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ABSTRAm. Neurotransmitter systems in the developing 
brain are generally protected from growth retardation as- 
sociated with nutritional deprivation. To investigate if such 
protective mechanisms extend to similar tissues in the 
peripheral sympathetic system, maturation of the chro- 
maffin cells of the adrenal medulla and development of 
their centrally derived splanchnic innervation were evalu- 
ated in rats whose nutritional status had been altered 
during the neonatal period by increasing (16-17 pups/ 
litter) or decreasing (five to six pups/litter) the litter size 
from the standard (11-12 pups/litter). Ontogeny of adrenal 
catecholamine stores and activities of catecholamine-bio- 
synthetic enzymes tyrosine hydroxylase and phenyletha- 
nolamine N-methyltransferase were monitored, along with 
activity of choline acetyltransferase, a marker enzyme for 
the preganglionic neurons innervating the chromaffin cells. 
Neonatal nutritional deprivation slowed body weight gain 
and retarded development of the chromaffin cells, as evi- 
denced by subnormal catecholamine stores, tyrosine hy- 
droxylase and phenylethanolamine N-methyltransferase 
activities. The effects persisted despite the complete recov- 
ery of body wr ights postweaning. The developmental alter- 
ations were not caused by overcrowding stress, as plasma 
corticosterone levels were not elevated in the large litter 
group. Neonatal nutritional enrichment promoted body 
weight gain but failed to enhance development of adrer.al 
catecholamines; tyrosine hydroxylase and phenylethanol- 
amine N-methyltransferase activities were elevated only in 
the preweaning period. In contrast to effects on the chro- 
maffin cells, altered neonatal nutritional status had only 
minor, transient effects on the development of the centrally 
derived cholinergic innervation of the adrenal and produced 
only small changes ( ~ 1 0 % )  in brain tyrosine hydroxylase 
activity. These results suggest that, unlike central trans- 
mitter systems, maturation of chromaffin cells is adversely 
affected by neonatal nutritional deprivation; ontogenetic 
gains may already be close to optimum at normal nutri- 
tional status. (Pediatr Res 24: 583-587, 1988) 

Abbreviation 

ANOVA, analysis of variance 

Growth and development of the newborn are influenced pro- 
foundly by nutritional status (1-3). Thus, in rats, manipulation 
of litter size produces marked differences in growth rates that are 
associated with changes in cell replication and differentiation, in 
structure and size of individual tissues, and in maturation of 
organ function. In contrast, development of the CNS is spared 
during neonatal nutritional deprivation and shows little or no 
enhancement of maturation during overnourishment (4). Recent 
studies confirm that selective intracellular and multicellular 
mechanisms participate in this process: maturational patterns of 
the ornithine decarboxylase/polyamine system, which regulates 
macromolecule synthesis during development, are maintained 
in brain regions at the expense of disruption of the same pathway 
in other organs (4). In fact, neural signals derived from the CNS 
actively participate in the suppression of peripheral development 
(5) .  

The sparing of general cell development that occurs in the 
CNS is paralleled by comparable protection of neurotransmis- 
sion. Although shortfalls in neurotransmitter systems can be 
produced by undernutrition, they are of small magnitude and 
completely reversible by postweaning rehabilitation (6). The issue 
remains concerning if sparing is selective for the CNS or rather 
represents a phenomenon generalized to all neural tissues. The 
adrenal medulla, an integral component of the peripheral sym- 
pathetic nervous system, provides a convenient model with 
which to answer this question. Previous studies have shown that 
maturation of chromafin cells and sympathoadrenal function 
occur primarily after birth in the rat and can be influenced by a 
variety of hormones and treatments (7-9). Accordingly, in the 
current study, we have contrasted the effects of nutritional en- 
richment or deprivation on development of chromafin cells of 
the adrenal medulla with those on the centrally derived cholin- 
ergic neurons that provide their afferent innervation and with 
neurons in brain regions. 

MATERIALS AND METHODS 

Timed pregnant Sprague-Dawley rats (Zivic-Miller, Allison 
Park, PA) were housed individually in breeding cages and allowed 
food and water ad libitum. Immediately after birth, pups from 
all litters were pooled, randomized, and redistributed into three 
litter size groups: small litter (five to six pups), standard litter 
(10- 1 1 pups), or large litter (1 6- 17 pups). For each experiment, 
pups were chosen at random from several cages within each litter . . 
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Fig. 2. Effects of litter size manipulation on adrenal norepinephrine 
and epinephrine. Data represent mean rt SE of 8-16 animals in each 
group at each age. Values from control rats (standard nutritional status) 
are in Table 1. Two-way ANOVA indicates significant deficits in the 
undernourished rats (p  < 0.01). 

Sigma Chemical Co. (St. Louis, MO); and corticosterone anti- 
serum from Radioassay System Laboratory (Carson, CA). 

RESULTS 

Nutritional manipulation produced highly significant shifts in 
body growth rates (Fig. I). Compared to control animals (stand- 
ard nutritional status). the undernourished neonates showed 
marked deficits that gradually disappeared after weaning. Con- 
versely, overfeeding produced consistent enhancement of body 
weight over a similar time course. 

Adrenomedullary development was also profoundly affected 
by nutritional status. In the undernourished rats, although nearly 
normal develovment of adrenal catecholamine levels was main- 
tained for the first 10 days, both norepinephrine and epinephrine 
became subnormal by the second postnatal week (Fig. 2). Unlike 
the postweaning restoration of body weights, a catecholamine 
deficit remained (epinephrine) into young adulthood. To deter- 
mine if there was a corresponding deficiency in the biosynthetic 
capabilities of the chromafin cells, activities of tyrosine hydrox- 
ylase and phenylethanolamine N-methyltransferase were evalu- 
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Fig. 3. Effects of litter size manipulation on adrenal tyrosine hydrox- 
ylase and phenylethanolamine N-methyltransferase activities. Data rep- 
resent mean + SE of eight animals in each group at each age. Values 
from control rats (standard nutritional status) are in Table 1. 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 tyrosine hydroxylase, 
and a significant main effect (p  < 0.05) for phenylethanolamine N- 
methyltransferase. 

ated. In the nutritionally deprived group, both enzymes were 
significantly suppressed throughout development (Fig. 3), and 
these deficiencies persisted despite the recovery of body weight. 

In the overnourished group, no enhancement of catecholamine 
levels was obtained (Fig. 2); although significant elevations of 
both tyrosine hydroxylase and phenylethanolamine N-methyl- 
transferase were seen, their activities returned to normal at young 
adulthood (Fig. 3). 

To assess if altered neonatal nutritional status might also 
influence centrally derived neurons in the same pathway, we 
monitored adrenal choline acetyltransferase, a biochemical 
marker for the cholinergic nerve terminals innervating the chro- 
maffin cells (Fig. 4). Undernutrition produced changes in activity 
of less than 15% which were no longer detectable by 5 wk of age. 

Because changes in litter size (particularly overcrowding in the 
large litters) might produce stress, plasma corticosterone levels 
were measured at 8 and 16 days of age. As shown in Table 2, 
corticosterone in the large litter group did not differ from control 
values. In the overnourished rats, corticosterone was transiently 
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elevated, an effect that is thought to represent enhanced matu- significant ( p  < 0.01) interaction of litter size X age X region 
ration of the pituitary-adrenal axis associated with accelerated across all three groups was present, indicative of transient changes 
growth (1 3). in activity; further analysis showed that the difference was present 

In contrast to the effects of litter size manipulation on adren- only in the undernourished group (interaction of litter size X age 
omedullary tyrosine hydroxylase activity, there was no main x region, p < 0.05). In one region (cerebral cortex), the effect 
effect of litter size on the enzyme in the brain (Fig. 5). A was almost exclusively attributable to minor differences in tissue 

weight and in no case did alterations persist past the point at 
which body and tissue weights were restored to normal values. 
As expected, sparing of brain growth was prominent, with much 
smaller differences in brain region weight than in body weight. 

DISCUSSION 

Previous work has shown that the morphology and biochem- 
ical pattern of cell maturation is spared in the CNS of developing 
rats undergoing nutritional deprivation or enhancement (1-5). 
Consistent with these findings, we observed only small changes 
in brain region weight even in animals with substantially altered 

Table 2. Plasma corticosterone levels* 
50 Plasma corticosterone (ng/ml) 

1 Q 20 30 4Q 50 
AGE (days) Age (day) Overnourished Control Undernourished 

Fig. 4. Effects of litter size manipulation on adrenal choline acetyl- 8 7.29 f 0.81t 3.48 + 0.30 4.09 + 0.56 
16 35.0 & 5.1 41.8 * 9.0 36.1 & 5.6 

transferase activity. Data represent mean f SE of 8-16 animals in each 
group at each age. Values from control rats (standard nutritional status) * Data represent mean + SE of determinations from eight animals for 
are in Table 1. Two-way ANOVA indicates significant depressions in the each group. 
undernourished rats ( p  < 0.05). t p < 0.05 versus control and undernourished groups. 

MIDBRAIN + BRAINSTEM 

l m I  

10 20 30 40 50 
AGE (days) 

W 
cn 
4 Undernourishad 

10 20 30 40 50 
AGE (days) 

CEREBRAL CORTEX 

10 20 30 40 
AGE (days) 

10 20 30 40 50 
AGE (days) 

CEREBELLUM 

1501 

10 20 30 40 50 
AGE (days) 

Fig. 5. Effects of litter size manipulation on brain region weights and on tyrosine hydroxylase activity. Data represent mean + SE of seven to 
eight animals in each group at each age. Values from control rats (standard nutritional status) are in Table 1. ANOVA indicates significant differences 
in region weights (main effect of litter size, p < 0.01) which were age-dependent (interaction of litter size x age, p < 0.01). For tyrosine hydroxylase 
activity across all three groups, ANOVA indicates an interaction of litter size X age x region ( p  < 0.01); subdivision of the groups indicates that the 
interaction was present only in the undernourished animals ( p  < 0.05). 
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body weight. The extension of sparing to neurotransmitter de- 
velopment was evident in that the principal biosynthetic enzyme 
for catecholamines (tyrosine hydroxylase) was unaffected by 
overnutrition and only slightly and transiently influenced by 
undernutrition. The protective effect extended outside the brain 
to include peripheral neurons with their cell bodies lying within 
the CNS (splanchnic nerve): although shortfalls of choline ace- 
tyltransferase activity were noted in splanchnic projections to 
the adrenal, they were not permanent and were of far smaller 
magnitude than the pronounced lags of body weight gains seen 
in these animals. 

However, the mechanisms protecting the CNS do not appear 
to extend to peripheral neural tissues even within the same 
pathway. In the underfed rats, adrenal catecholamine levels and 
biosynthetic capabilities were compromised, with enzymatic al- 
terations persisting beyond the point at which body weights were 
restored. These results suggest that maturation of chromaffin 
cells is critically dependent on adequate nutritional support 
during early development. An important question is if these 
adrenomedullary deficits might be epiphenomena associated 
with glucocorticoid responses to overcrowding or other nonspe- 
cific stress. The ontogeny of both tyrosine hydroxylase and 
phenylethanolamine N-methyltransferase, as well as catechol- 
amine levels themselves, are profoundly affected by corticoster- 
oids (8, 14). However, the current results indicate no significant 
change in circulating corticosterone levels in the animals reared 
in large litters. The transient elevation of glucocorticoids seen in 
the nutritionally enhanced group is of some interest in that 
excessive steroid levels slow the course of cellular development 
in the CNS (15, 16); thus, this may represent one of the mecha- 
nisms that buffers the brain from accelerated maturation conse- 
quent to enhanced feeding. 

In contrast to the perturbation caused by undernutrition, 
overnourishment had no significant effect on catecholamine 
levels in the chromaffin cells, although some elevations of tyro- 
sine hydroxylase and phenylethanolamine N-methyltransferase 
activities were noted. These results are consistent with previous 
findings that catecholamine storage capabilities, not biosynthetic 
enzymes, limit the rate at which amine levels increase during 
development (17). Additionally, the maturational rise in adrenal 
catecholamine turnover may keep step with increased biosyn- 
thesis (17, 18). In either case, it is apparent that development of 
catecholamine levels is already near optimal at normal nutri- 
tional status. 

In conclusion, maturation of chromaffin cells of the sympa- 
thoadrenal pathway is adversely (and perhaps permanently) af- 
fected by nutritional deprivation during early development, 
whereas little effect is observed with comparable measures for 
centrally derived neurons innervating the adrenal medulla or in 
the brain. Ontogeny of catecholamine stores in the chromaffln 

cells appeared to be nearly optimal with normal nutritional 
status. 
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