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and Paul J. Cannon
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Abstract

Cardiac transplantation, effective therapy for end-stage
heart failure, is frequently complicated by allograft rejec-
tion, the mechanisms of which remain incompletely under-
stood. Nitric oxide (NO), a vasodilator which is cytotoxic
and negatively inotropic, can be produced in large amounts
by an inducible NOsynthase (iNOS) in response to cyto-
kines. To investigate whether iNOS is induced during car-

diac allograft rejection, hearts from Lewis or Wistar-Furth
rats were transplanted into Lewis recipients. At day 5, allo-
geneic grafts manifested reduced contractility and histologic
evidence of rejection (inflammatory infiltrate, edema, necro-

sis of myocytes). The mRNAfor iNOS and iNOS protein
were detected in ventricular homogenates and in isolated
cardiac myocytes from rejecting allogeneic grafts but not in
tissue and myocytes from syngeneic control grafts. Immuno-

cytochemistry showed increased iNOS staining in infiltrat-
ing macrophages and in microvascular endothelial cells and
cardiac muscle fibers and also in isolated purified cardiac
myocytes from the rejecting allografts. Using a myocardial
cytosolic iNOS preparation, nitrite formation from L-argi-
nine and [3H] citrulline formation from [3H] L-arginine were

increased significantly in the rejecting allogeneic grafts (P
< 0.01). Myocardial cyclic GMPwas also increased signifi-
cantly (P < 0.05). The data indicate myocardial iNOS
mRNA,protein and enzyme activity are induced in infiltrat-
ing macrophages and cardiac myocytes of the rejecting allo-
geneic grafts. Synthesis of NOby iNOS may contribute to
myocyte necrosis and ventricular failure during cardiac al-
lograft rejection. (J. Clin. Invest. 1994. 94:714-721.) Key
words: heart transplantation * inducible NOsynthase * allo-
graft rejection

Introduction

Cardiac transplantation is recognized as the most effective ther-
apy for end-stage heart failure with one and five year survival
rates currently exceeding 80 and 65%, respectively (1). Despite
this success, allograft rejection continues to be a major obstacle
to long-term survival. This results in diminished ventricular
contractile performance and necrosis of cardiac myocytes which
are manifested clinically by congestive failure, low cardiac out-
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put, hypotension, and reduced pressor responses to catechola-
mines. Allograft rejection also results in the development of
accelerated atherosclerosis in the coronary arteries of the trans-
planted heart which is manifested clinically by myocardial in-
farction and sudden death (2). There is a large body of knowl-
edge concerning the immunological reactions which are in-
volved in cardiac allograft rejection (3, 4). However, the
cellular and biochemical mechanisms responsible for the devel-
opment of contractile failure and necrosis of cardiac myocytes
during cardiac allograft rejection are poorly understood.

The oxidation of L-arginine to biologically active nitric ox-
ide(NO)' is important in a wide variety of physiological and
pathological processes (5-7). A family of enzymes, the nitric
oxide synthases (NOS), catalyze the oxidation of one of the
terminal guanidino nitrogens of L-arginine to yield NO and
citrulline. In effector cells NOinteracts with soluble guanylyl
cyclases to increase formation of cyclic GMPand to initiate
biological responses. Constitutive nitric oxide synthases require
calcium and calmodulin as cofactors. Constitutive NOSin endo-
thelial cells generates low levels of NOin response to hormones
or sheer stress which increases levels of cyclic GMPin platelets
and in endothelial and vascular smooth muscle cells promoting
vasodilation, inhibition of platelet adhesion, and aggregation
and inhibition of leukocyte adhesion. Constitutive NOSin brain
and neurons of the nonadrenergic, noncholinergic nervous sys-
tem generates NOwhich functions as a neurotransmitter (5-
7). Inducible nitric oxide synthases (iNOS) are not present
under basal conditions, but are expressed in response to cyto-
kines or bacterial endotoxin in macrophages, endothelial cells,
vascular smooth muscle cells, and cardiac myocytes (5-7).
Inducible NOsynthases do not require calcium and calmodulin
as cofactors and generate substantially larger amounts of NO
for longer periods of time. NOproduced by iNOS in activated
macrophages is cytotoxic and involved in their antimicrobial
actions. NOproduced by iNOS in vascular smooth muscle cells
and cardiac myocytes in response to bacterial endotoxin has
been implicated in the pathogenesis of hypotension in associa-
tion with infection by gram negative bacteria (5).

In cardiac tissue NOproduction may occur via both consti-
tutive and inducible NO synthases. The basal production of
NOby constitutive NOSin coronary arterial and microvascular
endothelial cells is important in the maintenance of coronary
vascular tone (8, 9). NOproduction by endocardial and endo-
thelial cells may also influence myocardial contraction (8, 10-
12). NOproduced by constitutive NOSin cardiac myocytes
does not appear from current evidence to have a major influence
on basal contractility of cardiac myocytes but it can modulate
heart rate responses to muscarinic cholinergic agonists and in-
hibit the inotropic response to 13-adrenergic agonists (11, 12).
Inducible NOShas been expressed in normal ventricular tissue

1. Abbreviations used in this paper: iNOS, inducible nitric oxide syn-
thases; NO, nitric oxide; NOSnitric oxide synthases.
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and cardiac myocytes in response to cytokines (TNFa, IL-1,1,
IFN-y) and bacterial endotoxin (5, 6, 13-15). The continuous
and large production of NOby iNOS in cardiac myocytes has
been shown to influence heart rate and to modulate myocardial
contractile responses (14, 16).

Current evidence indicates that during allograft rejection
there is a major release of cytokines by activated T lymphocytes
and macrophages which participate in the immune reaction to
foreign HLAand other antigens present in endothelial and other
cells of the transplanted organ (3, 4, 17). Cytokines, particularly
those released by the Th-l subset of lymphocytes, have been
shown to promote the expression of iNOS in several systems
(18, 19). Accordingly, the present study was undertaken to
investigate the hypothesis that during cardiac allograft rejection,
iNOS mRNA, protein, and enzyme activity are induced in car-
diac myocytes and in activated macrophages which infiltrate the
myocardium during the immunologically induced inflammatory
reaction.

Methods

Cardiac transplantation. Male Lewis (TR-1 1) and Wistar-Furth (WF,
RT-lu) rats weighing 180-300 g were purchased from Harlan Sprague
Dawley, Inc. (Indianapolis, IN). The animals were maintained on a 12-
h light/dark cycle and fed a commercially available rat chow diet and
tap water ad lib. Heterotopic abdominal heart transplantation was per-
formed as previously described according to the method of Ono and
Lindsay (20). Transplanted hearts in the abdomen were palpated daily;
rejection was determined by weakening of the heart beat and confirmed
by inspection at laparotomy and by histological examination. Syngeneic
Lewis to Lewis abdominal heart transplants were performed by the same
technique. Hearts were removed at days 1, 3, and 5 for pathological or
biochemical examinations.

Preparation of myocytes. Isolated ventricular myocytes were pre-
pared aseptically using a technique modified from Wittenberg and Rob-
inson (21) and Osbakken et al. (22). Rats were heparinized (1,500 U/
kg) and anesthetized with chloral hydrate; the transplanted hearts were
excised and retrogradely perfused with a modified calcium-free Hepes-
Ringer solution containing 111 mMNaCl, 5.4 mMKCl, 4.2 mM
NaHCO3, 1.5 mMNaH2PO4, 1.6 mMMgCl2, 20 mMHepes acids, 5.4
mMglucose, 4.1 mML-glutamine, 10 mMTaurine (Sigma Chemical
Co., St. Louis, MO), lx minimum essential media vitamin solution
(MEM, GIBCO BRL, Gaithersburg, MD) and lx MEMamino acids
solution (GIBCO BRL). The final osmolarity was 292 mOsm,pH 7.20.
After perfusion with 20 ml (nonrecirculating) of this solution gassed
with 100% 02, the hearts were perfused for another 30 min with this
oxygenated solution containing 0.07% collagenase B (Boehringer-
Mannheim Corp., Indianapolis, IN). Ventricular tissue was minced and
incubated in a shaker bath at 33°C for 15-20 min in 10 ml of perfusion
solution supplemented with 14 mg collagenase B, 40 mg fatty acid free
bovine serum albumin (BSA; Sigma Chemical Co.) and 0.88 mg cal-
cium. The released cells were collected. The process was repeated four
or five times with fresh collagenase solution. The collected cells were
filtered with nylon mesh and washed with Dulbecco's modified Eagle's
medium (DME; GIBCOBRL). Myocytes were purified from nonmyo-
cytic cells with a Percoll (Sigma Chemical Co.) density gradient system
(23). Myocytes sedimenting between 1.082 and 1.061 g/ml were resus-
pended in DMEand plated in laminin-coated dishes (60 jig per 100-
mmdish; Sigma Chemical Co.) at a density of 1 X 106 cells per dish.
The medium was changed after 1 h of incubation to remove most dam-
aged and contaminating cells. The cells that sedimented between 1.061
and 1.050 g/ml were collected separately, and constituted a mononuclear
cell fraction.

Immunocytochemistry. The transplanted hearts were removed and
ventricular tissue was placed in cryoprotectant (Polyfreeze; Polysci-
ences, Warrington, PA) and snap frozen in dry ice/methanol. Frozen

sections, or isolated myocytes, were fixed in acetone for 5 min, rinsed
in phosphate buffered saline (PBS) and incubated in blocking buffer
(PBS containing 1%bovine serum albumin and 2%normal goat serum)
for 30 min at 370C. Slides were incubated with rabbit anti-macrophage
iNOS antiserum (7 Ag/ml) for 45 min at 370C, washed in PBS and
exposed to peroxidase conjugated goat anti-rabbit immunoglobulin
(Sigma Chemical Co.). Localization of peroxidase conjugates was re-
vealed using amino ethylcarbazole (AEC) as the chromogen. The antise-
rum, a generous gift of Dr. David Harrison (Emory University, Atlanta,
GA) was a rabbit polyclonal antiserum raised against peptide sequence
117-128 of mouse macrophage iNOS. Control sections were exposed
to pooled nonimmune rabbit IgG at equivalent protein concentration
and processed as above.

Northern analysis. Poly (A) RNA from ventricular homogenates
and isolated myocytes was prepared by the method of Chomozynski
and Sacchi (24), and isolated by Oligo (dT) cellulose absorption (Fast
Track mRNAisolation kit; Invitrogen, San Diego, CA). Poly(A) RNA
from ventricular homogenates and from isolated myocytes was electro-
phoresed on 1.0% agarose gels containing 15% formaldehyde in 20 mM
MOPS, 5 mMsodium acetate, and 1 mMEDTA and transferred to
nitrocellulose membranes. The blots were prehibridized at 420C for 6
h in 5x SSC, Sx Denhart's solution containing 50% formamide, 0.125
mg/ml salmon testes DNA, 0.1% SDS and 1 mMEDTA, pH 7.4. The
blots were then hybridized to a random primed, 0.9-kb cDNA fragment
cloned from RAW260.1 macrophage iNOS (25) (generously provided
by Dr. C. F. Nathan, Cornell University Medical College, New York)
[32P]dCTP-labeled to 1 x 108 cpmI/ug of cDNA (random primer label-
ing kit; Amersham, Arlington Heights, IL). Hybridization was per-
formed at 42°C for 15 h followed by washing under increasingly strin-
gent conditions. To control for mRNAloading, blots were rehybridized
with a 32P-dCTP-labeled human GAPDHcDNA.

Western analysis. Ventricular tissue was homogenized and isolated
purified myocyfes and infiltrating mononuclear cells were lysed in buffer
containing 150 mMNaCl, 1.0% NP-40, 0.1% SDS, 1 mMEDTA, and
50 mMTris, pH 7.7 supplemented with protease inhibitors (10 ,ug/ml
of antipain and leupeptin, 1 mMphenylmethylsulfonyl fluoride), and
then centrifuged at 10,000 g for 20 min at 4°C. Cytosolic protein (25
,ug per lane) was separated on 8%SDS-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes. After overnight
blocking in Tris-buffered saline with 3%nonfat dried milk and 2%BSA
and subsequent washing, the blots were immunoblotted with the rabbit
anti-macrophage iNOS antiserum (1:1,000) as described. An anti-rab-
bit Ig conjugated to horseradish peroxidase (Amersham), was used as

secondary antibody. Blots were detected with the enhanced chemilumi-
nescence method (Amersham).

Determinations of NOsynthase activity. The excised hearts were
rinsed and perfused with ice-cold saline to remove blood completely.
Ventricular tissue was homogenized in ice-cold buffer containing 50
mMTris-HCl, pH 7.4, 0.05 mMEDTA, 0.5 mMDL-dithiotreitol, 10
gg/ml of antipain, leupeptin, and trypsin inhibitor and 0.1 mg/ml of
phenylmethylsulfonyl fluoride. Homogenates were centrifuged at
100,000 g for 60 min at 4°C. Supernatants were adjusted to a protein
content of 2 mg/ml using BCA protein assay (Pierce, Rockford, IL)
and bovine serum albumin as standard, and were used for the enzyme
activity assay immediately. NO synthase activity was determined by
incubation of the myocardial cytosolic enzyme preparations with 15
mMHepes, pH 7.4, 2 mML-arginine or 0.35 1sM [3H]L-arginine, 0.1
mMNADPHand 2 mMMg(OAc)2 for 20 h and then measurements
of the formation of NO2 with the Greiss reagent and measurements of
the conversion of [3H]L-arginine to [3H]citrulline by liquid scintillation
counting of AG5OW-X8 column effluents (26).

Determination of cyclic GMP. Freshly isolated myocytes were ex-
tracted in ice-cold 0.1 N HCl for 30 min and then centrifuged at 10,000
g for 20 min at 4°C. Supernatants were neutralized with 1.0 N NaOH
and protein content was measured as described above. Supernatants
were kept at -70°C and measured in a single assay using a cGMP
radioimmunoassay kit (Amersham). The intra-assay coefficient of varia-
tion was 8% (n = 5).
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Figure 2. Northern blots from
homogenates of rat ventricles at
day 5 after transplantation.
iNOS mRNA(12 mgpoly(A)+
RNA/lane) was expressed in the
tissue from the rejecting alloge-
neic cardiac allografts (A) but
not in the syngeneic control
grafts (S).
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Figure 1. Time course of histology in cardiac allograft rejection. Sec-
tions of ventricular myocardium from cardiac allografts at day 1 after
transplantation (a) were histologically normal as were sections from
syngeneic grafts. By day 3 (b) there was a minor inflammatory infiltrate
evident in the adventia of venules (arrowhead); cardiac myocytes ap-
peared normal and there was no evidence of interstitial edema. At 5 d
after transplantation (c) hearts were edematous, revealed marked in-
flammatory infiltrate consisting of lymphocytes and macrophages, and
there was necrosis of cardiac myocytes. After 6 d (d) there was extensive
myocyte necrosis with accompanying inflammatory cells and edema.
Hematoxylin and eosin. X 125.
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4.3 kb in both ventricular homogenates (Fig. 2, n = 3) and
isolated cardiac myocytes (Fig. 3, n = 3) from rejecting cardiac
allografts at day 5. However, there was no iNOS mRNAde-
tected in the ventricular homogenates or isolated cardiac myo-
cytes from syngeneic controls. The expression of GAPDH
mRNA, a control for RNAloading, did not differ significantly
in the two blots.

Using the rabbit polyclonal antiserum to peptide sequence
117-128 of macrophage iNOS, Western blotting identified a
main protein iNOS band with an estimated molecular weight
of 130 kD in ventricular homogenates from the rejecting cardiac
allografts but not from the syngeneic controls (Fig. 4, lanes I
and 2; n = 5). Isolated cardiac myocytes from both sets of
grafts were purified > 90% using a Percoll density gradient
followed by adhesion of the myocytes to laminin coated dishes.
Purification was assessed by staining cells of the myocyte frac-
tion from the allografts with hematoxylin and eosin (Fig. 5 b).
Abundant iNOS was detected in isolated and purified myocytes
from rejecting allografts (Fig. 4, lane 4, n = 5), but not in
purified myocytes from syngeneic controls (Fig. 4, lane 3).
Cells from the rejecting allografts that sedimented on the Percoll
gradient between 1.061 and 1.050 g/ml were found to be a
mixture of predominantly macrophages and some lymphocytes
together with damaged cardiac myocytes (Fig. 5 a). The iNOS
protein was revealed in the mononuclear cell fraction from the
rejecting allografts (Fig. 4, lane 6), while no band was visible
in the same density gradient fraction from the syngeneic controls
(Fig. 4, lane 5). The iNOS protein was not detected in Western
blots of neonatal rat cardiac myocytes that had been maintained
in tissue culture until there were no contaminating inflammatory
cells (Fig. 4, lane 7); however, the iNOS protein was detected
in cultured neonatal cardiac myocytes that had been treated for
24 h with cytokines (IL-1/3 5 ng/ml, IFN-y 9 ng/ml, and TNFa

The time course of the pathological changes in the Wistar-
Furth:Lewis allogeneic allografts is depicted in Fig. 1. At day
1 the histology of the allogeneic allografts was normal as were
the syngeneic grafts (Fig. 1 a). At day 3 there was a slight
infiltrate of lymphocytes and macrophages (Fig. 1 b). At day
5 there was a marked inflammatory infiltrate of lymphocytes
and macrophages with tissue edema and necrosis of myocytes
(Fig. 1 c). At day 6 necrosis of cardiac myocytes was more
extensive (Fig. 1 d). With this transplantation model cessation
of the heart beat due to rejection usually occurs at 7 to 9 d.

Northern analysis revealed abundant iNOS mRNAsignal at

28S -

Figure 3. Northern blots from
isolated cardiac myocytes. iNOS
message (1.6 mg poly(A)+
RNA/lane) was expressed in
myocytes from the rejecting al-
logeneic cardiac allografts (A)
but not from syngeneic control
grafts (S).
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Figure 4. Western analysis of
iNOS enzyme in rat hearts at day
5 after transplantation. Cytosolic
protein (25 Mg/lane) from ven-

tricular tissue homogenates
(lanes 1 and 2), and isolated and
purified myocytes (lanes 3 and
4), as well as mononuclear cells
(lanes 5 and 6) was separated
by 8%SDS-PAGEand trans-
ferred to nitrocellulose mem-

brane. Immunoblot was performed with polyclonal antiserum raised
against a peptide of macrophage inducible NOsynthase and identified
one main band with an estimated molecular weight of 130 KD in alloge-
neic cardiac samples, but not in syngeneic control samples. A, alloge-
neic; S, syngeneic. NOsynthase in neonatal myocytes (lanes 7 and 8)
was induced by 5 ng/ml of IL-l1,, 9 ng/ml of IFN-y, and 25 ng/ml of
TNF-a as positive control. U, untreated; C, cytokine treated.

25 ng/ml) known to induce the enzyme in these cells (Fig. 4,
lane 8). Western blots from syngeneic and allogenic grafts on

days 1 and 3 revealed no detectable iNOS band.
Myocardial cytosolic iNOS preparations were made from

100,000 g supernatants of ventricular homogenates. The activity
of iNOS was assessed by incubating the crude enzyme prepara-

tions with L-arginine and cofactors specific for the inducible
enzyme and measurement of nitrite with the Greiss reagent.

Nitrite formation from L-arginine was increased significantly in
the rejecting allografts in comparison to the low basal levels
observed in the syngeneic controls at day 5 (Fig. 6, n = 6, P
< .01). Only minimal levels of nitrite were detected at days 1

and 3 from allogeneic grafts (n = 2). Conversion of [3H]L-
arginine to [3H]L-citrulline by the cytosolic enzyme from the
rejecting allografts at day 5 was also increased significantly to

levels that were 280±47% of syngeneic controls. Cyclic GMP
levels were also measured in ventricular myocytes isolated from
both sets of grafts at day 5 after transplantation (Fig. 7). Cyclic
GMPlevels were increased significantly in cardiac myocytes

P ( .01
° 30-.

El
N.
E

'. 20-

E

0 10
E

04

0

Syngeneic Allogeneic

Figure 6. Comparison of iNOS activity in allogeneic and syngeneic
ventricular tissue at day 5 after transplantation. The crude enzyme prepa-

rations as described in Methods were incubated with L-arginine and
cofactors at 370C for 20 h; N02- production in the reaction mixture
was determined in duplicate by the Griess reaction. Each bar represents

the mean±SEMof the six rat hearts within each group.

isolated from rejecting allografts above the levels found in myo-

cytes from syngeneic grafts (n = 3, P < .05).
Immunostaining using the same rabbit anti-iNOS antiserum

and a double antibody peroxidase technique was performed on

frozen sections obtained from the rejecting cardiac allografts
and from the syngeneic grafts. Increased peroxidase staining
indicative of iNOS was observed in macrophages and lympho-
cytes and in some microvascular endothelial cells interspersed
between cardiac muscle fibers of the rejecting cardiac allografts
(Fig. 8, left panel). There was also increased staining indicative
of iNOS in a diffuse cytoplasmic pattern associated with the
periphery of the cardiac muscle fibers of the rejecting allografts
(Fig. 8 a). These changes were not observed in sections from
the syngeneic grafts (Fig. 8 c). Isolated and purified myocytes
from both sets of grafts were also immunostained with the
anti-iNOS antiserum. The purified myocytes from the rejecting
cardiac allografts revealed a diffuse peripheral pattern of in-
creased iNOS staining (Fig. 9 b) in comparison with purified
myocytes from the syngeneic grafts (Fig. 9 c). The mononu-

clear cell fraction from the rejecting allografts also showed
increased iNOS staining (Fig. 9 a). In addition, the neonatal
cultured myocytes in which NOShad been induced by treatment
with cytokines showed positive iNOS staining whereas unstimu-
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Figure 5. Cytospin preparations of the purified cardiac myocyte fraction
from representative samples used for the Western blots are shown above
(b) as well as the cell fraction from the density gradient between 1.061 -

1.050 g/ml containing mononuclear cells and damaged cardiac myo-

cytes (a). Hematoylin and eosin. x 125.
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Figure 7. Comparison of cyclic GMPlevels in allogeneic and syngeneic
cardiac myocytes at day 5 after transplantation. Cyclic GMPin isolated
cardiac myocytes was extracted and determined in duplicate, as de-
scribed. Each bar is the mean±SEMof the three rat hearts within each
group.
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Figure 8. Immunostaining for iNOS. Frozen sections of ventricular myocardium from a rejecting allograft 5 d after transplant stained with rabbit
anti-iNOS (a). The left panel displays immunoreactivity in the vascular endothelium (large arrowhead) and infiltrating inflammatory cells (small
arrowhead); on the right panel the reaction product is evident in the periphery of cardiac myocytes and in inflammatory cells. An adjacent section
stained with hematoxylin and eosin is shown (b). A comparable section from a syngeneic control graft showed no immunoreactivity (c). x300.

lated neonatal myocytes were negative (Fig. 10, a and b). Nei-
ther tissue sections nor purified myocytes or inflammatory cells
showed positive immunostaining with control nonimmune se-

rum (data not shown).

Discussion

The data from this study demonstrate for the first time that the
inducible NOsynthase mRNA,protein, and enzyme activity are

expressed in the myocardium during cardiac allograft rejection.
Significant levels of iNOS were not present in syngeneic control
hearts. The iNOS mRNAand protein were also present in iso-
lated purified myocyte preparations from the rejecting allo-
grafts. Immunocytochemistry indicated that iNOS protein was
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increased in macrophages infiltrating the myocardium and in
cardiac muscle fibers and in isolated purified cardiac myocytes
from the rejecting allografts. The increased iNOS activity in
the rejecting cardiac allografts was associated with significant
increases in myocardial cyclic GMPcontent and with depressed
ventricular contractility as indicated by palpation of weakened
cardiac contractions in vivo. The increased iNOS activity in the
rejecting cardiac allografts was also associated with histological
evidence of myocardial edema and patchy necrosis of cardiac
muscle fibers.

The iNOS mRNAin the myocardial tissue and isolated
cardiac myocytes from the rejecting hearts was measured using
a cDNA cloned from RAW260.1 macrophages by Xie et al.
(25) and the enzyme protein was assessed in Western blots

c d

Figure 9. The isolated and purified myocytes from a rejecting allograft (b) revealed a diffuse punctate pattern of increased iNOS immunostaining
which appears more intense along the plasma membrane in comparison to myocytes from a syngeneic control graft (c). Mononuclear cell-rich
fraction from rejecting allograft (a) also showed increased iNOS staining of both macrophages and myocytes. Hematoxylin and eosin stained
myocytes (d) from the same sample as shown in (b). x300.
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Figure 10. Primary cultures of neonatal myocytes treated with 5 ng/ml
of IL-1/3, 9 ng/ml of IFN-y and 25 ng/ml of TNF-a for 24 h (a)
revealed increased iNOS immunoreactivity in comparison to untreated
control myocytes (b). x300.

using a polyclonal antibody raised against a peptide correspond-
ing to amino acids 117 to 128 of macrophage iNOS. The nucleo-
tide sequence for the isoform of iNOS in cardiac myocytes has
not yet been published, but preliminary data indicates that it is
nearly identical to that of the macrophage enzyme (15). Using
the cDNA for macrophage iNOS, Northern analysis demon-
strated iNOS mRNAin ventricular tissue and cardiac myocytes
from the rejecting cardiac allografts and also in J774.1 macro-
phages (26) and in neonatal rat cardiac myocytes and adult
cardiac myocytes (data not shown) that had been stimulated
with cytokines.

Western blots indicated the presence of iNOS protein in
cardiac myocytes isolated and purified from the rejecting allo-
grafts and also in a fraction from the density gradient that was
enriched in mononuclear cells and damaged cardiac myocytes.
Using the same polyclonal antiserum Western blots revealed
the characteristic iNOS protein band in J774.1 macrophages
(26), neonatal cardiac myocytes and in adult rat cardiac myo-
cytes (unpublished data) that had been stimulated with cyto-
kines.

At day five after heart transplantation the cellular infiltrate
in the rejecting myocytes was primarily macrophages and lym-
phocytes along with a few polymorphonuclear leukocytes. In-
creased immunostaining for iNOS was apparent in the infiltrat-
ing macrophages and also in some of the lymphocytes in the
tissue sections. Mononuclear staining for iNOS was also very
apparent in the fraction from the density gradient that contained
macrophages attached to damaged cardiac myocytes. Endothe-
lial cells lining small vessels in the rejecting allografts also
revealed increased immune staining for iNOS.

In different cell systems NOfunctions as both a paracrine
as well as an autocrine messenger to transduce intracellular
biochemical events. NOproduced by iNOS in the infiltrating
macrophages may affect adjacent cardiac myocytes in a fashion
analogous to the effects of NOsynthesized by endothelial and
endocardial cells to depress the contractile function of adjacent
heart muscle cells (11, 13, 27). Hoffman, Langrehr and col-
leagues have also reported evidence that NOsynthesis by lym-

phocyte subsets may modulate alloantigen-induced activation
of cytotoxic lymphocytes in vivo during the allograft response
(28-30).

Immunostaining of cardiac myocytes with the rabbit antise-
rum to iNOS was more intense in cardiac muscle fibers and in
purified cardiac myocytes from the rejecting hearts than in tissue
sections and isolated and purified cardiac myocytes from the
syngeneic grafts. These findings, plus the significant amount of
iNOS protein apparent on the Western blots from ventricular
tissue and from the isolated and purified cardiac myocytes from
the rejecting allografts, provide additional evidence that iNOS
was induced not only in inflammatory cells but also in the
cardiac myocytes during transplant rejection. Whether NOpro-
duced by iNOS in cardiac muscle cells during transplant rejec-
tion influences cardiac performance is unknown at this time.
Autocrine effects of NOproduced in heart muscle to reduce
myocardial contractility have been reported, however (12,
16, 31).

The enzyme activity of iNOS in the rejecting hearts was
several fold higher than the low level of activity found in synge-
neic control grafts. The enzyme activity of iNOS is directly
influenced by the availability of the substrate L-arginine, is con-
tinuous for long periods of time and produces much higher
levels of nitric oxide than those produced by the constitutive
isoforms (5-7). The activity of the constitutive NOsynthases
is dependent upon calcium and calmodulin, whereas that of
iNOS does not require calcium and calmodulin which were
omitted from the incubation mixture used to assess enzyme
activity (5, 7, 25, 32). The finding that iNOS enzyme activity
is increased in rejecting cardiac allografts is consistent with
related data obtained in transplant models by others. Langrehr
and colleagues (29, 30) reported that the blood levels of nitrite,
the stable breakdown product of NO, were increased in rats
during renal, liver and cardiac allograft rejection (30) and that
nitrite levels also rose significantly in a sponge allograft model
of rejection (29). In endomyocardial biopsy specimens from
patients with dilated cardiomyopathy iNOS enzyme activity was
also reported to be higher than in biopsies that were histologi-
cally normal from other patients (33).

Nitric oxide acts upon its target molecule soluble guanylyl
cyclase to stimulate the formation of cyclic GMP(5-7). Cyclic
GMPlevels in isolated cardiac myocytes from rejecting cardiac
allografts with increased iNOS mRNA, protein and enzyme
activity were elevated markedly above levels found in myocytes
from the syngeneic grafts. This result is similar to that of Schultz
et al who observed increased cyclic GMPin myocardium from
guinea pig hearts in which iNOS had been induced with IFN-
y and endotoxin (13). In studies by Brady et al. (31) the
amplitude of contraction of isolated cardiac myocytes was re-
duced in cells from animals treated with endotoxin to induce
iNOS (31) and also was reduced in a dose dependent fashion
in myocytes from normal guinea pigs that were incubated in
media containing NOor the NOdonor sodium nitroprusside
(9). The latter effect was duplicated by incubating the cardiac
myocytes in media containing increasing concentrations of the
cyclic GMPanalogue, 8-bromo-cyclic GMP(9).

It is probable that cytokines released by T lymphocytes and
macrophages involved in the immunological response to foreign
antigens are responsible for the induction of iNOS during car-
diac allograft rejection (3, 4). Among the cytokines that have
been detected in rejecting organs are the interleukins 1, 2, and
4, IFN-y and TNFa (4, 17). Although the specific panel of
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cytokines responsible for iNOS induction in rejecting hearts is
currently unknown, evidence exists that cytokines elaborated
by the Th-1 subset of T lymphocytes may contribute to iNOS
induction in other experimental systems (18, 19). In macro-
phages iNOS expression has been induced by exposure of the
cells to IFN-y, bacterial endotoxin, TNFa or IL-1,3 (5, 25, 34,
35). The expression of iNOS has also been induced in endothe-
lial cells (36), in vascular smooth muscle cells (37), and in
arterial ring preparations (6) by incubation with the same cyto-
kines. Schulz et al. ( 13) reported that iNOS activity was induced
in guinea pig hearts and in isolated adult cardiac myocytes
from guinea pig hearts in response to treatment with IFN-y and
bacterial endotoxin. Roberts et al. (14) demonstrated that IL-
1P caused an induction of iNOS activity and mRNAin neonatal
rat cardiac myocytes maintained in tissue culture, and that this
induction of iNOS was inhibited by treatment of the cells with
transforming growth factor beta. In preliminary studies, Balli-
gand et al. (15) and we (unpublished data) have induced iNOS
mRNAin adult rat cardiac myocytes incubated with IL-13,
IFN-y, and TNFa.

Although the present studies provide evidence that cardiac
allograft rejection induces iNOS in cardiac muscle cells and
macrophages infiltrating the allograft, they do not document
the functional consequences of iNOS induction in this setting.
Hypotension, reduced cardiac output, and diminished pressor
responses to catecholamine infusions are the hemodynamic
characteristics of late stage human cardiac transplantation rejec-
tion. Necrosis of cardiac muscle fibers and tissue edema are
histological consequences of the rejection process. Ongoing in-
vestigations in our laboratory will attempt to define the role of
iNOS induction in both of these consequences by demonstrating
the effect of inhibitors of iNOS enzyme activity and of iNOS
induction upon the hemodynamic and pathological sequelae of
allograft rejection in this model.

Conceivably, high levels of NOproduced by iNOS induced
in cardiac myocytes and in infiltrating macrophages during allo-
graft rejection could modify ventricular contractility and the
responses of heart muscle to muscarinic and adrenergic stimuli.
Administration of inhibitors of NOSto isolated perfused normal
hearts (5, 12, 16) or to isolated myocytes from normal adult rat
hearts was not associated with significant changes in contractile
force or amplitude. However, Finkel et al. (38) observed that
administration of cytokines acutely depressed tension develop-
ment in rat papillary muscles, an effect which was reversed
by administration of drugs which inhibit NOS. In studies by
Balligand and co-workers, inhibitors of NOsynthesis or activity
impeded muscarinic retardation of the beating rate of neonatal
myocytes and augmented the inotropic responses of both neona-
tal and adult rat cardiac myocytes to beta adrenergic agonists
(12, 16). The induction of iNOS by endotoxin in guinea pig
hearts by Brady et al. (31) was associated with reduced ampli-
tude of basal contraction which was partially reversed by inhibi-
tion of NOS.

The causes of the necrosis of cardiac myocytes that is char-
acteristic of cardiac allograft rejection are incompletely under-
stood and have been attributed primarily to actions of cytotoxic
lymphocytes (4, 17). NOsynthesized by iNOS in macrophages
and cardiac myocytes may also exert cytotoxic effects on the
heart muscle cells during allograft rejection. Evidence has been
accumulated that NOsynthesized by iNOS in activated macro-
phages is cytostatic and cytotoxic to bacteria and parasites and
to tumor and pancreatic islet cells (36, 39-42). Induction of

iNOS in endothelial cells by cytokines was associated with
increased cell death of the endothelial cells, an effect which
was blocked by inhibitors of NOsynthesis (43). It is believed
that the cytotoxicity of NOis mediated in part by the binding
of NOto iron-containing enzymes such as enzymes in the mito-
chondrial electron transfer chain (complexes I, IV, V), aconi-
tase and ribonucleotide reductase (5, 7, 35, 39-42). The induc-
ible NOsynthase has also been implicated in autoimmune com-
plex injury and in other inflammatory reactions that produce
tissue damage and edema (44, 45). In these situations, oxygen
radicals may combine with NOto form perioxynitrite leading
to production damaging of hydroxyl radicals (46, 47). Consis-
tent with the idea that NOproduced by inducible NOsynthase
may be involved in the destruction of heart tissue during cardiac
allograft rejection are the observations by Lancaster and et al.
(48) that electron paramagnetic resonance signals indicative of
iron-nitrosyl complexes were observed in rat cardiac allografts
during rejection but not in control syngeneic grafts or other
tissues of the transplanted animals (48).
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