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ABSTRACT. To determine the mechanisms by which neu- 
ronal input influences cardiac growth during altered neo- 
natal nutritional status, rats were reared in small, standard, 
or large litter sizes and the adrenergically mediated stim- 
ulation of cardiac ornithine decarboxylase was determined; 
ornithine decarboxylase provides a mechanistic link con- 
necting adrenergic input to cardiac growth. Nutritionally 
deprived pups showed impaired development of sympa- 
thetic reflex stimulation as shown by the attenuation of the 
cardiac ornithine decarboxylase response to hydralazine- 
induced hypotension throughout the preweanling period. 
The subnormal reactivity to hydralazine reflected a defect 
in neurotransmission, as a full response was obtained with 
direct P-receptor stimulation (isoproterenol). Nevertheless, 
cardiac hypertrophy in response to repeated isoproterenol 
administration was markedly suppressed in nutritionally 
deprived animals, suggesting that the P-receptorlornithine 
decarboxylase pathway had become uncoupled from 
growth. Because maturation of neural connections to pe- 
ripheral tissues causes a loss of hypoxia tolerance, nutri- 
tional status also influenced the ability of neonatal rats to 
survive hypoxia. These data indicate that cardiac growth 
suppression or enhancement caused by nutritional manip- 
ulations may be mediated, in part, through alterations in 
the development of neuronal input to the tissue, and that 
similar factors influence survival during hypoxic stress. 
(Pediatr Res 23: 423-427, 1988) 

Abbreviations 

ODC, ornithine decarboxylase 
ANOVA, analysis of variance 
sc, subcutaneous 

Neonatal food restriction results in a constellation of patho- 
physiological changes in which the central nervous system is 
spared most of the insult but peripheral tissues are not (1-3). 
Recent data in the rat suggest that the vulnerability of specific 
tissues to nutritional insult is coordinated through early biochem- 
ical signals involving the ODC polyamine pathway. ODC initi- 
ates the synthesis of putrescine, spermidine, and spermine, which 
are now recognized as major controllers of macromolecule syn- 
thesis during periods of cell replication and rapid growth (4-6). 

In the heart, a tissue whose growth rate is directly dependent 
on nutritional status, ODC activity is influenced by sympathetic 
neuronal input acting via P-adrenergic receptors (7-10). The 
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cardiac-sympathetic axis develops in three stages ( 1  1). At birth, 
receptors are present but sympathetic input is low or absent; by 
the end of the first postnatal week, sympathetic efferent structures 
develop, permitting transmission of signals which are dependent 
on metabolic status (including blood sugar levels); during the 
second and third postnatal weeks, afferent sensory information 
from the baroreceptors begins to regulate sympathetic tone, with 
a resultant increase in impulse flow. The different stages play a 
significant role in cardiac cell replication and differentiation, as 
the early period of low tonic sympathetic activity has a promo- 
tional effect on cell acquisition and growth (lo), whereas the 
later surge in tone terminates replication and initiates growth by 
cell enlargement (7, 9). 

Accordingly, our study was designed to test the hypothesis that 
the control of neonatal cardiac growth in response to nutritional 
alterations is exerted, in part, through effects on development of 
sympathetic innervation and/or its coupling to growth. We have 
examined the development of the P-receptor-mediated ODC 
response to direct (isoproterenol) or central reflex (hydralazine- 
induced hypotension) stimulation, along with the ability of P- 
receptor stimulation to cause cardiac hypertrophy. Finally, as 
the development of innervation plays a role in developmental 
shifts in the ability to maintain cardiac function during hypoxia, 
we have determined whether nutritional status affects hypoxic 
survival time in the presence and absence of neural input. 

METHODS 

Primiparous Sprague-Dawley rats (Zivic-Miller Laboratories, 
Allison Park, PA) were shipped by climate-controlled truck 2 wk 
before parturition and were placed on Purina Rat Chow (Ralston- 
Purina Co., St. Louis, MO) a d  libitum. Immediately after birth, 
pups from all litters were randomized and redistributed into 
three categories: five to six pups/litter (small litter), 10-1 1 pups/ 
litter (standard litter), or 16- 17 pups/litter (large litter). As pups 
were chosen for each experiment, randomization within each 
category was camed out again in order to maintain the respective 
litter sizes. Animals of both sexes were randomly selected from 
different cages on each experimental day and groups were always 
sex-matched. Pups were weighed, killed by decapitation, and 
tissues removed and weighed before biochemical analyses. 

Cardiac biochemical response to sympathetic stimulation. De- 
velopment of baroreceptor-mediated sympathetic stimulation of 
the myocardium was assessed by measuring the ability of hy- 
dralazine, a vasodilator, to elicit an increase in heart ODC activity 
(12). Animals were given 3.3 mg/kg of hydralazine sc every 20 
min for a total of six injections; controls received saline. Animals 
were killed 4.5 h after the first injection and hearts removed for 
assay of ODC. 

In another series of experiments, animals were given a direct 
P-adrenergic receptor agonist, I-isoproterenol HCl(0.5 mg/kg sc) 
daily beginning at 15 days of postnatal age and continuing 
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through 20 days postnatally (1 3). Four h after the first injection 
and 4 h after the last injection, animals were killed, hearts 
weighed to assess the degree of isoproterenol-induced cardiac 
hypertrophy, and the tissues were then analyzed for ODC activ- 
ity. 

For the determination of ODC activity, hearts were homoge- 
nized in 19-39 volumes of 10 mM Tris (pH 7.2) and the samples 
were centrifuged at 26,000 x g for 15 min. Enzyme activity was 
then determined in aliquots of the supernatant as described 
previously (14), using a final concentration of 5 FM [I4C]orni- 
thine. 

Survival during hypoxia. To determine survival during hypoxic 
conditions, animals were placed in a covered 22-liter clear plastic 
pan which was maintained at 37" C and ventilated at a rate of 
15 liter/min with a warmed, humidified mixture of 5% O2 + 
95% N2. Survivors were counted every 15 min for up to 150 
min. In one experiment, 4-day-old animals were pretreated with 
chlorisondamine chloride (5 mg/kg sc given 20 min before 
commencing hypoxia), a nicotinic receptor antagonist; this dose 
of chlorisondamine has been shown previously to be completely 
effective in developing rats (1 5). 

Statistics. Parametric data are presented as means + SE, with 
significance evaluated by ANOVA with factors of litter size and 
age. Nonparametric variables were compared using Fisher's exact 
test. Significance was evaluated with criteria o fp  < 0.05 and p < 
0.0 1 .  

Materials. Chlorisondamine chloride and hydralazine were 
obtained from Ciba Pharmaceuticals (Summit, NJ) and I-isopro- 
terenol HCl from Sigma Chemical Corp. (St. Louis, MO). L-[l- 
I4C]ornithine (specific activity 52 mCi/mmol) was purchased 
from New England Nuclear Corp., Boston, MA. 

RESULTS 

Body and heart growth (Fig. I ) .  Nutritional deprivation or 
enhancement produced by alterations in litter size had a pro- 
found effect on growth of neonatal rats. Both the nutritionally 
enhanced and nutritionally deprived groups diverged from the 
standard litter group beginning at 1 wk of age and the differences 
intensified thereafter. Heart weight was affected similarly. In 
both cases, differences in growth remained present through the 
immediate postweaning period. 

Responses to sympathetic stimulation (Fig. 2). Stimulation of 
heart ODC activity by hydralazine reached a peak during the 
second postnatal week in pups reared in standard litters, corre- 
sponding to the approximate age at which baroreceptor reflexes 
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become established and are initially hyperresponsive (16, 17). 
Although overnutrition had no net facilitatory action on either 
the magnitude or age course of development of the response, 
undernutrition severely attenuated the effect on ODC at all ages 
and blunted the peak of responsiveness. 

In contrast to the findings with hydralazine, acute administra- 
tion of isoproterenol at 15 days of age successfully evoked 
stimulation of ODC activity in the undernourished group and 
the effect was indistinguishable from either the overnourished or 
standard animals. After daily administration of isoproterenol, 
stimulation by the drug in all three nutritional groups remained 
of the same magnitude on the last day of treatment (day 20). 
Cardiac hypertrophy caused by the repeated injections of isopro- 
terenol was assessed on day 20 and showed equivalent degrees of 
hypertrophy in the overnourished and normally nourished 
group, but severely restricted hypertrophy in the malnourished 
animals. 

Survival during hypoxia (Fig. 3). In general, survival during 
severe hypoxia showed the expected loss of tolerance with age: 
nearly all animals survived for more than 100 min at 5% O2 at 
4 days of age regardless of litter size, but by 30 days of age, all 
animals died within 20 min. However, between these extremes 
there were substantial differences in hypoxic survival capabilities 
caused by nutritional alterations. Even by 4 days of age, before 
significant changes in body growth characteristics have become 
apparent, the overnourished animals displayed greater mortality 
during hypoxia than did the standard or undernourished pups; 
there was, however, no advantage to undernourishment at this 
time, because these animals reared in large litters died at the 
same rate as (or even slightly faster than) the standard group. By 
6 days of age, differences appeared among all three groups, 
intensifying with the development of weight differences, so that 
by 15 days of age all the overnourished animals died within 45 
min, only half the animals died in the standard litter group and 
none of the animals died in the malnourished cohort. All differ- 
ences in sensitivity disappeared by 30 days of age, despite the 
maintenance of body weight disparities. 

The role of neurogenic input in surviving hypoxia was evalu- 
ated at 4 days of age, at which time the transition to mature 
efferent sympatheticfunction is underway (1 1, 15). Pretreatment 
with chlorisondamine to block neural input changed the hypoxic 
survival characteristics substantially from the pattern seen with- 
out the drug. Animals in all three groups died more quickly 
during hypoxia after drug treatment and the mortality curves for 
the overnourished and standard pups became indistinguishable 
from each other. In contrast, the undernourished animals pre- 
treated with chlorisondamine died at a slower rate than did those 
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Fig. 1. Effects of litter size manipulations on development of body and heart weight. Data represent values from at least eight animals selected 
from different litters in each group at each age. SE < 3%. Two-way ANOVA indicates a significant main effect of litter size (p < 0.01) as well as a 
litter size x age interaction (p  < 0.01) for both variables. 
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Fig. 2. Stimulation of cardiac ODC activity after hydralazine (top) or isoproterenol (bottom left), and cardiac hypertrophy caused by 5 days of 
daily treatment with isoproterenol (bottom right). For ODC stimulation, animals were given the drug treatments as described in "Methods," and 
killed 4 to 4.5 h later. Data represent means and SE of values obtained from five to eight animals in each treatment group. AODC activity was 
calculated from the difference between values in stimulated animals versus basal activities, which were: for five to six pups/litter, 0.78 + 0.10 nmol/ 
g/h at 7 days, 0.75 + 0.04 at 10 days, 0.76 c 0.04 at 15 days, and 0.62 & 0.04 at 20-21 days; for 10-1 1 pups/litter, 0.63 f 0.06, 0.81 ? 0.01, 0.81 
& 0.0 1,0.56 t 0.04; for 16-17 pups/litter, 1.05 + 0.15, 1.22 f 0.1 1,0.73 & 0.09,0.60 + 0.09. Percent hypertrophy was calculated from the difference 
in heart/body weight ratio between animals given chronic isoproterenol versus chronic saline; basal values were: 0.0046 + 0.0001 for five to six 
pups/litter, 0.0047 k 0.0006 for 10-1 1 pups/litter, and 0.0043 + 0.0003 for 16-17 pups/litter. For hydralazine stimulation of ODC, ANOVA 
indicates a significant overall reduction of effect in the 16-17 pups/litter group ( p  < 0.01) and a significant litter size X age interaction (p < 0.05). 
Stimulation of ODC by isoproterenol was unaffected by age or litter size. Cardiac hypertrophy caused by isoproterenol was significantly attenuated 
in the 16- 17 pups/litter category ( p  < 0.0 1). 

in the other two groups and were now clearly distinguishable companying cardiac growth restriction during nutritional depri- 
from the standard size animals. vation. Earlier studies have shown that sympathetic input, acting 

through the ODC/polyamine system, regulates the level of car- 
DISCUSSION diac DNA, RNA, and protein synthesis during neonatal devel- 

The current results support the view that effects on peripheral opment and during subsequent hypertrophy (3, 9, 10, 14). It is 
sympathetic function contribute to the biochemical events ac- particularly important, then, that neuronal input to the heart is 
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Fig. 3. Mortality data during exposure to 5% 0 2  at various ages. Values were obtained from at least 40 pups in each litter size group at each age. 
For animals receiving no drug pretreatment, Fisher's exact test indicates significantly overall higher mortality rates in the overnourished group (p < 
0.01). Undernourished animals survived significantly better overall than those reared in standard size litters (p < 0.01). With chlorisondamine 
pretreatment, 4-day-old animals in all groups died significantly faster ( p  < 0.01) than did their respective untreated cohorts; in addition, 
undernourished animals pretreated with chlorisondamine died more slowly than did treated animals in the other two groups ( p  < 0.01). 
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suppressed in the malnourished state, as evidenced by the low- 
ered reactivity of ODC to baroreceptor-mediated cardiac sym- 
pathetic stimulation (hydralazine). Because the ODC response to 
isoproterenol was unaffected, the reduced efficacy of hydralazine 
most likely represents an effect on neural maturation or activity. 
Second, the fact that isoproterenol-induced cardiac hypertrophy 
was suppressed in malnourished rats suggests that the P-receptor- 
induced stimulation of ODC becomes uncoupled from cardiac 
growth, with or without concurrent changes in the number of 0- 
receptors. Thus, both neuronal and postreceptor loci are involved 
in the adjustment of the cardiac-sympathetic axis to conditions 
of impaired nutrition. 

These factors play a less important role in the case of overnu- 
trition. The ODC response to reflex (hydralazine) or direct 
(isoproterenol) @-receptor stimulation was nearly equivalent in 
overnourished animals and in animals reared in standard litters. 
Similarly, the growth response to chronic sympathetic stimula- 
tion (isoproterenol-induced hypertrophy) was not enhanced by 
overfeeding. Nevertheless, basal ODC activity and polyamine 
levels (without acute stimulation) have been shown to be elevated 
in nutritionally enhanced animals (3), indicating that in this 
circumstance a major contribution to growth is provided by 
nonneuronal signals. One likely possibility is insulin, which also 
influences cardiac ODC and which would certainly be elevated 
in animals experiencing overfeeding (1 8). Because overfeeding 
enhances sympathetic neuronal catecholamine levels ( 1  9), these 
findings raise the possibility that sympathetic input may be 
permissive to development, and that once a minimum neuronal 
signal is obtained, other factors predominate in further growth. 

The onset of sympathetic innervation also plays a role in 
functional responses of the cardiovascular system. Survival dur- 
ing neonatal hypoxia, for example, requires release of adrenal 
catecholamines which occurs even in the absence of neural 
signals, and the nonneurogenic response disappears with the 
onset of synaptic activity (1 5, 20). Neonatal cardiac conduction 
can be maintained for prolonged periods during hypoxia, but 
only if the adrenal catecholamines can stimulate cardiac a- 
adrenergic receptors; if the receptors are blocked, death ensues 
from cardiac arrest (17, 21). The fetal and neonatal heart is 
unusually enriched in a-receptors, a condition that also disap- 
pears with the onset of innervation (22, 23). We, therefore, 
examined whether nutritional status influenced survival during 
hypoxia. Indeed, malnourished rats survived better than did the 
normal group or the overnourished animals. It is unlikely that 
this difference is purely metabolic or size related: differences were 
detectable at 4 days of age, before any major growth enhance- 
ment or restriction had developed, and disappeared at 30 days 
when the animals were all eating ad libitum but still had different 
weights. Studies conducted at one age point suggest that the 
differences may reflect, at least during the 1st wk, the slowing of 
development of neural input to the adrenal and/or heart. At 4 
days of age, a point at which neural function is becoming 
established in normal rats (1 I), survival was virtually indistin- 
guishable between the malnourished group and those reared in 
normal-size litters. However, when animals were pretreated with 
chlorisondamine to block neural input, the growth-restricted 
animals survived hypoxia much better than did those experienc- 
ing normal nutrition, indicating that the normal group had 
become more dependent on neurally mediated responses. 

In conclusion, these results show that the restriction of tissue 
growth during neonatal malnutrition is not a passive event but 
rather reflects a careful coordination of trophic signals that 
regulate organ development. In the case of the heart, neural 
stimulation and postsynaptic transduction of receptor activation 

provide at least two sites at which this control is expressed. 
Similar factors during under- or overnutrition may operate to 
influence physiological responses that determine survival during 
severe stresses such as hypoxia. 
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