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We have recently shown that transforming growth 

factor-@ (TGFB) acts in an autocrine manner to main- 

tain the beating rate of neonatal rat cardiac myo- 
cytes cultured in serum-free medium on cardiac 

fibroblast matrix. Interleukin-lp (IL-lb) suppresses 

the myocyte-beating rate, and TGFB antagonizes 
this effect. We now show that TGFP and IL-lb also 

have antagonistic effects on the secretion of nitric 

oxide (NO) by these myocytes, and that NO secre- 
tion, the activity of NO synthase (NOS), and expres- 

sion of the inducible form of NOS correlate inversely 

with the effects of these two agents on the beating 

rate. Western blot analysis shows that treatment of 

myocytes with TGFP antagonizes the induction of 
NOS after treatment with IL-l& Release of NO, in- 

duced by IL-l& is dependent upon the availability 

of the substrate, L-arginine, and is suppressed by a 

competitive inhibitor, NG-monomethyl+-arginine. L- 

Arginine (~0.25 mM) also suppresses, and NG-mon- 

omethyl-L-arginine (>0.5 mM) enhances the my- 

ocyte-beating rate. Treatment with IL-l& but not 

TGFP, increases cellular cGMP, presumably by ac- 

tivation of guanylate cyclase by NO. Methylene blue, 
an inhibitor of guanylate cyclase, reverses the 

suppression of beating caused by IL-lb. Bacterial 

lipopolysaccharide, present in the serum-free me- 

dium, is a coinducer of NO secretion. The suppres- 

sive effects of NO on the beating rate can be over- 

come by altering either the set of cytokines em- 

ployed to induce NO or the matrix on which the 
myocytes are cultured, demonstrating that addi- 

tional parameters are also involved in regulation of 

the beating rate. (Molecular Endocrinology 6: 1921- 

1930,1992) 

INTRODUCTION 
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It is increasingly appreciated that reactive nitrogen in- 

termediates, including nitric oxide (NO), play critical 

roles in a wide spectrum of physiological processes, 
including those of the central and peripheral nervous 

systems, kidney, immune system, and cardiovascular 
system (1). Two distinct isoforms of the enzyme NO 

synthase (NOS) catalyze production of NO by oxidation 

of a guanidino nitrogen of L-arginine (2). One isoform 
(cNOS) is constitutive and calcium/calmodulin depend- 

ent, as described in the cerebellum (3), penile corpus 
cavernosum (4) endothelium (5) myocardium (6) and 

isolated adult myocytes (6). This enzyme can activate 

NO synthesis within a very short time frame. The other 

isoform (iNOS) is independent of elevated calcium and 
exogenous calmodulin (7) and can be induced over a 

period of several hours in a variety of cell types, includ- 
ing macrophages (8-1 I), endothelial cells (12) smooth 

muscle cells (13), renal mesangial cells (14) and adult 
cardiac myocytes (6). Bacterial endotoxin [lipopolysac- 

charide (LPS)] and a variety of inflammatory mediators, 

such as interleukin-1P (IL-lb), tumor necrosis factor-a 
(TNFLu), and interferon-r (IFNr), all induce this enzyme 

activity and NO production. In macrophages and mes- 

angial cells, the transforming growth factors-p (TGFP) 
suppress synthesis of NO induced by exposure to 

proinflammatory cytokines (14, 15); a newly described 
macrophage-deactivating factor has a similar suppres- 

sive activity in macrophages (15). 
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We have been studying the function of TGFp in the 
physiology and pathophysiology of the heart. TGFP 

plays a critical role in this tissue, as shown by its acute 
regulation after experimental myocardial infarction (16) 

its localization in the mitochondria of cardiac myocytes 

(17) and its ability to protect the heart from damage 
resulting from ischemia and reperfusion (18). Moreover, 

we have shown that TGFP maintains the function of 

cultured neonatal cardiac myocytes, both acting in an 
autocrine fashion to regulate the beating rate of the 

cells and antagonizing the suppressive effects of IL-l p 
on the beating rate (19). 

Recently, synthesis of NO has been implicated in the 
regulation of cardiac contractility in several different 

model systems, including isolated papillary muscles 

(20) myocardium after reoxygenation injury (21) myo- 
cardium of rats treated with endotoxin, and cultured 

adult rat cardiac myocytes (6). Based on these obser- 

vations, we have investigated whether the opposing 
effects of IL-lp and TGFP on the spontaneous beating 

rate of cultured neonatal rat cardiac myocytes might be 

mediated in part by NO. Our results demonstrate that 
IL-l B induces neonatal myocytes to express iNOS and 

release NO, and that TGFP, added alone or together 
with IL-16, suppresses the release of NO by reducing 

the level of INOS. The effects of each of these cytokines 
on the activity of iNOS correlate inversely with their 

effects on the beating rate. However, alteration of the 
culture conditions demonstrates that the production of 

NO by neonatal myocytes can occur independently of 
effects on the beating rate, suggesting that NO is only 
one of several factors important in the regulation of this 

aspect of myocyte function. 

RESULTS 

Neonatal rat cardiac myocytes purified on a Percoll 

gradient and cultured in serum-free Dulbecco’s Modi- 
fied Eagle’s Medium-Ham’s F-l 2 (DMEM/Fl2) medium 
supplemented with ITS+ (insulin, transferrin, selenium, 

linoleic acid, and BSA) were grown on matrix secreted 

by cultured cardiac fibroblasts, as previously described 

(19). Under these conditions, the rate of spontaneous 
beating of the myocytes slowly declines over a 24-h 

culture period; the rate of decline is accelerated by the 
addition of IL-lb and reversed by TGFB, added either 

alone or together with IL-lb. To ascertain whether 

neonatal myocytes might secrete NO and whether its 
production could be correlated with effects on their 

beating rate, myocytes were treated with IL-lp, TGFP, 
or the combination of the two cytokines, each at 5 ng/ 

ml. 

TGFP and IL-1P Have Antagonistic Effects on NO 
Secretion 

As shown in Fig. IA, treatment of myocytes for 22 h 
with IL-l /3 resulted in an increase in the specific activity 
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Fig. 1. Effects of IL-l@ and TGFB on the Specific Activity of 

NOS and Nitrite Secretion by Neonatal Myocytes 

Myocytes were cultured, as described, on cardiac fibroblast 

matrix in serum-free medium containing ITS+ (high LPS) and 

IL-lb, TGFP, or the combination of the two, each at 5 rig/ml. 

A, Specific activity of NOS in extracts of cells cultured for 22 

h under experimental conditions. Results represent the mean 

+ SEM of two experiments, each containing cells pooled from 

five individual wells. B, Nitrite levels measured in aliquots of 

medium pooled from four wells. Cells were cultured in 1 ml 

medium containing vehicle (0) IL-lp (0) TGF@ (a), or IL-10 

plus TGFB (A). At each time point beginning at 14 h. 100~~1 

aliquots were removed from each well, pooled, and assayed. 
Data are from a representative experiment. 

of NOS in cellular extracts, whereas treatment with 

TGFP, either alone or in combination with IL-lp, sup- 

pressed that activity. NOS activity reflects the NO syn- 

thetic capacity of the myocytes at the time of measure- 

ment. In contrast, accumulation of nitrite in the medium 

represents the summation of enzyme activity through- 

out the time period studied, since NO secreted by cells 

rapidly decomposes to more stable products, i.e. nitrite 

and nitrate (10). As shown in Fig. 1 B, analysis of the 

time course of nitrite secretion shows effects of IL-1B 

and TGFP similar to those observed on NOS activity. 

There was a lag phase of nearly 15 h before detectable 

levels of nitrite accumulated in the medium of myocytes 

treated with IL-lp; thereafter, there was a steady in- 

crease in nitrite secretion, persisting for at least 48 h 
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(Fig. 1B). The suppressive effects of TGFP also per- 

sisted throughout the 48-h observation period; myo- 
cytes treated with both TGFP and IL-lb secreted less 

than 15% the amount of nitrite secreted by myocytes 
treated with IL-l B alone. 

Accumulation of Nitrite Is Dependent on Oxidation 

of L-Arginine 

When myocytes were cultured in DMEM lacking L- 

arginine, the secretion of nitrite induced by treatment 

of myocytes with IL-l p was markedly stimulated by the 
addition of L-arginine, the substrate for NOS. In con- 

trast, the addition of NG-monomethyl-L-arginine (NMA), 

a competitive inhibitor of NOS, suppressed nitrite se- 
cretion in the presence of L-arginine (Fig. 2). 

NO activates guanylate cyclase by formation of a 
nitrosyl-heme complex at the active site of the enzyme 

(22). Its product, cGMP, has been shown to mediate 

many of the biological effects of NO (23). While nitrite 
was measured after accumulating for 24 h in culture, 

cGMP was assayed for only a IO-min period at the 
conclusion of the experiment. Nonetheless, as shown 
in Fig. 2, there was a correlation between cellular cGMP 
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Fig. 2. Effects of L-Arginine and NMA on Nitrite Release by 

Myocytes Treated with IL-10 

Cells were cultured in L-arginine-free DMEM for 22 h in the 

presence of 5 rig/ml IL-l @ and the indicated concentrations of 

L-arginine and NMA. Nitrite and cGMP were determined, as 

described, in samples pooled from five replicate wells. Data 

are from one of five similar experiments. 

and nitrite accumulation by myocytes cultured in L- 

arginine-free medium. The reduced levels of both nitrite 
and cGMP in cells treated with NMA in the presence of 

added arginine as well as the L-arginine-dependent 
increase in each of these parameters demonstrate the 

role of L-arginine oxidation in regulation of levels of both 

nitrite and cGMP. 

LPS Is a Coinducer of iNOS 

Since LPS can act as a coinducer of nitrite secretion by 
macrophages (8, 9) as well as by short term cultures of 

adult cardiac myocytes (6) we determined the LPS 

levels in solutions used to prepare the myocytes and in 
the culture medium. Although myocytes were exposed 

to LPS during separation on the Percoll gradients, 

medium collected from myocytes 48 and 72 h after the 
initial plating contained undetectable levels of LPS (~5 

pg/ml). However, an unexpected source of significant 

concentrations of LPS was the ITS+ supplement (Col- 
laborative Research, Waltham, MA), which contributed 

approximately 50-70 pg/ml LPS to the final serum-free 
culture medium. For this reason, we examined the 

effects of replacing this supplement with another ITS 
preparation (Biofluids, Rockville, MD) together with a 

lipid-rich BSA preparation, Albumax (Gibco, Grand Is- 

land, NY). DMEM/F12 supplemented with these re- 
agents (ITS/Albumax) had approximately 1% the LPS 

present in medium supplemented with ITS+. 
As shown in Fig. 3. culture of myocytes on cardiac 

fibroblast matrix using serum-free medium supple- 

mented with ITS/Albumax (low LPS) markedly reduced 
both basal and IL-Ifi-induced levels of nitrite secretion 

and NOS activity compared to those of myocytes cul- 
tured in medium supplemented with ITS+ (high LPS). 

Nitrite levels of myocytes cultured in ITS/Albumax me- 

dium and treated with IL-18 averaged 37% those of 

corresponding cultures supplemented with ITS+ (mean 
of seven different experiments comprising 41 individual 
wells). Both the release of nitrite and the NOS activity 

of myocytes cultured in low LPS medium were in- 
creased by the inclusion of LPS in addition to IL-ID. 

The highest levels of both nitrite and NOS activity were 

seen in cultures treated with TNFcv and IFNy in addition 
to IL-l p. These data demonstrate that the inflammatory 

mediators TNFo( and IFNy, like LPS, can each synergize 

with IL-l@ to induce NO, and that LPS present in the 
ITS+ (high LPS) supplement probably serves as a 

coinducer of NO secretion together with IL-lp. 

TGFP Suppresses Accumulation of iNOS 

The above data suggest that TGFB acts by either 

suppressing the activity of iNOS or preventing its ac- 
cumulation. As shown in Fig. 4, iNOS was not detect- 

able in an immunoblot of lysates of myocytes made at 

the time of their initial isolation, 72 h later at the time of 

switching the cells to serum-free culture conditions, or 
after 24 h of culture in serum-free low LPS medium 
supplemented with ITS/Albumax. However, the inten- 
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Fig. 4. Western Blot of iNOS Induced in Cardiac Myocytes 

Cultures of rat neonatal myocytes were prepared, as de- 

scribed (0 day), and cultured in 5% calf serum for 72 h (3 day). 

Cells were then washed with serum-free medium and placed 

in fresh serum-free medium containing ITS (Biofluids) and 

Albumax (Gibco) or ITS+ (Collaborative Research). Cells were 

left untreated [control (C)] or treated with the indicated com- 

binations of IL-l@ (5 rig/ml), LPS (20 pg/ml), TGFp (5 rig/ml), 

TNFol (25 rig/ml), and IFNy (9 rig/ml) for 22 h before being 

harvested, lysed, and subjected to SDS-polyacrylamide gel 

electrophoresis (15 Pg protein/lane), followed by immunoblot 

0 
with anti-iNOS IgG, as described. Numbers on the left side 

CO”llOl IL-1 IL-, IL.1 IL.1 Control IL-1 TGF-” IL-l IL-l 
indicate the apparent mol wt of prestained markers. An extract 

.LPS tLPS rlFN f TGF-” I IFN 
f TGF.” f TNF l TNF 

of macrophages treated with IFNr was used as a control 

- I I  @WV. 

Albumax (low LPS) ITS+ (high LPS) 

Fig. 3. Comparison of Effects of Medium Supplements Con- 

taining Different Levels of LPS on the Ability of Cytokines to 

Induce NOS Activity and Nitrite Release in Neonatal Myocytes 

Cells were cultured for 22 h in medium containing either a 

low LPS supplement [ITS (Biofluids) plus Albumax] or a higher 

LPS supplement (ITS+; Collaborative Research). Cytokines 

were added at the following concentrations: IL-lb and TGFP, 

5 rig/ml; IFN-y, 9 rig/ml; TNFa, 25 rig/ml, and LPS, 20 Kg/ml. 

Nitrite release and NOS specific activity were measured in 

pools of medium or cells of 12 and 10 replicate wells, respec- 

tively. Results are from one of more than four experiments of 

similar design. 

sity of a 130-kilodalton band corresponding to iNOS 
increased progressively in cultures treated with IL-l@ 
alone or together with LPS or with the combination of 
TNFa and IFNy; these results correlate closely with the 
findings shown in Fig. 3. Levels of iNOS were somewhat 
higher in cells cultured in the low LPS medium in the 
presence of IL-l@ and LPS than in the high LPS medium 
with the addition of IL-lp alone, possibly reflecting the 
higher level of LPS added. Most importantly, the addi- 
tion of TGFP inhibited the accumulation of INOS, re- 
gardless of the medium supplements. 

NO Is a Regulator of the Beating Rate of Neonatal 

Myocytes 

We showed previously that the beating rate of the 
cultured myocytes begins to decrease only after 1 O-l 4 
h (19). This is the time period when levels of nitrite 
begin to accumulate to detectable levels in the medium 
(Fig. lB), suggesting that NO might affect the beating 
rate. As shown in Fig. 5, the beating rate of myocytes 
treated with TGFP, IL-l& or the combination of the two 

correlated inversely with the levels of nitrite found in 
the medium. Figure 6A shows that the effects of IL-l p 
on suppression of the beating rate or enhancement of 
nitrite secretion were dose dependent, as was the 
ability of TGFP to reverse the effects of IL-1 @ (Fig. 6B). 
EDs0 values for IL-l@ alone or TGFP in the presence of 
5 rig/ml IL-lp were approximately 0.3 and 0.02 rig/ml, 
respectively, for effects on nitrite secretion and 0.08 
and 0.1 rig/ml, respectively, for effects on the beating 
rate. 

Significantly, the beating rate of neonatal myocytes 
was also a function of L-arginine oxidation, as shown 
in Fig. 7. The addition of L-arginine to myocytes cultured 
in L-arginine-free medium suppressed the beating rate 
of both control (not shown) and IL-1 P-treated myocytes 
in a dose-dependent fashion, whereas the competitive 
inhibitor NMA, added in the presence of 0.25 mM L- 

arginine, increased the beating rate. Comparison of 
Figs. 3 and 7 again shows a strong inverse correlation 
between the effects of either L-arginine or NMA on the 
beating rate compared to their effects on levels of either 
secreted nitrite or intracellular cGMP. Moreover, the 
approximately 53% decrease in cGMP and 320% in- 
crease in the beating rate (average of three experi- 
ments) of myocytes treated with IL-l@ and methylene 
blue, an inhibitor of guanylate cyclase, support a role 
for cGMP as a more proximal mediator of the effects 
of NO on this aspect of myocyte function. 

Culture of myocytes using serum-free medium sup- 
plemented with ITS/Albumax (low LPS) markedly re- 
duced the suppressive effects of IL-10 on the beating 
rate compared with its effects in medium supplemented 
with the original ITS+ preparation (high LPS), again 
showing an inverse relationship of beating rate with 
nitrite release and iNOS activity (see Figs. 3 and 4). The 
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Control IL-18 TGF-8 IL-18 

+ TGF-I3 

Control IL-16 TGF-8 IL-18 

+ TGF-I3 

Fig. 5. Inverse Correlation of the Beating Rate and Nitrite 

Release of Neonatal Myocytes Cultured on Cardiac Matrix in 

Serum-Free Medium Supplemented with ITS+ (High LPS) 

Myocytes were cultured for 22 h under experimental con- 

ditions in the presence of IL-l@, TGFP, or the combination of 

the two, each at 5 rig/ml. Beating rate (A) and levels of nitrite 

in the medium (B) were determined as described. Results 

represent the mean f SEM of 10 individual experiments con- 

taining a total of 50 wells. 

beating rates in beats per minute (bpm) of myocytes 

treated with IL-l/3 and cultured in medium supple- 
mented with ITS+ or ITS/Albumax were 28 k 5 vs. 120 

& 9 bpm (~sEM), respectively (average of 12 wells in 3 

separate experiments). In contrast, the change in sup- 

plements had little effect on the beating rate in the 
presence of either TGFP (140 f  5 vs. 140 + 4 bpm, 

respectively) or the combination of TGFP and IL-l p (130 
+ 11 vs. 140 f  8 bpm, respectively). 

Effects of Nitric Oxide on Beating Rate Can Be 

Attenuated by Culture Conditions 

Correlations among the beating rate, cGMP levels, and 
nitrite secretion of myocytes appear to be limited to a 

narrowly defined set of culture conditions, namely those 
confined to myocytes cultured on fibroblast matrix in 
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Fig. 6. Inverse Dose-Response Relationship of NOS Specific 

Activity and Myocyte-Beating Rate to Increasing Concentra- 

tions of IL-l p or TGFp 

Myocytes were cultured for 24 h, as described, in the 

presence of varying concentrations of IL-lp (A) or varying 

concentrations of TGFp in the presence of 5 rig/ml IL-10 (B). 

0 and 0, Beating rate (mean + SEM) measured at 17 h; 0 and 

W, specific activity of NOS in cell lysates (22 h). Data are from 

a representative experiment, with five or six replicate wells per 

point. 

medium supplemented with ITS+ (high LPS) and 

treated with either TGFP or IL-l@. Similar correlations 

cannot be found for myocytes treated with TNFa and/ 

or IFNr or for myocytes cultured on gelatin (denatured 

collagen), rather than native fibroblast matrix. As shown 

in Table 1, treatment of myocytes with TNFcv and IFNy 

in combination with IL-10 either failed to increase or 

even attenuated the suppressive effects of IL-l@ on the 

beating rate, even though levels of nitrite and cGMP 

increased substantially. Moreover, although nitrite and 

cGMP levels of myocytes treated with IL-l@ and cul- 

tured on gelatin are similar to those of myocytes cul- 

tured on fibroblast matrix, the beating rate of the cells 

on gelatin is not suppressed, in agreement with pre- 

vious observations (19). These data demonstrate that 

the induction of NO and cGMP represents only one of 
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Fig. 7. Effects of L-Arginine and NMA on the Beating Rate of 

Myocytes Treated with IL-16 

Myocytes were cultured as described for 22 h in L-arginine- 

free DMEM supplemented with ITS+ (high LPS) and containing 

5 rig/ml IL-l@. Results represent the mean rt SEM of five 

replicate wells in one experiment of four of similar design. MB, 

Methylene blue. TGFP, 200 PM = 5 rig/ml. 

multiple parameters involved in the regulation of the 

myocyte-beating rate. 

DISCUSSION 

We have shown that neonatal cardiac myocytes ex- 

press iNOS and secrete NO after treatment with LPS, 
IL-lb plus LPS, or the combination of IL-l@, IFNy, and 

TNFa. TGFP, added simultaneously, antagonizes the 

effects of these cytokines and suppresses NO synthe- 
sis by blocking accumulation of INOS. The inverse 

relationship of effects of these cytokines on nitrite se- 

cretion or cGMP production compared to their effects 
on the beating rate of the myocytes suggests that the 

L-arginine-NO-cGMP pathway may play a critical role in 

suppression of myocyte rhythmicity. 
The recent demonstration that TGFP also suppresses 

expression of iNOS in macrophages (Vodovotz, Y., C. 

Bogdan, and C. Nathan, manuscript in preparation) 

suggests that this may be a general mechanism of 

TGFP action in inhibiting NO production by iNOS in a 
variety of tissues. Since overproduction of NO by iNOS 

induced by either endotoxin or cytokines can result in 

inappropriate vasodilation and cell injury, new avenues 

of therapy that specifically target iNOS and not cNOS 

are being sought (24). Our findings raise the possibility 
that TGFP itself or agents that induce local expression 

of TGFP (25) could be useful as an adjunct to combi- 
nation therapy targeted to INOS. Such therapy holds 

promise for prevention or treatment of myocardial dys- 
function in situations where NO may be generated in 

response to LPS or proinflammatory cytokines, as in 
some of the newer antitumor cyokine therapies, inflam- 

matory diseases of the heart, and septic shock (6, 24, 

26). 

Our observations that increased NO secretion leads 

to suppression of the myocyte-beating rate are con- 
sistent with previously described relaxant effects of NO 

in vascular smooth muscle cells (4, 27, 28). To our 

knowledge, this is the first demonstration of a direct 
link between NO secretion and the function of cultured 

neonatal cardiac myocytes. Schulz et al. (6) recently 

showed that both intact ventricular myocardium and 
cultured adult cardiac myocytes secrete NO and elevate 

cGMP production in response to treatment with endo- 

toxin in vivo or IL-l@ and TNFol in vitro; however, no 

functional consequences were demonstrated. 

We have demonstrated a profound effect of traces 

of LPS on the physiology of cultured cardiac myocytes. 

Beating rate, cGMP levels, NO production, iNOS induc- 

tion, response to cytokines, and perhaps even response 
to extracellular matrix were all markedly influenced by 

LPS present in the ITS+ supplement at picogram per 

ml concentrations. Other investigators working with 

phagocytes and other ceil types have long recognized 

that they must contend with LPS as a common contam- 

inant of cell separation media, culture components, 

cytokines, and chemicals (29, 30). Our findings under- 

score the caution required in interpreting and comparing 

Table 1. Effect of Matrix on Responses of Myocytes to Cytokines 

Fibroblast Matrix 

Treatmenta 
bpmb 

Nitrite 
hl) 

cGMP 
Ifmol) 

Gelatin 

bpmb 
Nitrite 

(PM) 

IL-lb 

TGFB 

IL-l p + TGFB 

IL-ID + IFNy 

IL-10 + TNFcv 

IL-1 B + IFNy + TNFtv 

IL-10 + IFNr + TNFa + TGFll 

0 0.75 0.54 85+ 12 0.63 0.41 

160 f 8 0 0.25 120+4 0 0.24 

150*36 0 0.39 120+5 0 0.41 

89 +- 25 9.0 1.2 120 f 14 9.3 2.9 

58 f 26 3.0 0.94 76 + 3 3.3 1.1 

12Ok16 13 1.2 100 * 14 14 1.8 

12Ok9 7.7 1.2 120+11 8.6 0.84 

cGMP 
(fmol) 

- 
a Results are from a representative experiment following 22-h culture in the presence of the following concentrations of cytokines: 

IL-lb and TGFP, 5 rig/ml; IFN?, 9 rig/ml; and TNFo(, 25 rig/ml. Cardiac fibroblast matrix or gelatin coatings are as previously 

described (19). 

b Mean f SEM of five replicate wells. 
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the results of studies in which the LPS content of the 

reagents has not been reported. 
This concern may bear on the recent findings of Finkel 

et al. (20) who reported that NO mediated a negative 

inotropic effect of cytokines on heart muscle within 2- 

3 min. The effect was reversed by NMA, and the 

researchers concluded that the cytokines activated a 

cNOS in the myocardium, since the effects were too 
rapid to reflect induction of INOS. These results contra- 

dict those of Schulz et al. (6), who demonstrated that 
IL-l/3 and TNFa! induce expression of iNOS in adult 

cardiac myocytes, but have no effect on the activity of 

cNOS. The immunoblot (Fig. 4) and the prolonged time 

course of the effects of IL-lb in our experimental sys- 
tem (Fig. 1) also clearly implicate iNOS in NO production 

induced by cytokine treatment of neonatal cardiac myo- 

cytes. Indeed, activation of cNOS by cytokines is un- 

precedented (1). On the other hand, LPS has been 

reported to activate cNOS within minutes (31), a role 
distinct from its participation in the transcriptional in- 

duction of iNOS over a period of hours (2), as in the 

present study. Thus, the possibility should be consid- 
ered that contaminating LPS may have been responsi- 

ble for the effects observed by Finkel et al. (20). 

Our data demonstrate that elevated NO secretion 

and cGMP synthesis do not always result in suppres- 

sion of the myocyte-beating rate. We had previously 
shown that IL-lb had little effect on the beating rate of 

myocytes cultured on a coating of denatured type I 

collagen (gelatin) (19). These myocytes assume a dis- 

tinctly different, more spread, flattened shape than myo- 
cytes cultured on fibroblast matrix. Since levels of 

cGMP or nitrite secreted by myocytes cultured on either 

of these matrices are comparable (Table l), the possi- 
bility that the myocyte phenotype itself or growth fac- 

tors bound to the native matrix (32) may modulate the 

cellular response to NO, must be considered. Another 

notable exception to the inverse correlation between 
nitrite levels and beating rate is the inability of high 

levels of nitrite resulting from treatment with the com- 

bination of IL-l/I, IFNr, and TNFa to suppress the 

beating rate of myocytes cultured on either fibroblast 
matrix or gelatin. Interestingly, whereas it has been 

shown that IL-10 and TNFa suppress myocardial con- 

tractility (18) and that TNFa mimics the injury seen after 

myocardial ischemia-reperfusion (33), pretreatment of 
animals with IL-lb, TNFa, or LPS provides protection 

against subsequent damage following myocardial is- 

chemia-reperfusion injury (34-36). Since IL-l p and 

TNFol pretreatment induce manganous superoxide dis- 
mutase (34) and LPS pretreatment induces catalase 

(36) it has been suggested that the consequent detox- 

ification of superoxide anions might play a role in the 

protection. Accordingly, the paradoxical effects of treat- 
ment with combinations of these cytokines on the my- 

ocyte-beating rate might result from a multiplicity of 

both early and later effects on gene expression, de- 

pending on the relative contributions of reactive nitro- 
gen and reactive oxygen intermediates (1). 

The mechanism by which NO regulates the beating 

rate of the myocytes is unknown. However, it has been 

shown that elevation of cellular cGMP, resulting from 
activation of soluble guanylate cyclase by NO, can 

stimulate Na+/Ca’+ exchange in vascular smooth mus- 

cle cells (37). This has been proposed to lead to a 
reduction of intracellular Ca”, which, in turn, causes 

relaxation of these cells with consequent vasodilation. 
Moreover, cGMP is known to exert a negative inotropic 

effect on cardiac myocytes, thought to result from 

activation of an endogenous cGMP-dependent protein 
kinase that regulates the Ca2’ channel current (38). 

Recent data obtained in Sertoli cells demonstrate that 
treatment with TGFP for more than 6 h stimulates the 

uptake of Ca2+ (Grasso, P., L. E. Reichert, M. B. Sporn, 
and T. A. Santa-Coloma, submitted). Preliminary exper- 

iments suggest that TGFP also stimulates and IL-l@ 

inhibits Ca2+ uptake by neonatal myocytes (Santa-Col- 

oma, T., personal communication). 
Other mechanisms could also contribute to suppres- 

sion of myocyte contractility. Thus, nitrosylation of key 
iron-containing enzymes of the respiratory chain has 

been shown to lead to dysfunction of mitochondrial 

energy metabolism (39, 40). However, since cellular 
ATP levels in neonatal myocytes treated with IL-l p are 

not significantly different from those in myocytes 
treated with TGFP (19) it is unlikely that these effects 

play a significant role in our system. Nevertheless, 

other, as yet unidentified, key regulatory proteins, in- 

cluding cytokines secreted by the myocytes, may also 
be targets for nitrosylation, resulting in alteration of 
their biological activity (41-43). 

MATERIALS AND METHODS 

Reagents 

Porcine TGFfll was obtained from R & D Systems (Minneap- 
olis, MN), recombinant human IL-l@ and murine TNFa from 
Michael Palladino, Genentech, Inc. (South San Francisco, CA), 
recombinant rat IFNy from Gibco, and LPS (E. co/i serotype) 
from Sigma (St. Louis, MO). All factors were stored in concen- 
trated solutions at -70 C and added to the culture medium as 
50-fold concentrated solutions in medium supplemented with 
ITS (insulin, transferrin, and selenium; Biofluids) and Albumax 
(lipid-rich BSA; 1 mg/ml final concentration: Gibco). NMA, 
acetate salt, was obtained from Calbiochem (La Jolla, CA), 
and all other reagents were purchased from Sigma. LPS was 
determined using a Chromogenic Limulus Amobocyte Lysate 
assav kit (Whitaker Biochemical% Walkersville. MD). 

RIA grade BSA, nitroblue tetrazolium (NRT), i-bromo-4- 
chloro-3-indolylphosphate, NADPH (reduced), flavin adenine 
dinucleotide, phenylmethylsulfonylfluoride, aprotinin, chymos- 
tatin, and pepstatin-A were obtained from Sigma. Tetrahydro- 
biopterin was obtained from Dr. B. Schirks Laboratories (Jona, 
Switzerland). Dithiothreitol was obtained from Gibco-Bethesda 
Research Laboratories (Gaithersburg, MD). Rabbit antimouse 
iNOS immunoglobulin G (IgG) was produced as previously 
described (2). 

Preparation and Culture of Neonatal Rat Cardiac 
Myocytes 

Myocytes were prepared from the left ventricles of P-day-old 
rat pups, as previously described (19). Briefly, after differential 
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plating to remove fibroblasts, myocytes were further purified 
on a gradient system consisting of Percoll (Sigma) in Minimum 
Essential Medium (Gibco) adjusted to final densities of 1.082, 
1.061, and 1.050 g/ml (44). The purified myocytes banding 
between the 1.082 and 1.061 g/ml layers were cultured in 
DMEM/F12 containing lo-15 mM HEPES buffer (Gibco) and 
supplemented with 5% calf serum, penicillin (50 U/ml), and 
streptomycin (50 pg/ml). Cells were seeded at a density of 2.2 
x 1 O5 cells/ml. 16-mm well on Falcon (Oxnard, CA) or Costar 
(Cambridge, MA) 24-well plates coated with either gelatin (ICN 
Biochemicals, Costa Mesa, CA) or matrix, prepared as previ- 
ously described (45) from cardiac fibroblasts used at the first 
passage after the differential plating. Cells were fed fresh 
medium containing 5% calf serum 48 h after plating. Twenty- 
four hours later, at which time the myocytes had formed a 
syncytium and beat synchronously, they were washed with 
serum-free medium, incubated in the same medium for 30 min, 
and then placed in fresh serum-free medium containing the 
added factors (time zero). Medium consisted of either DMEM/ 
F12 or L-arginine-free DMEM supplemented with ITS+ (Collab- 

orative Research), or DMEM/F12 supplemented with ITS (Biof- 
luids) plus Albumax (Gibco). Under these conditions, nonmy- 

ocytes (endothelial cells, smooth muscle cells, and fibroblasts) 
represent only 5-l 0% of the cell population. The beating rate 
of the myocytes was measured by counting the time required 
for 30 beats of the myocytes using an enclosed heated stage 
maintained at 37 C (Nikon incubator NP-2, Nikon, Inc., Melville, 
NY). Each treatment consisted of 4-l 6 replicate wells. 

Determination of cGMP 

At the end of the observation period, each well was washed 
with 1 ml of a solution consisting of 5.5 mM dextrose and 10 
mM HEPES, pH 7.3, in PBS and incubated for 10 min at 37 C 
in 200 ~1 of the same solution containing the phosphodiester- 
ase inhibitor 3-isobutyl-1-methylxanthine at a final concentra- 
tion of 0.5 mM. The reaction was terminated by the addition 
of HC104 to a final concentration of 0.7 M, cells were extracted 
on ice for 30 min, and aliquots of the pooled extracts of four 
to six wells were stored at -20 C. Aliquots were neutralized 

with 4 N K&03, and the supernatant was assayed in duplicate 
using a cGMP RIA kit (Amersham, Arlington Heights, IL). The 
range of duplicate determinations was less than 5%, while the 
SD of values of individual wells comprising the pool averaged 
10% of the mean. 

Preparation of Cell Lysates 

At the end of the experiment, each well was washed with 1 
ml PBS, and the cells were released with 1 ml trypsin-EDTA 
(Gibco). Pooled cells from 8-12 wells were pelleted by low 
speed centrifugation, resuspended in PBS, and recentrifuged. 
The final cell pellet was overlaid with 100 ~1 PBS, immediately 
frozen on dry ice, and stored at -20 C. The cell pellet was 
resuspended in 500 ~1 lysis buffer [lo0 mM phosphate (pH 
7.4) 25 mM NaCI, 5 pg/ml pepstatin-A, 1 pg/ml chymostatin, 

5 pg/ml aprotinin, and 100 IJM phenylmethylsulfonylfluoride]. 
After sonication, an aliquot was removed for determination of 

protein using the Bradford assay (Bio-Rad, Richmond, CA), 
and RIA grade BSA was added to give a final protein concen- 
tration of l-3 mg/ml. Aliquots were stored at -70 C. 

Western Blotting of iNOS 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
was carried out according to the method of Laemmli (46) on 
7.5% acrylamide, 1.5-mm thick slab gels, using prestained 
high mol wt markers (Bethesda Research Laboratories). Pro- 
teins were transferred to 0.2-wrn pore size nitrocellulose mem- 
branes using a buffer consisting of 20% methanol, 25 mM Tris, 
and 192 mM glycine, pH 8.3, at 4 C. The membrane was 
blocked for either 1 h at room temperature or overnight at 4 

Vo16No.11 

C with 1% BSA in TBS [25 mM Tris (pH 7.5) 150 mM NaCI, 
and 0.02% NaNa] containing 0.2% Tween-20. The membrane 
was washed once in TBS and incubated for 2-3 h with rabbit 
antimouse iNOS IgG (2) used at a 1:2000-3000 dilution. After 
successive washes in TBS, TBS-0.2% Tween-20, and TBS, 
the membrane was incubated for 45 min with donkey antirabbit 

IgG, F(abh’, conjugated to alkaline phosphatase (Jackson 
Laboratories, Bar Harbor, ME; 1 :lO,OOO final dilution). After 
successive washes as before, the membrane was equilibrated 
for 5 min in 100 mM Tris (pH 9.5) 100 mM NaCI, and 5 mrv 
MgCI, and developed in a solution of 167 Kg/ml each of NBP 
and 5-bromo-4-chloro-3-indolylphosphate in the same buffer. 

Measurement of Nitrite Accumulation 

Nitrite accumulation in the supernatant of cultured cells was 
used as an indicator of NO production and was measured by 
the Griess reaction, as described previously (9, 15). Briefly, 
100 ~1 Griess reagent were added to 100 ~1 of each pooled 
supernatant in triplicate. The plates were read using a Dyna- 
tech MR5000 ELISA plate reader (Los Angeles, CA) at 505 
nm. Nanomoles of Non- were determined by comparison to a 
standard curve of NaN02. The SD of values of five individual 
wells comprising the pool was 7-l 0% of the mean. 

NOS Enzyme Assay 

The NOS activity of cell lysates was determined essentially as 
described previously (47). The reaction was carried out in 
duplicate in 96-well plates (Corning, Corning, NY) in 100 ~1 20 
mM Tris-HCI, pH 7.9, containing 4 PM each of flavin adenine 
dinucleotide and tetrahydrobiopterin, and 3 mM dithiothreitol. 
The reaction was started by adding L-arginine and NADPH, 
each to a final concentration of 2 mM, and continued for 2-3 
h at 37 C. As a control, an additional well for each sample 
contained all reagents except L-arginine and NADPH. Residual 
NADPH was oxidized enzymatically with lactate dehydroge- 
nase and pyruvate (48). The plates were read as described 
above, and the optical density value from the control well was 
subtracted from the mean of the test wells before comparison 
to the standard curve of NaNO, plus lactate dehydrogenase. 
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