¼ 0.04).

Immunohistochemical analysis of the cardiac endothelin

system

In baseline and native hearts, ET-1 immunoreactivity was

found in a few cardiomyocytes and on mast cells. The ET-

1 receptors ETA and ETB were predominantly expressed

by vascular smooth muscle cells and cardiac mast cells. In

donor hearts, increased ET-1 immunoreactivity was found

in tissue surrounding ischemic areas (Fig. 3a), whereas

ET-1 expression was less prominent in donor hearts with

little or no ischemia. Similar to baseline and native hearts,

cardiac mast cells in donor hearts expressed ET-1

(Fig. 3a). In donor hearts, immunoreactivity for ETA and

ETB was found on vascular smooth muscle cells, mast cells

(Fig. 3b,c), as well as on mononuclear inflammatory cells

(Fig. 3d). Cardiac immunoreactivity of the components of

the endothelin system was similar in mast cell-deficient

and mast cell competent rats, with the obvious exception

of immunoreactive mast cells in the latter.

Discussion

Mast cells contain a large number of inflammatory, vaso-

active, chemotactic, and mitogenic mediators and are a

significant source of inflammatory and fibrogenic cyto-

kines. In addition to their role in hypersensitivity reac-

tions, mast cells are being increasingly implicated in

(a)

(b)

Figure 2 Fibrin and extracellular matrix-associated transforming growth factor-b (TGF-b) in baseline, native, and donor hearts (lm2 per 100 lm2

total area), measured by quantitative immunohistochemistry. (a) Increases in TGF-b immunoreactivity, measured in viable tissue only, were more

severe in mast cell-competent donor hearts than in mast cell-deficient donor hearts (average ± SEM, n ¼ 4). (b) Significant increase in fibrin

deposition, in mast cell-deficient donor hearts (average ± SEM, n ¼ 5–9).
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many conditions associated with inflammation and exces-

sive collagen deposition. Despite correlative data suggest-

ing that mast cells are involved in cardiac allograft

rejection [1–3], to our knowledge, this is the first study

that directly addresses the role of mast cells in the out-

come of cardiac allo-transplantation using an outbred

mast cell-deficient animal model. The mast cell-deficient

and mast cell-competent rats used in this study showed

no differences in basal cardiac collagen and fibrin depos-

ition, or basal cardiac gene expression of several pro-fib-

rogenic and pro-inflammatory mediators. Upon

transplantation, however, significantly reduced donor

heart survival, accompanied by exacerbated structural and

molecular changes, was observed in mast cell-deficient

rats. These findings strongly suggest a beneficial role for

mast cells during the post-transplant period and are con-

sistent with recent demonstrations of a beneficial role for

mast cells in other cardiac conditions [11,12] and of a

role of mast cells in induction of T-cell tolerance [16].

In accordance with former studies [1–3], mast cell-

competent donor heart showed increased densities of

mast cells compared with native hearts and baseline

hearts. Moreover, the presence of degranulating mast cells

in donor hearts was indicative of mast cell activation

[1,2]. Mast cells are not only involved in inflammatory

responses, but also in several other processes, including

tissue remodeling and thrombus formation. For example,

while resting mast cells are mainly pro-fibrinolytic, result-

ing in degradation of fibrin, activated mast cells exhibit

pro-thrombotic characteristics and inhibit degradation of

fibrin [7]. In this study, there was a net increase in fibrin

in mast cell-deficient compared with mast cell-competent

donor heart. While this increase in fibrin was not accom-

panied by an increase in thrombus formation, it may still

(a) (b)

(c) (d)

Figure 3 Representative images of immunoreactivity for components of the endothelin system in mast cell-competent donor hearts (40· objec-

tive). (a) Increased endothelin-1 (ET-1) immunoreactivity was found in tissue surrounding ischemic areas (arrowheads) and on mast cells (arrow).

Immunoreactivity for (b) ETA and (c) ETB was found in vascular smooth muscle cells (arrowheads) and cardiac mast cells (arrows). (d) Some mono-

nuclear inflammatory cells expressed ETA (left panel) and/or ETB (right panel).
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represent a risk factor for graft coronary artery disease

and graft failure [29,30].

The present study showed lower TGF-b levels in mast

cell-deficient compared with mast cell-competent donor

hearts. Mast cells not only produce TGF-b [8], but also

regulate the local levels and activity of TGF-b by releasing

it from the extracellular matrix [15]. While TGF-b has

potent pro-fibrogenic properties, it is also strongly immu-

nosuppressive [31]. The increased TGF-b levels in mast

cell-competent hearts were associated with lower scores

for rejection, consistent with the notion that TGF-b may

help prevent cardiac allograft rejection [32,33]. Moreover,

a recent study has shown that mast cells are essential for

T-cell tolerance after skin transplantation and suggests

that TGF-b is involved in this process [16].

In this study, rejection was partly abrogated by relat-

ively high doses of CSA. Hence, it is possible that a differ-

ent (likely greater) difference in some parameters such as

TGF-b immunoreactivity had been observed if the study

had been performed without exogenous immunosuppres-

sion, or with a different immunosuppressive agent.

Fibrosis did not differ between mast cell-deficient and

mast cell-competent donor hearts in this study, probably

because the observation time was limited to 12 weeks. In

fact, it is possible that mast cells, while exerting a benefi-

cial effect during the early to mid-term post-transplanta-

tion period, may promote development of delayed graft

fibrosis by increasing the levels of TGF-b. Results from

other studies performed in our laboratory are consistent

with this notion [14].

TCRa/b-positive T-lymphocytes play an important role

in cardiac allograft rejection [34–36]. Mast cells modulate

a T-cell-dependent immune response by antigen presenta-

tion to T-cells and by modulating migration, prolifer-

ation, and differentiation of T-cells [37]. In the present

study, fewer T-lymphocytes were found in mast cell-defi-

cient donor hearts, consistent with the notion that, upon

transplantation, mast cells may be involved in the recruit-

ment and/or proliferation of these cells. Lower numbers

of TCRa/b T cells in mast cell-deficient donor hearts

coincided with higher scores for rejection. This observa-

tion is in contrast with former studies, showing that

lower numbers of TCRa/b expressing T-cells, or blocking

the function of these cells, reduce cardiac allograft rejec-

tion and benefit cardiac allograft survival [35,36]. Mast

cell-deficient (Ws/Ws) rats can develop normal numbers

of T-lymphocytes [38], suggesting that the particular

mutation in the c-kit receptor that causes the mast cell-

deficiency may not affect the proliferation and differenti-

ation of the relevant hematopoietic cell lineage. In the

present study, however, most donor hearts were examined

12 weeks after transplantation, which can be considered a

mid-term post-transplantation time point. T-cell numbers

and signs of rejection could have been different in the

first few weeks after transplantation. Moreover, T-cell

activation status was not investigated, but may be differ-

ent in the absence or presence of mast cells [16]. More-

over, it cannot be excluded that the decreased number of

T-lymphocytes in mast cell-deficient donor hearts is

caused by an increased sensitivity to CSA [1].

The ET-1 receptors ETA and ETB are expressed on a

wide variety of cell types, including vascular smooth mus-

cle cells, cardiac fibroblasts, mast cells, erythrocytes and

mononuclear inflammatory cells [23,39,40]. The endothe-

lin system affects allograft survival in experimental models

of cardiac transplantation. For example, inhibition of

endothelin-converting enzyme improved cardiac allograft

survival, reduced rejection, and ameliorated myocardial

fibrosis in a rat heterotopic transplant model [41]. More-

over, administration of the combined ETA and ETB

receptor antagonist bosentan [23], or pretreatment with

ET-1 antisense oligodeoxynucleotides [42] reduced the

formation of atherosclerotic lesions in chronic cardiac

transplant rejection. Interestingly, the beneficial effect of

mast cells on tissue homeostasis appears to be related to

their ability to reduce ET-1 induced toxicity [13]. In the

present study, similar immunoreactivity levels of compo-

nents of the cardiac endothelin system were observed in

mast cell-competent and mast cell-deficient donor hearts,

suggesting that the difference in graft survival was not

related to ET-1 or its receptors.

Mast cells contain a plethora of biologically active

mediators. Besides the factors examined in this study,

other mast cell mediators might be involved in cardiac

allograft survival and remodeling. For instance, basic fi-

broblast growth factor expression by mast cells is correla-

ted with cardiac collagen contents [43].

Other than the deficiency of mast cells, melanocytes, and

interstitial cells of Cajal in the intestine, the physiological

consequences of the c-kit mutation in the rat model are less

than in the more commonly used mast cell-deficient mouse

models (e.g. W/W-v mice), which exhibit rather severe ane-

mia [44]. It is still possible that the mast cell-deficient rats

may have other changes that could influence their response

to various challenges. For example, the c-kit mutation may

influence c-kit expressing vascular endothelial cells, subsets

of natural killer cells, or cardiac progenitor cells involved in

regeneration and repair of the myocardium [45,46]. The

definitive experiment to elucidate the role of mast cells in a

particular response would be to reconstitute the mast cell

population in mast cell-deficient animals, similar to what is

commonly done in mast cell-deficient mice [47]. However,

mast cell-deficient (Ws/Ws) and mast cell-competent (+/+)

rats are the F2 generation of two hybrid Donryu/ BN/fMai

animals. Hence, while the rat model has several advantages

for research on cardiac graft survival after allogeneic
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transplantation, long-term mast cell reconstitution in these

noninbred rats has not been feasible [48,49].

Experiments using mast cell-stabilizing compounds in

mast cell competent rats may help clarify the mechanisms

by which the mast cells affect cardiac pathophysiology to

some extent. On the other hand, because these com-

pounds generally work by inhibiting degranulation of

mast cells, they address only part of the complex role that

mast cells play in immunopathology and fibroproliferative

disorders. Moreover, it is interesting to speculate about

the potential role of resident versus bone marrow-derived

mast cells in cardiac transplant pathology. Future experi-

ments in which mast cell-deficient hearts are transplanted

into mast cell-competent recipients, and vice versa, may

clarify these issues.

In conclusion, this study demonstrated that the absence

of mast cells is associated with significantly reduced car-

diac allograft survival after heterotopic transplantation.

These data, consistent with studies in other types of

inflammatory and fibroproliferative disorders of the heart

and other organs, strongly point toward a beneficiary role

of mast cells during the post-transplantation period.
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