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CASTAGNE, V., J.-C. E. MAIRE AND M. GYGER. Neuroioxicology and amino acid intake during development: The 
case of threonine. PHARMACOL BIOCHEM BEHAV 55(4) 6X3-662. 1996.- The development of the central nervous 
system is highly dependent on an adequate supply of nutrients. In particular. protein and amino acid availability is of major 
concern during gestation and in early postnatal life. Numerous data have been published on some amino acids directly 
involved in brain functions as neurotransmitters or indirectly as precursors of neurotransmitters, but scant information is 
available on the possible consequences of hyperthreoninemia, a phenomenon repeatedly noted in clinical reports. The results 
of neurochemical and behavioral studies in the developing rat suggest that despite numerous possible effects of threonine 
on brain constituents, moderate hyperthreoninemia does not impair markedly the development of the central nervous 
system. Copyright 0 19% Elsevier Science Inc. 
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Ontogeny of the Central Nervous System as a Critical Period 
for Neurotoxic Effects 

Ontogeny is a period of high susceptibility of the central 
nervous system (CNS) toward its environment. Numerous 
chemicals (e.g. methylmercury, ethanol) or physical phenom- 
ena (radiation) may induce classical teratologic defects such 
as gross malformations of the brain or functional neuroterato- 
logic abnormalities including behavioral or psychologic de- 
fects (120,129). The complexity of cellular mechanisms in- 
volved in CNS development is reflected by the numerous 
potential sites of action of teratogenic perturbing events 
(66,120). The teratogenic effects of in utero and neonatal etha- 
nol exposure are exerted through various possible targets in 
the CNS, one of the best known being the glutamatergic trans- 
mission (96). Exogenous teratogens are not the only factors 
able to interact with the developing CNS. The very high meta- 
bolic activity underlying the intense transformations of ner- 
vous tissue (66) explains the importance of adequate nutrient 
levels for normal CNS ontogeny. 

In human subjects, inadequacies in nutritional intake of 
the pregnant mother or of the young infant is a potential 
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risk factor for brain development (78). The concept of early 
malnutrition is very imprecise and it seems more adequate to 
study the consequences of more specific nutritional imbalances 
(131). Nevertheless, the relationships between early malnutri- 
tion and CNS development are difficult to study since the 
psychosocial environment of the infant may compensate for 
the effects of malnutrition (131). 

Amino Acid Intake as an Essential Requirement for CNS 
Development 

Amino acid intake is a major environmental factor in CNS 
ontogeny and imbalances of some amino acids such as phenyl- 
alanine (Phe) or tryptophan (Trp) have dramatic and long- 
lasting consequences on brain functions (47,48,130). When 
considering the possible consequences of an imbalance in a 
particular amino acid, one may distinguish direct and indirect 
actions of this nutrient (93). Direct effects may occur for amino 
acids used as neurotransmitters in the CNS, such as glutamate 
(Glu) or glycine (Gly). Indirect effects may be present for 
amino acid precursors of neurotransmitters (see below). Oth- 
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erwise, indirect effects are principally related to entry into the 
brain. Various carriers facilitate the passage of amino acids 
through the blood brain barrier (BBB) (82.85). Competition 
between amino acids to gain access to their carrier explains 
why an excess in a particular amino acid results in a lowei 
entry of its competitors. and, in a deficiency in the functions 
normally related to those amino acids. Beside competition at 
the BBB level, amino acids also compete for entry into brain 
cells through specific uptake systems (18.87). 

Phe intake has been extensively studied in the context of 
hyperphenylalaninemia and phenylketonuria (46.49). One 01 
the deleterious mechanisms of action of excess Phe may be 
through protein synthesis perturbation (SO). Phc could also 
diminish Trp entry into the brain since the two amino acids 
compete for the same carrier across the BBB (45). Finally. 
Phe may be converted into tyrosine (Tyr) in the livei-. which 
may influence catecholamine synthesis (68). 

Trp availability has an influence on scrotonin synthesis 
(29,45,48). Serotonin is a major neurotransmitter in the (‘NS 
and influences various phases of CNS ontogeny. including the 
very early phases (25.64). Since early perturbations of CNS 
ontogeny have more drastic teratogemc consequences as com- 
pared to late perturbations (120). it is not surprising that Trp 
availability is a major factor in brain growth (47). Trp availabil- 
ity has been shown to affect various psychobiological parame- 
ters in the human adult (137). These considerations motivated 
the design of clinical studies in formula-fed infants (27.138). 
The consumption of formulas enriched in Trp is associated 
with shorter sleep latencies (117). 

Tyr intake influences catecholamine, especially dopamine. 
brain concentrations (101). In conditions of high metabolic 
activity (e.g. stress). Tyr availability may be a limiting factor 
in the activity of dopaminergic midbrain neurons. 

Histidine (His) also enters into the brain predominantly 
using the carrier for large neutral amino acids (83). His avail- 
ability regulates. to a large extent. the synthesis of histamine 
in the brain (26). Histaminerpic transmission is less well under- 
stood than catecholaminergic transmission but has important 
effects on neurologic activity (113). suggesting that His intake 
is a critical parameter for CNS functions. 

Clinical studies have repeatedly shown that human infants 
fed formulas containing bovine milk proteins (especially with 
a high whey/casein ratio) have elevated threonine (Thr) intake 
and threoninemia as compared to breast-fed infants (3.43. 
53,54,67,91.94,97). The consequences of high blood Thr con- 
centrations have been questioned by some pediatricians (97). 
Nevertheless. very few data are available today regarding the 
consequences of increased plasma Thr. In adult human sub- 
jects. oral administration of large doses of Thr has been used 
without adverse secondary effects as a tentative therapy for 
spastic syndromes (38). In adult rat. a large excess of dictarq 
Thr was shown to be weakly toxic as compared to other amino 
acids (109). In the weanling rat. a large excess of Thr reduced 
weight gain and food intake, depending on the protein content 
of the diet (79,107). In the growing pig fed 20% protein diets, 
excesses up to 4% Thr reduced weakly weight gain and food 
intake (20,22). The growth of X-days-old chicken fed 23% 
protein diet was moderately impaired by excesses of Thr (21). 
Overall, these scarce data suggest that dietary Thr may hardly 
interfere with brain development. Nevertheless. a rare meta- 
bolic disorder has been described in a male infant having 
spontaneous hyperthreoninemia (95). Elevated blood Thr was 
associated with convulsions and growth perturbations. IJnfor- 
tunately. this disease has not been identified in other subjects 
and its specific effect on brain development is still unknown. 
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FI(;. I. Potential sites of action ot’ l‘hr on CNS development. See 
text (or comments. AA: amino acids. the term monoaminergic tmns- 
mision includes catecholamine. scrotonin. and histamine contain- 
inp ncuronh. 

The chronic effects of excess Thr intake on CNS development 
arc thus still unknown. 

High dietary Thr intake increases plasma and tissue Thr 
concentrations (55.136). In the liver. Thr can be converted 
into Gly by Thr dehydrogcnase (6). In the brain. as well as 
in other tissues. Gly can be transformed into Serine (Ser) by 
serine hydroxymethyltransferase (74). Thr is efficiently trans- 
ported through the BBB (125). It has been shown that intra- 
peritoneal injection of Thr in the adult rat enhances Gly con- 
centrations in the brain (69). It is probable that amino acid 
transport into the brain is even more important in the foetus 
or the preweanling rat whose BBB does not totally mature 
before postnatal day 24 (112). 

It is probable that Thr has few, if any. direct effects on 
the CNS. It has been shown that injection of Thr into the 
prepyriform cortex influences the voluntary food intake of the 
rat. Nevertheless. this effect was not dose-related and probably 
reflected the fact that Thr was the limiting dietary amino 
acid (5). 

The possible effects of Thr on the brain are most likely 
exerted indirectly through the actions of Gly or Ser (Fig. I). 
Gly is a neurotransmitter involved in various aspects of brain 
functions (2). Nonketotic hyperglycinemia is an often lethal 
metabolic disease characterized by failure of the glycine cleav- 
age system and increased tissue Gly concentrations (122). In- 
fants affected by this disease have significant neurologic symp- 
toms often leading to coma and death. The rat has been 
successfully used as an animal model to show that the abnor- 
mal neurologic development is directly related to excessive 
brain Gly concentrations (17). Ser is not a neurotransmitter 
but is able to modulate CNS functions and development. Re- 
cently. it has been shown in vitro that L-Ser enhances the 
neuritogenesis of chicken embryonic dorsal root ganglion neu- 
rones (110). Nevertheless, this effect occurs at concentrations 
lower than normal tissue concentrations and is probably not 
involved as a regulatory mechanism of neuritogenesis in the 
context of in vivo development. A more likely mechanism of 
action of Gly and Ser on CNS ontogeny is through modulation 
of NMDA receptors for Glu (103). Glu has widespread actions 
in the CNS (80) and in particular in brain development 
(7X75,76.1 11). It has been shown that Glu influences neu- 
ronal survival (1 1.36.37) and migration (60). neurite growth 
( I I, 12,56). and establishment of synaptic connections (92). 
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Moreover, the development of the visual system and plasticity 

in the visual cortex are related to Glu neurotransmission 
(32,59,62). 

Increased blood threonine could also affect CNS develop- 
ment through competition with other amino acids for transport 
across the BBB (123). A decrease in Tyr entry into the brain 
could lead to a drop in catecholamine synthesis, whereas im- 
paired Trp entry could reduce serotonin synthesis (30,45). 
Moreover, a perturbation of His transport through the BBB 
may interfere with histaminergic neurotransmission (77). 
More generally, it is conceivable that a modification in amino 
acid availability to the brain may decrease CNS protein synthe- 
sis (63). 

An Animal Model of Hyperthreoninemia 

The above description of some of the possible consequences 
of excess Thr intake indicates the existence of a neurobiologic 
basis for developmental effects of Thr. Neurochemical effects 
of a substance on the developing CNS are important reflec- 
tions of a potential neuroteratogenic action (120,129). Thus, 
we decided to study the consequences of excess dietary Thr 
beginning during pregnancy in a rat model of hyperthreoni- 
nemia. In animal studies, the influence of psychosocial factors 
on brain development are less pre-eminent than in humans, 
suggesting that the study of developmental consequences of 
nutritional inadequacies are more specific in animal models 
(78). Beside gross malformations present at birth, modern 
neurotoxicological studies include more discrete develop- 
mental landmarks (.52,120,124,128,129). It is now widely ac- 
cepted that in order to study the potential neurotoxic effects 
of a compound, it is important to include both neurochemical 
and behavioral investigations (129). 

Our studies in the field of hyperthreoninemia were done 
to complement the minimal data available from humans or 
animals. We did not try to perform a complete neuroteratolog- 
ical analysis but put our efforts on specific markers of CNS 
development, especially on markers susceptible to modifica- 
tions by Thr intake according to the scheme presented in Fig. 
1. First, we characterized some of the neurochemical correlates 
of high Thr intake in the young postweaning rat, including 
intra- and extracellular amino acid concentrations in the brain 
and other tissues (14,16). Second, we performed a study of 
behavioral development of rats hyperthreoninemic since con- 
ception (15). A number of important developmental land- 
marks were not studied, for example the histologic characteris- 
tics of the brain, performance in learning and memory tests, 
and sexual and social behaviors. 

ANIMAL STUDIES 

Experimental Design 

Neurochemical correlates of high dietary Thr were per- 
formed in young postweaning male rats (see Fig. 2A). In the 
first study (16) we described the effects of three dietary Thr 
supplements (1.5, 2.0, and 15 times normal Thr intake) on 
plasma, liver, muscle, and intracellular brain amino acid con- 
centrations. Rats received the various diets for two weeks and 
were then killed by decapitation. In a second study (14) we 
used two dietary supplements of Thr (2 and 8 times normal 
Thr intake). Brain and spinal cord were dissected out and the 
extracellular concentrations of amino acids were studied in 
vitro by the microdialysis technique (126). 

Morphologic and behavioral development were studied un- 
til 90 days of age in rats exposed to high Thr since conception 

65.5 

El B 

FIG. 2. A. Experimental design for neurochemical studies. D means 
postnatal day of investigation. Rats received standard diets during 
the first week of adaptation until D28. Thereafter. they received the 
experimental diets (see text for composition) until D42. For the study 
of intracellular AA concentrations, Thr intakes were 1.0,1.5,2.0. and 
15 times the normal intake. For extracellular AA concentrations. 
intakes were 1.0, 2.0, and 8.0 times normal. B. Experimental design 
for the study of behavioral ontogeny. Days of behavioral testing are 
indicated above the horizontal line and the nature of tests under the 
line. IB: independent ingestive behavior, H: homing behavior, SL: 
spontaneous locomotor activity, SA: spontaneous alternation, OF: 
open field. In addition, rats were weighed every 4 days from birth to 
weaning and weekly thereafter. 

(15). We studied the effects of moderate to high increases of 
Thr intake, 1.7 and 4 times normal Thr intake (see (1.5) for 
absolute values which change as a function of age). Moreover, 
we attempted to detect the critical period for the effects of 
Thr on brain by comparing the development of rats exposed 
to moderate Thr intake from conception to birth and then 
from weaning until sacrifice at day 90. These rats differed 
from the preceding group as they received a normal Thr intake 
during lactation. We defined four groups of animals: the first 
group received normal Thr intake from conception until death 
at 90 days, the second group received moderate (1.7 times 
normal intake) Thr from conception until weaning, the third 
group received moderate intake from conception until death, 
and the last group received high Thr intake (4 times normal 
intake) from conception until sacrifice. 

The Thr supplementations were calculated as a function 
of the amounts observed in breast-fed or formula-fed human 
infants. We intentionally chose the highest ratio (1.7) of Thr 
concentrations in formula over Thr concentrations in human 
milk to define our moderate intake in rats. Afterward, pup 
development was studied from birth until 90 days, according 
to the experimental design shown in Fig. 2B. In order to 
minimize the number of animals, we assumed that a continu- 
ous follow-up of body weights and a detailed analysis of organ 
weights on day 90 would be sufficient to detect gross malforma- 
tions caused by high Thr intake. 

In all studies, amino acid concentrations were measured 
in plasma obtained after decapitation, in order to verify the 
extent of hyperthreoninemia associated with our diets and of 
hyperglycinemia secondary to the hepatic conversion of Thr 
into Gly. 
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Chemical and Neurochemical Correlates of High Thr Intake 

Plusma amino acid (.On(.~lltrNti[)rl,~. In the postweaning rat. 
high Thr intake for two weeks induced a dose-related hyper- 
threoninemia (14,16). Comparable data have recently been 
published in the growing rat fed 8 or 15% protein diets en- 
riched with 0.5 to 4% free Thr (107). Rats fed 1 .S time5 the 
normal Thr intake displayed slightly higher plasma Thr con- 
centrations (+38% as compared to Thr concentrations of rats 
receiving a normal diet). In rats fed 2 times the normal intake. 
plasma Thr concentrations were more consistently increased 
(+138% and +105% in (14.16). respectively). With high Thl 
intake (8 times normal), plasma Thr rose drastically (+ 1962% 
in (14)). In the longitudinal study of morphologic and hehav- 
ioral development, moderate Thr supplement (1.7 times nor- 
mal) induced, at day 90, an hyperthreoninemia between +42% 
and +69% as compared to control pups. depending on the 
sex of the animals and the protocol of Thr supplementation 
(15). Hyperglycinaemia was observed in rats fed 4 to I5 times 
normal Thr intake, illustrating the conversion of Thr into Gly 
(6). Plasma Ser concentrations were inconsistently modified 
by Thr intake. Increases in plasma Gly and Ser concentrations 
have been described in postweanling rats fed 8 or 15% protein 
diets containing up to 4% excess Thr (107). In the growing 
pig, excess dietary Thr increased plasma concentrations of 
Thr, Gly. and Ser (20). 

Brain intracellular umino acid conc’entrcltiorls. Moderate to 
high dietary supplement of Thr (2.0 and 15 times normal) 
raised Thr concentrations in various CNS structures including 
spinal cord. cerebral trunk (which comprises mes-. myel-. and 
metencephalon, but not cerebellum), hypothalamus. and cor- 
tex (16). Postweanling rats fed X or 15% protein diets supple- 
mented with free Thr during 8 days had a dose-related increase 
in Thr concentrations in the brain ( 107). Lower Thr intake ( I .5 
times normal) only raised Thr concentrations in the cortex. GI! 
concentrations were enhanced by very high Thr intake (IS 
times normal) in some structures includmg cerebral trunk and 
cortex. Lower Thr intakes inconsistently modified Glv CNS 
concentrations. Ser concentrations were weakly moditied by 
the diets. In accordance with our results. a rise in Gly concen- 
trations has been described in the spinal cord after intraperito- 
neal injection of Thr in the adult rat (69). The evolution ol 
Gly intracellular concentrations after Thr dietary intake or 
systemic treatment shows that manipulations of Thr plasma 
concentrations in the pharmacologic range could disturb brain 
neurochemistry, in accordance with the scheme presented in 
Fig. 1. Nevertheless, moderate intakes. such as those brought 
by common diets, including cow milk whey-based formulae. 
did not seem to interfere with glycinergic neurotransmission 
(16). Moreover. in another study, postweanling rats fed Thr- 
enriched diets for 8 days had no changes in their brain amino 
acid (other than Thr) concentrations (107). 

Brain extracellular amino acid conc’entratior1.c. In vitro ex- 
tracellular Thr concentrations were raised in cortex, cerebral 
trunk. and spinal cord of rats fed 3.3 times the normal Thl 
intake (14). Nevertheless, Gly extracellular concentrations 
were not modified, suggesting that some regulatory mecha- 
nisms maintained normal Gly concentrations near its recep- 
tors. Export through BBB, reuptake of extracellular Gly (2). 
or metabolism through the Gly cleavage system (108) could 
be potential mechanisms explaining the preservation of nor- 
mal Gly extracellular concentrations despite the intracellularly 
observed increase (16). Thr intake did not modify the extracel- 
lular concentrations of aspartate. a putative neurotransmitter 
(4434). or of Glu (14). 

In conclusion. neurochemical data suggest that moderate 
increases in Thr intake could probably not modify brain amino 
acid neurotransmission. Thr concentrations may be increased 
after high Thr intake in plasma and brain intra- and extracellu- 
lar compartments and Gly concentrations may be raised in 
plasma and intracellular brain compartments. Nevertheless. 
extracellular concentrations of Gly, aspartate. and Glu are not 
modified by dietary Thr. 

Effect.\ of High Thr Intake on the Morphologic 

Dcvelopnwnt “f‘ the Rat 

In the young postweaning or adult rat, excess dietary Thr 
has been shown to be weakly toxic, slightly decreasing growth 
and food intake (7936,109). IJnder our conditions, IS times 
normal Thr intake in the postweaning rat reduced body weight 
(-- 13% as compared to rats receiving a normal intake) after 
two weeks of treatment (16). In a more extensive study of 
morphologic development (lS), high Thr intake (4 times nor- 
mal) beginning from conception until death at 90 days mark- 
cdly decreased body weight at all ages. Our results are consis- 
tent with the notion that a toxic effect has a higher probability 
of being expressed if it is present early in development 
( 120.129). The body weight on day 2 (first day of measure) 
was also reduced in pups receiving high Thr intake. Thereafter. 
those rats began to grow but never reached the weights of 
pups fed moderate or normal amounts of Thr. It has recently 
btien shown (107) that excesses of dietary Thr above I % of 
the diet content induced noticeable body weight reduction. 
In this context, the rat seems as sensitive as the chick to the 
effects of Thr (21). the weight gain of these two species being 
much more impaired by high Thr intake than that of the pig 
(20.22). The excessive consumption of an amino acid induces 
an imbalance of amino acid intake. resulting in various bio- 
chemical adaptations. including reduced protein synthesis, and 
finally in reduced weight gain (109). Beside the general effects 
of imbalance. some amino acids, such as methionine. show 
additive specific toxic effects which further decrease weight 
gain (79,109). The decreased weight gain of rats fed high 
amounts of Thr (14,15.79,107) is moderate as compared to 
the effects of pup undernourishment during gestation and 
lactation (X3.72.102) and is low as compared to the effects of 
diets containing high concentrations of methionine (79,109). 
These data suggest that dietary Thr mainly affects body weight 
through an effect of imbalance of amino acid intake and not 
through additional specific toxic effects. 

Organ weights were not consistently modified by an in- 
crease in Thr intake. These data have been recently repro- 
duced (107). Kidney weight (relative to body weight) was 
diminished (- 12%) specifically in females receiving moderate 
(1.7 times normal) Thr intake but was unchanged when Thr 
intake was 4 times normal. Relative brain weight was increased 
in females receiving 1.7 times normal Thr intake (+lO%) and 
in females and males receiving a high (4 times normal) Thr 
intake (+7% and +8%. respectively). Severe protein malnu- 
trition of the pregnant and lactating mother markedly impairs 
brain development as assessed by weight, phosphoprotein, 
and phospholipid content (71). In comparison with the drastic 
effects of severe protein malnutrition, high dietary Thr has 
little effect on brain weight. but, specially during lactation, 
mainly effects body weight. On the whole, cerebral develop- 
ment did not reflect gross abnormalities associated with mod- 
erate or high dietary Thr intakes (15,107). 
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Effects of Thr Intake on Behavioral Development, 
a Longitudinal Study 

Independent alimentary behavior. The existence of a form 
of alimentary behavior distinct from suckling and independent 
from the mother can be demonstrated in the preweaning rat 
pup (42). The young rat separated from its mother and fasted 
for a few hours engages in an active ingestive activity if placed 
in the presence of food or if orally infused with liquid diets. The 
motor sequences involved in independent alimentary behavior 
are different from the neuromuscular activity associated with 
suckling. The intero- and exteroceptive cues modulating the 
two behaviors are also different. Moreover, previous experi- 
ence with suckling is not necessary for the expression of inde- 
pendent alimentary behavior. Various experimental results 
suggest that independent feeding is the real precursor of the 
adult feeding pattern (39). The end of consummatory activity 
(satiety) has a complex regulation (121). At 6 days, the main 
factor inducing the end of alimentary intake is gastric disten- 
tion (41,90). At 1.5 days, satiety is also principally governed 
by gastric distention but postgastric factors begin also to modu- 
iate feeding (88,89). The neural substratum involved in the 
regulation of independent alimentary behavior has been stud- 
ied by the technique of 2DG autoradiography (40). The moti- 
vational, sensory, and motor aspects of the alimentary behavior 
involve different, although sometimes overlapping, neural 
structures. 

In the group of rats whose mothers consumed diets con- 
taining 1.7 times more Thr than normal amounts, but whose 
pups received a normal Thr intake from birth until day 6 
(day of testing), an enhancement of sucrose consumption was 
clearly observed in comparison with the other groups (15). 
Nevertheless, this effect was not found in pups receiving mod- 
erate (1.7 times normal) or high (4 times normal) Thr supple- 
ments from conception until testing. The higher sucrose intake 
of pups supplemented with Thr during gestation but not lacta- 
tion cannot be interpreted as a sign of nutritive deficiency 
since independent alimentary behavior at day 6 is solely regu- 
lated by gastric distention (41,90). The fact that the pups 
in the four groups studied consumed significant amounts of 
sucrose (between 1 and 2% of their body weight during the 
30 min. of testing) suggests that the CNS substratum involved 
in the complex phenomenon of independent ingestive behav- 
ior (40) is functional in pups exposed to a high Thr intake 
during gestation and the first week of lactation (15). 

Homing behavior. Homing, as defined by the activity devel- 
oped by a pup to find its mother, is a form of approach behavior 
and requires orientation skills. Homing appears on day 2 and 
matures between days 4 and 10 (114,133). Homing behavior 
is highly dependent on the capacities of olfactive discrimina- 
tion of the pups. If the nest odor is modified by exogenous 
odors, the preference of the young rat is modified in favour 
of the novel odor (70). The odor of the mother can be modified 
by dietary manipulations which also induce modifications of 
the olfactive preferences of the young (119). Homing behavior 
is also influenced by circadian rhythms. During the dark phase 
of the light cycle, motor activity is elevated, inducing an aug- 
mentation in homing performance (51). 

We measured homing behavior using the multipup homing 
protocol (133). Performance in the homing test was indepen- 
dent of dietary Thr intake (15). The only effect observed was 
that pups receiving high Thr intake (4 times normal) from 
conception until testing on days 9 and 10 displayed a short 
latency to leave the start area in the test apparatus when the 
mother was absent from the goal area. This effect appeared 

to be of little significance since it was observed only on the 
first day of testing and was never observed in the presence of 
the mother (15). It has recently been shown that rat pups 
whose mothers were subjected to protein undernutrition dur- 
ing gestation displayed a specific impairment of homing behav- 
ior (33). Our results show that moderate or high Thr excess 
does not impair homing behavior, despite the fact that early 
malnutrition does. We cannot infer from our data that high 
Thr intake is absolutely harmless toward the neural processes 
involved in recognition of the mother and in orientation to- 
ward the goal area. Nevertheless, the normal performance 
in the homing test suggests that the development of these 
processes is largely preserved from the possible harmful effects 
of Thr. 

Spontaneous locomotion in a non- or weakly stressful envi- 
ronment. A detailed analysis of locomotor behavior shows that 
during the first postnatal week, the rat performs inadequate 
movements, principally torsions of the body without coordi- 
nated movements of the legs (1). Crawling appears during the 
second week and real walking at about day 15 (8,134). The 
first signs of exploratory activity are observed at the same 
time and show a peak of intensity on day 20. Exploration 
diminishes thereafter (8). The acquisition of posture skills is 
intimately related to the ontogeny of locomotor activity (34) 
and to brain development (81,118). The rise in activity ob- 
served in very young rats is associated with the maturation 
of pontine (e.g. reticular formation) structures involved in 
arousal. On the contrary, the diminution of the level of activity 
is related to the development of higher brain structures (e.g. 
cortex) which inhibit the lower brain systems (13). The motor 
capacities of rat pups develop concomitantly with hippocampal 
electrical activity (65). 

Our results showed that Thr intake did not modify the 
development of adult-like walking and rearing, nor the inten- 
sity of locomotor activity (15). Early protein undernutrition 
of the pregnant mother disrupts various components of motor 
activity in pups observed between days 29 and 100 (72). Impor- 
tant modifications of postweaning and adult motor activities 
are induced by manipulations of Tyr intake of the pregnant 
mother (99,105). The development of CNS dopaminergic neu- 
rotransmission has profound effects on the ontogeny of loco- 
motion and on adult motor activities (57). The normal motor 
development of Thr loaded rats during gestation and lactation 
(15) suggests that high Thr intake does not significantly modify 
the ontogeny of dopamine containing motor systems in the 
CNS. Although we did not perform an extensive study of 
motor skills (61) our data suggest that Thr intake does not 
markedly disturb the development of the complex nervous 
systems involved in spontaneous locomotion. Nevertheless, it 
remains possible that more sensitive methods of measure of 
motor performance (57) could detect subtle effects of dietary 
Thr. Our behavioral data are consistent with previous neuro- 
chemical data (14) suggesting that despite the influence of 
Thr intake on Gly concentrations in CNS tissue (16,107) CNS 
extracellular Gly concentrations are not modified, in particular 
in the spinal cord where Gly is involved in motor activity (2). 
Moreover, extracellular Glu and Asp concentrations in the 
spinal cord were not modified by Thr intake (14) further 
strengthening the evidence that supraspinal excitatory and 
intrinsic spinal inhibitory afferents to motoneurons are not 
drastically modified by dietary Thr. 

Locomotion in a stressful environment. In the open field 
test, 15-day-old rats maintain a stable exploratory activity level 
during the entire test sessions. On the contrary, 21-day-old 
rats are very active at the beginning of the test session but 
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very quickly stop their exploratory activity in a manner compa- 
rable to the adult pattern of habituation (10). This phenome- 
non is consistent with the development of head poking activity 
which is not subject to habituation before 25 days (28). In the 
open field, rearing appears on day IS and increases progres- 
sively thereafter. Adult level of activity is not reached before 
day 30 (104). It is possible to accelerate the ontogenesis of 
rearing by precocious eyelid opening (31). Exploratory activity 
in the open-field is dependent on arousal (135). Two compo- 
nents motivate the exploratory behavior of the rat in the open- 
field: the exploratory drive and the emotional reactivity. The 
measures performed in our conditions arc a reflection of both 
components. Although invariant relationships between behav- 
ioral markers of exploratory activity and neuroendocrine 01 
neurochemical stress responses have not been defined (7). it 
is clear that activity in the open-held test is a good index of 
fear and fearfulness (135). The links between open-held activ- 
ity and neuroendocrine stress responses are further confirmed 
by similarities in their ontogenic patterns. During the first 
three weeks of life. the stress response of the hypothalamo- 
hypophysea! axis is weaker than in the adult (106,132). This 
hyporesponsivity is not related to an hypoactivity of the endo- 
crine system but reflects probably a weak transduction of the 
stress signal into neurosecretion of CRF from the hypothala- 
mus (132). 

Exploratory activity during the open-held session on day 
29 was not modified by Thr intake (IS). On day 70. the number 
of rearings was slightly increased (34 %) in rats receiving 4 
times the normal Thr intake from conception until testing as 
compared to normal-fed rats. Other parameters of activity 
were independent of Thr intake. Young and adult rats exposed 
prenatally to haloperido! display an increase of locomotor 
activity in the open field test (I IS). showing that this test can 
detect abnormalities in the development of the dopaminergic 
system. Our results showed that Thr intake did not markedly 
influence exploratory activity in a stressful environment: thcrc 
is thus no evidence suggesting that Thr intake could impair 
dopamine neurotransmission in the brain or the development 
of CNS systems involved in the control of emotions and stress 
responses (7). 

Spontanemcs altrrnation in N Y map. This behavior is highly 
dependent on visual cues and on the capacity to orientate in 
the maze with a spatial strategy. It is possible to accelerate 
the development of spontaneous alternation by surgical open- 
ing of the eyelid on days 6-8 (31). The ontogenesis of the 
hippocampa! formation is the major neurological event gov- 
erning the appearance of spontaneous alternation (10.58). The 
experimental design used to study spontaneous alternation 
has important effects on the subject’s performances. In designs 
based on simple and short sessions. adult levels of alternation 
are reached at about day 80 (58). On the other hand. when 
rats are observed in long sessions. alternation is observed 
earlier (9.35). The maturation of spontaneous alternation is 
intimately related to the ontogenesis of the cholinergic central 
system (24). Before 24 days, the alternation rate is not modi- 
fied by experimental manipulations of the cholinergic system. 
After 24 days, antagonists of muscarinic acetylcholine recep- 
tors diminish the alternation rate whereas drugs enhancing 
cholinergic activity have the opposite effect (24). At 15-16 
days, rats alternate below the level of chance and the alterna- 
tion rate raises quickly to 75% on day 30, and to near 90% 
at day 100 (23). The tendency of the young to persevere in 
their initial choice does not result from poor memory capacity 
or from excessive arousal (23). The young rat is influenced 
by the same spatial and olfactory cues as the adult. but the 

young uses the cues to persevere in its arm choice whereas 
the adult uses the cues to alternate. It has been recently shown 
that performances in alternation result from the competition 
hetween the early tendency of rats to display a preference for 
a side of the maze (lateralization) and the late appearing 
alternance behavior, motivated by the tendency to explore 
the newest arm (98). 

Whatever their Thr intake, rats displayed a normal ontog- 
eny of spontaneous alternation (15). indicating no evidence 
for a marked effect of Thr on the development of the hippo- 
campus or of the cholinergic central system. Whether more 
subtle effects of Thr intake on learning and memory perfor- 
mance could be detected using other tests remains to be estab- 
lished. 

Grooming behavior. We measured this activity concomi- 
tantly to other behaviors during the tests of spontaneous loco- 
motion (between days 12 and 20) and of open-field (days 29 
and 70). The first signs of grooming are observed during the 
second postnatal day (8). The adult form of grooming is not 
displayed before day 21. The behavior develops progressively 
and an acceleration of the intensity of grooming is observed 
on the second week of life (4). Genital grooming is first ob- 
served on day 14 and peaks on day 44 (4). 

Between days 12 and 20, pups receiving moderate to high 
Thr intake had some modification of their time spent on 
grooming (15). Rats receiving 1.7 times the normal Thr intake 
during gestation but not during lactation had a slight reduction 
of their grooming duration measured on day 12 as compared 
to control pups receiving a normal Thr intake. On day 1X. 
rats receiving 1.7 and 4 times the normal Thr intake from 
conception until testing had an enhancement of grooming 
activity. These differences were not reproduced on the other 
days of testing, suggesting that Thr did not induce a profound 
modification of grooming behavior, as measured under our 
conditions. During the open-field test at day 29, rats receiving 
I .7 times the normal Thr intake from conception until testing 
spent more time grooming than the other groups of rats (15). 
Once again. no clear effect of Thr could be deduced from 
these observations since the other Thr supplemented rats did 
not display the same tendency. Moreover. grooming duration 
was not affected by Thr intake during the open-field test at day 
70. The discrete modifications observed in grooming activity 
during the first days of our longitudinal study are reminiscent 
of the irregular development of this behavior (8). Strong un- 
dernutrition of rat pups during lactation strongly enhances 
grooming activity from weaning until. at least. 60 days of age 
( 102). The inconsistent and non-reproducible effects of Thr 
on grooming activity suggest that the development of the 
nervous structures involved in the control of this behavior 
( 100.116) is normal in Thr supplemented rats. Grooming be- 
havior has been related to numerous biological functions, in- 
cluding the regulation of the state of arousal (116) or the 
consequences of stress responses (127). The strong relation- 
ships between the intensity of grooming behavior and arousing 
conditions such as stressors and the fact that intracranial injec- 
tion of adrenocorticotropic hormone induces grooming (116) 
suggest that the measure of grooming activity is related to the 
state of arousal. The weak effects of Thr on grooming activity 
are thus in accordance with our observations of exploratory 
activity in the open-field, thus giving no evidence that Thr 
intakes 1.7 or 4 times above normal could interfere with the 
nervous structures involved in the control of emotions. 

(‘ONC‘LUSIONS 

A summary of Thr effects on the behavioral development 
of the rat is presented (Table 1). We conclude that moderate 
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TABLE 1 

SUMMARY OF Thr EFFECTS ON BEHAVIORAL DEVELOPMENT OF THE RAT 

Postnatal Day 

Dietary Thr Content 6 9-10 12-20 29 70 

1.7 times normal 
G and PW 

1.7 times normal 

G-L-PW 

4 times normal 

G-L-PW 

Raised food intake 

Reduced start-latency 

for homing 

Reduced grooming 

Raised grooming 

Raised grooming 

Raised grooming 

Raised rearing 

G: Gestation, L: lactation, PW: postweaning period. Normal Thr dietary content was defined for preweaning pups on the basis of rat 
milk amino acid composition (17) and for postweaning rats on the composition of standard diets (NAFAG 850 until day 50 and NAFAG 
890 thereafter). See text for details. 

or high intake of Thr (1.7 or 4 times normal) during and ertheless, it remains possible that extensive behavioral studies 
after gestation does not significantly impair the behavioral could reveal more subtle effects of dietary excess of Thr. The 
ontogenesis of the rat. Sensory, motivational, and motor com- consistency of biochemical data, including intracellular amino 
ponents of various behaviors developed independently of the acid concentrations in the brain and other tissues (16,107) and 
Thr intake of the pups. One could object that we did not extracellular amino acid neurotransmitter concentrations (14), 
measure a large enough behavioral repertory to prove the with behavioral observations (15) strengthens the assumption 
innocuous nature of excess dietary Thr, nevertheless, we did that Thr intake does not impair the development of the neuro- 
not find any consistent tendency for a Thr effect in our battery behavioral parameters studied. This does not allow us to to- 
of tests and thus did not investigate further. For example, we tally exclude the possibility that large excess of dietary Thr 
did not study the ontogeny of memory and learning which are could have some neuroteratological effects. One should always 
now widely included in neuroteratological studies (120,129). be cautious when extrapolating from animal studies to the 
The spontaneous alternation scores of Thr supplemented rats human situation, nevertheless. we think that the answer to 
did not suggest any gross defect in the ontogeny of the hippo- the questions of some pediatricians (97) is that the moderate 
campus and the cholinergic system which are essential nervous excess of Thr measured in some infant formulae as compared 
structures for the expression of spontaneous alternation. Nev- to human milk does not represent a clinical problem. 

REFERENCES 

1. 

2. 

3 _. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Altman, J.; Sudarshan, K. Postnatal development of locomotion 
in the laboratory rat. Anim. Behav. 23:89&920; 197.5. 
Aprison. M. H. The discovery of the neurotransmitter role of 
glycine. In: Ottersen, 0. P.; Storm-Mathisen, J. eds. Glycine 
neurotransmission. Chichester: John Wiley & Sons; 199&l-23. 
Axelsson, I.; Borulf. S.; Abildskov, K.; Heird, W.; Raiha, N. C. 
Protein and energy intake during weaning. III. Effects on plasma 
amino acids. Acta Paediatr. Stand. 77:4248; 1988. 
Baenninger. L. P. Comparison of behavioural development in 
socially isolated and grouped rats. Anim. Behav. 15:312-323; 
1967. 
Beverly III. J. L.: Gietzen, D. W.; Rogers, Q. R. Threonine 
concentration in the prepyriform cortex has separate effects on 
dietary selection and intake of a threonine-imbalanced diet by 
rats. .I. Nutr. 121:1287-1292; 1991. 
Bird, M. I.; Nunn, P. B. Metabolic homeostasis ofL-threonine in 
the normally-fed rat. Importance of liver threonine dehydroge- 
nase activity. Biochem. J. 214:687-694; 1983. 
Boissy, A. Fear and fearfulness in animals. Q. Rev. Biol. 70:165- 
191; 1995. 
Bolles, R. C.; Woods, P. J. The ontogeny of behaviour in the 
albino rat. Anim. Behav. 12:427441; 1964. 
Bronstein, P. M.; Dworkin, T.; Bilder, B. H. Age-related differ- 
ences in rat’s spontaneous alternation. Anim. Learn. & Behav. 
2:285-288; 1974. 
Bronstein, P. M.; Neiman, H.; Wolkoff, F. D.; Levine, M. J. The 
development of habituation in the rat. Anim. Learn. & Behav. 
2192-96; 1974. 
Burgoyne. R. D.; Graham, M. E.; Cambray-Deakin, M. Neuro- 

trophic effects of NMDA receptor activation on developing cere- 
bellar granule cells. J. Neurocytol. 22:689-695; 1993. 

12. Cambray-Deakin, M. A.; Burgoyne, R. D. Intracellular Ca*’ and 
N-methyl-D-aspartate-stimulated neuritogenesis in rat cerebellar 
granule cell cultures. Devel. Brain Res. 66:25-32; 1992. 

13. Campbell, B. A.; Lytle, L. D.; Fibiger, H. C. Ontogeny of adrener- 
gic arousal and cholinergic inhibitory mechan&ms in the rat. 
Science 1661635637; 1969. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Castagne, V.; Finot, P. A.; Maire, J. C. Effects of diet-induced 
hyperthreoninemia. II) Tissue and extracellular amino acid levels 
in the brain. Life Sci. 54:41-48; 1994. 
CastagnC, V.: Maire, J. C.; Mo&nnoz, D.; Gyger, M. Effect of 
threonine on the behavioural development of the rat. Pharmacol. 
Biochem. Behav. 52:281-289; 1995. 
CastagnC, V.; Mo&nnoz, D.; Finot, P. A.: Maire. J. C. Effects of 
diet-induced hyperthreoninemia. I) Amino acid levels in the 
central nervous system and peripheral tissues. Life Sci. 53:1803- 
1810; 1993. 
De Groot, C. J.; Everts, R. E. The age-dependent toxicity of 
glycine. J. Inher. Metab. Dis. .5:124-125; 1982. 
Debler, E. A.; Lajtha, A. High-affinity of gamma-aminobutyric 
acid, glycine, taurine, L-aspartic acid, and L-glutamic acid in syn- 
aptosomal (P2) tissue: a kinetic and substrate specificity analysis. 
J. Neurochem. 48:1851-1856; 1987. 
Douglas, R. J.; Peterson, J. J.; Douglas, D. P. The ontogeny of a 
hippocampus-dependent response in two rodent species. Behav. 
Biol. 8:27-37; 1973. 
Edmonds, M. S.; Baker, D. H. Amino acid excesses for young 



660 CASTAGNE. MAIRE AND GYGER 

pigs: effects of excess methionine. tryptophan. threoninc ot- leu- 
tine. J. Animal Sci. 64:3664-1671: 19X7. 

21. Edmonds, M. S.; Baker, D. H. Comparative effects of individual 
amino acid excesses when added to a corn-soybean meal diet: 
effects on growth and dietary choice in the chick. J. Animal SCI. 
6S:6YY-705; 1987. 

22. Edmonds, M. S.: Gonyou, H. W.: Baker. D. H. Effect ot cxccss 
levels of methionine, tryptophan. arginine. lysine or threonine 
on growth and dietary choice in the pig. J. Animal Sci. 65:17Y- 
1x5: 1987. 

23. Egger, G. J. The relevance of memory. arousal. and cue tactor:, 
to developmental changes in spontaneous alternation by mts. 
Dcvel. Psychobiol. 6:450%46X: 1973. 

24. Egger, G. J.: Livesey. P. J.: Dawson. R. G. Ontogenetic aspects 
of central cholinerglc involvement in spontaneous alternation 
behavior. Devel. Psychohiol. 6:2X9-2YY: 1973. 

25. Emerit. M. B.: Riad, M.: Hamon. M. Trophic effects of neuro- 
transmitters during brain maturation. Biol. Neonate 62:lY3- 
201: 1992. 

26. Enwonwu. C. 0. Amino acid availability and control ot hiatamin- 
ergic systems in the brain. In: Huether. G. cd. Amino acid avail- 
ability and brain function in health and disease. Berlin: Springer 
Verlag; 198X:167-173. 

27. Fazzolari-Nesci. A.: Domianello. D.: Sotera. V.: Raiha, N. (‘. 
Tryptophan fortification of adapted formula increases plasma 
tryptophan concentrations to levels not different from those 
found in breast-fed infants. J. Pediatr. Gastroenterol. Nutr. 
14:4s&459: 1992. 

2X. Feigley, D. A.: Parsons. P. J.; Hamilton. L. W.: Spear. N. b. 
Development of habituation to novel environments in the rat. 
J. Comp. Physiol. Psychol. 79:443-452: 1972. 

2Y. Fernstrom, J. D. Tryptophan availability and serotonin synthesis 
in brain. In: Huether. G. ed. Amino acid availability and brain 
function in health and disease. Berlin: Springer Verlag: IYXX: 
137-146. 

30. Fernstrom, J. D. Aromatic amino acids and monoamine synthesis 
in the central nervous system: influence of the diet. J. Nutr. 
Biochem. 1:50X-517: 1990. 

31. Foreman. N.: Altaha. M. The devclopmcnt of exploration and 
spontaneous alternation in hooded rat pups: effects of unusually 
early eyelid opening. Devel. Psychobiol. 24:521-537: 1YY2. 

32. Fox, K.: Daw. N. W. Do NMDA receptors have a critical function 
in visual cortical plasticity’? Trends Neurosci. 16: I 16-l 22: I W. 

33. Caller, J. R.; Tonkiss. J.: Maldonado-Irizarry. C. S. Prenatal 
protein malnutrition and home orientation in the t-at. Physiol. 
Behav. SS:YY3-996: 1994. 

34. Geisler. H. C.: Westerga. J.: Gramshcrgen. A. Development o1 
posture in the rat. Acta Neurol. Exp. S3:517-523: 1093. 

3.5. Gittis, A. G.: Stark, H.; Arnold. C.: Geter, B.: Frazier. D.: Olton. 
D. S. Emergence of choice strategies in the rat: shift-stay diffcrcn- 
tiation precedes win-lose differentiation. Anim. Learn. & Behav. 
16:lS-18: 19X8. 

36. Gould, E.: Cameron. H. A.; McEwen, B. S. Blockade of NMDA 
receptors increases cell death and birth in the dcvcloping t-at 
dentate gyrus. J. Camp. Neurol. 340551-565: 1994. 

37. Greensmith. L.; Mentis. G. Z.; Vrbova. G. Blockade of N-mcthyt- 
n-aspartate receptors by MK-X01 (dizocilpine maleate) rescues 
motoneurones in developing rats. Devel. Brain Res. XI: 162- 
170: I YY4. 

3X. Growdon, J. H.: Nader. T. M.: Schoenfeld, J.; Wurtman. K. .I. 
I.-Threonine in the treatment of spasticity. Clin. Neuropharma- 
col. 14:403412: lYY1. 

3Y. Hall. W. G. What we know and don’t know about the dcvelop- 
ment of independent ingestion in rats. Appetite 633%356: 1985. 

40. Hall, W. G. Neural systems for early independent ingestion: 
regional metabolic changes during ingestive responding and de- 
hydratation. Behav. Neurosci. 103:3X6-41 I: 1YXY. 

41. Hall. W. G.: Bruno, J. P. Inhibitory controls of ingestion in 
h-day-old rat pups. Physiol. Behav. 32:X31-841: 19X4. 

42. Hall. W. G.: Williams. C‘. L. Suckling isn’t feeding. or is it? A 
search for developmental continuities. In: Hinde. R. A.: Beer. 

R. A.; Busnell, M. cds. Advances in the study of behavior. New 
York: Academic Press. Inc. 19X3:219-254. 

43. Hanning. R. M.: Paes. B.: Atkinson. S. A. Protein metabolism 
and growth of term infants in response to reduced-protein, 40:hO 
whey: casein formula with added tryptophan. Am. J. Clin. Nutr. 
56:1004-101 I; 1992. 

44. Headley, P. M.: Grillncr. S. Excitatory amino acids and synaptic 
transmission: the evidence for a physiological function. Trends 
Pharmacol. Sci. 11:2OS-211: 1990. 

45. Hommcs. F. A.: Lee. J. S. The control of S-hydroxytryptamine 
and dopamine synthesis in the brain: a theoretical approach. 
Inheritable Metab. Dis. 13:37-57: 1990. 

46. Huether. G. Consequences of experimental modulations of 
amino acid availability during brain development. In: Huether, 
G. ed. Amino acid availability and brain function in health and 
disease. Berlin: Springer Verlag; 1988:421~2Y. 

37. Huether. G. Amino acid availability and brain development: 
effects of nutritional and metabolic inadequacies. Eur. J. Clin. 
Nutr. 43:1Y-25: 1989. 

1s. Huethcr. G. Amino acid supply, free amino acid pools. and the 
regulation of monoamine synthesis during early brain develop- 
ment. In: Lehnert. H.; Murison. R.; Weiner, H.; Hellhammer, 
I).: Beyer, J. eds. Endocrine and nutritional control of basic 
biological functions. Seattle: Hogrefe & Huber; 1993:19-2X. 

4Y. Huether, G.; Kaus, R.; Neuhoff. V. Brain development in experi- 
mental hyperphenylalaninemia: disturbed proliferation and 
reduced cell numbers in the cerebellum. Neuropediatrics 14: 
12-19: 19x3. 

50. Hughes, J. V.: Johnson, T. C. Experimentally induced and natural 
recovery from the effects of phenylalanine on brain protein syn- 
thesis. Biochim. Biophys. Acta .517:473-4X5; 1978. 

5 I. Infurna. R. N. Daily hiorhythmicity influences homing behavior, 
psychopharmacological r&ponsiv&ess, learning, and retention 
of suckling rats. J. Coma. Phvsiol. Psvchol. 95:X9&914: 1981. 

52. Isaacson. ii. L.; Spear. L: P. A’new perspective for the interpreta- 
tion of early brain damage. In: Finger, S.; Almli, C. R. eds. Early 
brain damage. Orlando: Academic Press. Inc. 1984:73-9X. 

.53. Janas, L. M.: Picciano, M. F.: Hatch. T. F. Indices of protein 
metabolism in term infants fed human milk. whey-predominant 
formula. or cow’s milk formula. Pediatrics 75:775-7X4: lY85. 

54. Jarvcnpaa. A. L.: Rassin, D. K.: Raiha. N. C.: Gaul]. G. E. Milk 
protein quantity and quality in the term infant. II. Effects on 
acidic and neutral amino acids. Pediatrics 70:221-230; 1982. 

55. Johnson. D. J.: Anderson, G. H. Prediction of plasma amino 
acid concentration from diet amino acid content. Am. J. Physiol. 
743:RYY-RlO3; 1982. 

56. Kalb. R. G. Regulation of motor neuron dendrite growth by 
NMDA receptor activation. Development 120:3063-3071: lYY4. 

57. Kallman. M. J.; Fowler. S. C. Assessment of chemically induced 
alterations in motor function. In: Chang, L. W. ed. Principles of 
Neurotoxicolopy. New York: Marcel Dekker, Inc. lY94:373-396. 

5% Kirkby, R. J. A maturation factor in spontaneous alternation. 
Nature 215:7X4: 1067. 

5Y. Kleinschmidt. A.; Bear. M.: Singer. W. Blockade of NMDA 
receptors disrupts cxperiencc-dependent plasticity of kitten stri- 
ate cortex. Science 23X:355-358: 1987. 

60. Komuro. H.: Rakic, P. Modulation of neuronal migration by 
NMDA receptors. Science 260:9S-97: 1993. 

6 I. Kulig, B. M.: Lammers, J. H. C. M. Assessment of neurotoxicant- 
induced effects on motor function. In: Tilson, H.: Mitchell, C. eds. 
Neurotoxicology. New York: Raven Press. Ltd. 1992:147-179. 

62. Kumar, A.: Schliebs, R.: Big], V. Postnatal development of 
NMDA. AMPA and kainate receptors in individual layers of 
rat visual cortex and the effect of monocular deprivation. Int. J. 
Dev. Neurosci. 12:31-41; 1994. 

63. Lajtha, A.: Banay-Schwartz, M.; Dunlop, D. Nutritional alter- 
ations of amino acids and proteins during cerebral development. 
In: Van Gelder, N. M.; Butterworth. R. F.: Drujan. B. D. cds. 
(Mal)Nutrition and the infant brain. New York: Wiley-Liss: 
t’)YO:lYl-206. 

63. Lauder. J. M. Neurotransmitters as morphogens. In: Boer. G. J.: 
Fecnstra. M. G. P.; Mirmiran, M.: Swaab, D. F.; Van Haaren. F. 



AMINO ACID INTAKE AND RAT DEVELOPMENT 661 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

7s. 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

eds. Progress in brain research. Amsterdam: Elsevier Science 
Publ. 1988:365-387. 
Leblanc, M. J.; Bland, B. H. Developmental aspects of hippocam- 
pal electrical activity and motor behavior in the rat. Exp. Neurol. 
66~220-237; 1979. 
Levitt, P.; Murphy, E. H. Events in central nervous system devel- 
opment as the bases for susceptibility to neurotoxicity. In: Chang, 
L. W. ed. Principles of Neurotoxicity. New York: Marcel Dekker, 
Inc. 1994:681-697. 
LGnnerdal, B.; Chen, C. L. Effects of formula protein level and 
ratio on infant growth, plasma amino acids and serum trace 
elements. 1. Cow’s milk formula. Acta Paediatr. Stand. 79:257- 
265: 1990. 
Maher, T. J. Modification of synthesis, release, and function of 
catecholaminergic systems by phenylalanine. In: Huether, G. ed. 
Amino acid availability and brain function in health and disease. 
Berlin: Springer Verlag; 1988:201-206. 
Maher. T. J.; Wurtman, R. J. L-Threonine administration in- 
creases glycine concentrations in the rat central nervous system. 
Life Sci. 26:1283-1286; 1980. 
Marasco, E.; Cornwell-Jones, C.; Sobrian, S. K. 6-Hydroxydopa- 
mine reduces preference for conspecific but not other familiar 
odors in rat pups. Pharmacol. Biochem. Behav. 10:319-323; 1979. 
Marin, M. C.; De Tomas, M. E.; Serres, C.; Mercuri, 0. Protein- 
energy malnutrition during gestation and lactation in rats affects 
growth rate, brain development and essential fatty acid metabo- 
lism. J. Nutr. 125:1017-1024; 1995. 
Massaro, T. F.; Levitsky, D. A.; Barnes, R. H. Early protein 
malnutrition in the rat: behavioral changes during rehabilitation. 
Devel. Psychobiol. 10:105-111; 1977. 
Mattson, M. P. Neurotransmitters in the regulation of neuronal 
cytoarchitecture. Brain Res. Rev. 13:179-212; 1988. 
McBride, W. J.; Daly, E.; Aprison, M. H. Interconversion of 
glycine and serine in a synaptosome fraction isolated from the 
spinal cord, medulla oblongata, telencephalon, and cerebellum 
of the rat. J. Neurobiol. 4:557-566; 1973. 
McDonald, J. W.: Johnston. M. V. Physiological and pathological 
roles of excitatory amino acids during central nervous system 
development. Brain Res. Rev. 15:41-70; 1990. 
Meier, E.; Hertz, L.; Schousboe, A. Neurotransmitters as devel- 
opmental signals. Neurochem. Int. 19:1-15; 1991. 
Mercer. L. P.; Dodds, S. J.; Schweitztal, M. R.; Dunn, J. D. Brain 
histidine and food intake in rats fed diets deficient in single 
amino acids. J. Nutr. 119:66-74; 1989. 
Morean. B.: Gibson. K. R. Nutritional and environmental inter- 
act& in brain development. In: Gibson, K. R.; Petersen, A. 
C. eds. Brain maturation and cognitive development. New York: 
Aldine de Gruyter; 1991:91-106. 
Muramatsu, K.; Odagiri, H.; Morishita, S.: Takeuchi. H. Effect 
of excess levels of individual amino acids on growth of rats fed 
casein diets. J. Nutr. 101:1117-1125; 1971. 
Nakanishi, S. Molecular diversity of glutamate receptors and 
implications for brain function. Science 258:597-602; 1992. 
Oakley, D. A.: Plotkin, H. C. Ontogeny of spontaneous locomo- 
tor activity in rabbit, rat, and guinea pig. J. Comp. Physiol. Psy- 
chol. 89:267-273; 1975. 
Oldendorf, W. H. Brain uptake of radiolabeled amino acids. 
amines, and hexoses after arterial injection. Am. J. Physiol. 
221:1629-1639: 1971. 
Oldendorf, W. H.; Crane, P. D.; Braun, L. D.; Gosschalk, E. A.; 
Diamond, J. M. pH dependence of histidine affinity for blood- 
brain barrier carrier transport systems for neutral and cationic 
amino acids. J. Neurochem. 50~857-861; 1988. 
Orrego, F.; Villanueva, S. The chemical nature of the main cen- 
tral excitatory transmitter: a critical appraisal based upon release 
studies and synaptic vesicle localization. Neuroscience 56:539- 
555; 1993. 
Pardridge, W. M.; Choi, T. B. Neutral amino acid transport at 
the human blood-brain barrier. Fed. Proc. 45:2073-2078; 1986. 
Peng, Y.; Gubin, J.; Harper, A. E.; Vavich, M. G.; Kemmerer, 
A. R. Food intake regulation: amino acid toxicity and changes 
in rat brain and plasma amino acids. J. Nutr. 103:608-617; 1973. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

Peterson, N. A.; Raghupathy. E. Developmental transitions in 
uptake of amino acids by synaptosomal fractions isolated from 
rat cerebral cortex. J. Neurochem. 21:97-l 10; 1973. 
Phifer, C. B.; Browde, J. A.; Hall, W. G. Ontogeny of glucose 
inhibition of independent ingestion in preweaning rats. Brain 
Res. Bull. 17:673-679; 1986. 
Phifer, C. B.; Hall, W. G. Ingestive behavior in preweanling rats: 
emergence of postgastric controls. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 255:R191-R199; 1988. 
Phifer, C. B.; Sikes, C. R.; Hall, W. G. Control of ingestion in 
6-day-old rat pups: termination of intake by gastric fill alone? 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 250:R807-R814; 
1986. 
Picone, T. A.; Benson, J. D.; Moro, G.: Minoli, I.; Fulconis, F.; 
Rassin, D. K.: Raiha, N. C. Growth, serum biochemistries, and 
amino acids of term infants fed formulas with amino acid and 
protein concentrations similar to human milk. J. Pediatr. Gas- 
troenterol. Nutr. 9:351-360; 1989. 
Rabacchi, S.; Bailly, Y.; Delhaye-Bouchaud. N.; Mariani, J. 
Involvement of the N-methyl D-aspartate (NMDA) receptor in 
synapse elimination during cerebellar development. Science 
256:1823-1825; 1992. 
Rassin, D. K. Protein nutrition in the neonate: assessment and 
implications for brain development. In: Rassin, D. K.; Haber, 
B.; Drujan, B. eds. Basic and clinical aspects of nutrition and 
brain development. New York: Alan R. Liss, Inc. 1987:19-39 
Rassin, D. K.; Gaull, G. E.; Heinonen, K.; Raiha, N. C. Milk 
protein quantity and quality in low-birth weight infants: II. Ef- 
fects on selected aliphatic amino acids in plasma and urine. Pedi- 
atrics 59:407-422; 1977. 
Reddi, 0. S. Threoninemia-a new metabolic defect. J. Pediatr. 
93:X14-816; 1978. 
Reynolds, J. D.; Brien, J. F. Ethanol neurobehavioural teratogen- 
esis and the role of L-glutamate in the fetal hippocampus. can. 
J. Phvsiol. Pharmacol. 73:1209-1223: 1995. 
Rigo: J.: Verloes. A.; Senterre, J. Plasma amino acid concentra- 
tions in term infants fed human milk, a whey predominant for- 
mula, or a whey hydrolysate formula. J. Pediatr. 115:752-755; 
1989. 
Rodriguez; M.; Afonso. D. Ontogeny of T-maze behavioral later- 
alization in rats. Physiol. Behav. 5491-94; 1993. 
Rodriguez, M.; Santana, C.: Afonso, D. Maternal ingestion of 
tyrosine during rat pregnancy modifies the offspring behavioral 
lateralization. Physiol. Behav. 55:607-613; 1994. 
Roeling, T. A. P.; Veening, J. G.: Peters, J. P. W.; Vermelis, 
M. E. J.; Nieuwenhuys, R. Efferent connections of the hypothala- 
mic ‘grooming area’ in the rat. Neuroscience 56:199-225: 1993. 
Roth, R. H.; Tam, S. Y.; Bradbery, C. W.; Karasic, D. H.; Deutch, 
A. Y. Precursor availability and function of midbrain dopaminer- 
gic neurons. In: Huether, G. ed. Amino acid availability and 
brain function in health and disease. Berlin: Springer Verlag: 
1988:191-200. 
Salas. M.; Pulido, S.; Torrero. C.: Escobar, C. Neonatal undernu- 
trition and self-grooming development in the rat: long-term ef- 
fects. Physiol. Behav. S&567-572: 1991. 
Salt. T. E. Modulation of NMDA receptor-mediated responses 
by glycine and o-serine in the rat thalamus in vivo. Brain Res. 
481:403-406: 1989. 
Sanberg, P. R.; Moran, T. H.; Kubos, K. L.; Coyle, J. T. Auto- 
mated measurement of rearing behavior in adult and neonatal 
rats. Behav. Neurosci. 98:743-746: 1984. 
Santana. C.; Martin, L.; Rodriguez Diaz, M. Tyrosine ingestion 
during rat pregnancy alters postnatal development of dopaminer- 
gic neurons in the offspring. Brain Res. 635:9&102; 1994. 
Sapolsky, R. M.; Meaney, M. J. Maturation of the adrenocortical 
stress response: neuroendocrine control mechanisms and the 
stress hyporesponsive period. Brain Res. Rev. 11:65-76; 1986. 
Sarwar, G.; Peace, R. W.; Botting, H. G. Influence of high dietary 
threonine on growth and amino acids in blood and tissues of 
rats. Amino Acids 8:69-78; 1995. 
Sato, K.; Yoshida, S.; Fujiwara, K.: Tada. K.; Tohyama, M. Gly- 
tine cleavage system in astrocytes. Brain Res. 567:64-70; 1991. 



662 CASTAGNE. MAIRE AND GYGER 

IOY. Sauberlich. H. E. Studies on the toxicity and antagonism of amino 
acids for weanling rats. J. Nutr. 755-72: 1961. 

I IO. Savoca. R.: Ziegler, U.: Sondereggcr, P. Effects of I.-heI-inc on 
neurons in vitro. J. Neurosci. Methods 61:159%167: lYY5. 

I I I. Scheetz. A. J.: Constantine-Paton, M. Modulation ot NMDA 
receptor function: implications for vcrtebratc neural dcvelope- 
ment. FASEB J. X:745-752; lY94. 

112. Schulze. C.: Firth, J. A. Interendothelial junctions during blood- 
hrain barrier development in the rat: morphological changes at 
the level of individual tight junctional contacts. Devel. Brain 
Res. 69:X5-95: 1992. 

113. Schwartz. J. C.: Arrang. J. M.: (iarbarg, M.: Pollard. H.: Rust. 
M. Histaminergic transmission in the mammalian brain. Phcs;lol. 
Rev. 7l:l~Sl: 1991. 

114. Sczcrzenie. V.; Hsiao. S. Development of Iocomotlon toward 
home nesting material in neonatal rats. Devel. Psychohiol. 
10:315~321: lY77. 

I Ii. Spear. L. P.: Shalaby, I. A.; Brick. J. (‘hronic adminiatralion 01 

haloperidol during development: behavioral and paychopharm;l- 
cological effects. Psychopharmacology 70:47-5X: 19x0. 

I 16. Spruijt, B. M.; Van Hooff. J. A. R. A. M.: Gispen. W. H. Ethology 
and neurobiology of grooming behavior. Physiol. Rev. 73:X25- 
x52; 1992. 

117. Steinberg, L. A.: O’c’onncll. N. <‘.: Hatch. T. F.: Picciano, M. F.. 
Birch. L. L. Tryptophan intake influrnccs infants’sleep latency. J. 
Nutr. 122:17X1-3791; lYY2. 

I IX. Stelzner. D. J. Ontogeny of the cncephalization pr-occ\\. In: 
Greenough, W. ‘I‘.: Juraska. J. M. eds. Developmental Neuropsy- 
chobiology. Orlando: Academic Press. Inc. lY86:241~?71). 

119. Sullivan, R. M.: Wilson. D. A.: Womg. R.; Correa. A.: Leon. M. 
Modified behavioral and olfactory bulb responses to maternal 
odors in prcweaning rats. Devcl. Brain Res. 53:243-247: IYYO. 

120. Swaab. D. F.: Boer, C;. J.; Feenstra. M. G. P. C’oncept of func- 
tional neuroteratology and the importance of neurochemistry. 
In: Boer. G. J.: Feenstra. M. G. P.: Mirmiran. M.: Swaah. I>. F.: 
Van Haaren. F. eds. Biochemical basis of functional neurotcratol- 
ogy. Amsterdam: Elsevier Science Publishers B.V. IYXX:3~14. 

1’21, Swithers. S. E.; Hall. W. G. A nutrilive control of indepcndcnt 
ingestion in rat pupsemerges by nine days ofagc. Physiol. Bchav. 
46:873-X79: 198’). 

122. ‘fada, K.: Kure. S. Non-ketotic hvpcl-glycincmia: molccula~ Ic- 
sion. diagnosis and pathophyci&gy. .I. Inher. Metab. Dis. 
16:691-703: 1993. 

12.1. Tews. J. K.: Greenwood. J.: Pratt, 0. E.: Harper. A. E. ‘I hreonmc 
entry into rat brain after diet-induced changes in plasma amino 
acids. J. Neurochem. 4X:lX7%lXX7: 19X7. 

124. Tilson. H. A. Neurobehavioral methods used in ncurotoxtcoloFi- 
cal research. Toxicol. Lett. 6X:231-240: 1993. 

125. I‘ovar. A.; stews, J. K.: Torres. N.: Harper. A. E. Some charactcr- 
i\tics of threonine transport across the blood-brain barrier of 
the rat. J. Neurochem. 51:12X5-1293; 19X8. 

126. Ungcrstedt. U. Microdialysis-principles and applications for 
studies in animals and man. J. Int. Med. 230365-373: 1991. 

127. Van Erp. A. M. M.: Kruk, M. R.: Meelis, W.: Willekens-Bramcr. 
D. c‘. Effect of environmental stressors on time course. variability 
and form of self-grooming in the rat: handling. social contact. 
defeat, novelty. restraint and fur moistening. Behav. Brain Res. 
hS:J7-5s; 1994, 

12% Vorhce3. (‘. V. Developmental neurotoxicology. In: l‘ilson. H.: 
Mitchell. C. eds. Ncurotoxicology. New York: Raven Press. 
Ltd. lYY2:2Y5-32Y. 

13. Vorhees, C. V. Behavioral d functional ontogeny: biomarkcrs 
of neurotoxicity. In: <‘hang. L. W. ed. Principles of Neurotoxicity. 
New York: Marcel Dekker, Inc. lYY4:733-763. 

1.30. Vorhecs. C. V.: Acuff-Smith, K. D.; Weisenburger. W. P.: Minck. 
D. R.: Berry. H. K. Branched chain amino acids improve radial- 
arm maze acquisition and water maze forced-choice learning in 
rat offspring exposed in utero to hyperphenylalaninemia. Neuro- 
toxicol. Teratol. 14:3%41; 1092. 

Iii. Wachs. T. D. Relation of mild-to-moderate malnutrition to hu- 
man development: correlational studies. J. Nutr. 125:2243S- 
22.515: l9YS. 

137. Walker. C’. D.: Perrin. M.: Vale. W.: Rivier. (‘. Ontogeny of the 
stress rcsponsc in the rat: role of the pituitary and the hypothala- 
mus. Endocrinology I lX:l44S~l4Sl: 1986. 

133. Wcht, (;. L.; Sobotka, T. J.: Brodie. R. E.: Mills-Smith, M. C.: 
Uuander. D. Y. Multipup homing: a rapid test for olfactory 
discrimination in neonalal rats. Ncurobehav. Toxicol. Teratol. 
X:2Y.%206: IYXh. 

1.3-l. Westcrga. J.: Gramshergen. A. The development of locomotion 
in the rat. Devcl. Brain Res. 57:163-174; 1990. 

I .35. Whimhcy. A. E.: Denenherg. V. H. Two independent behavioral 
dimentions in open-field performance. J. Camp. Physiol. Psychol. 
f>3500-504: I Y67. 

136. Yamashita, K.: Ashida. K. Effects of excessive lcvcls ol lysine 
and thrconine on the metabolism of these amino acids in rats. 
J. Nut!-. 101:1607-1613: 1971. 

1.37. Young. S. N. Effects of decreased tryptophan availabtlity on 
human mood. aggression, food intake, and pain perception. In: 
Lehncrt, H.: Murison. R.: Weiner, H.: Hellhammer. D.; Beyer. 
J. eds. Endocrine and nutritional control of basic biological func- 
tions. Seattle: Hogrefe & Huhcr Publishers; 39933991108. 

IiS. Zanardo. V.; D’Aquino. M.: Stocchero. L.; Biasiolo. M.: Allcgl-i. 
C;. Serum total and free tryptophan levels in term infants fed 
cou’s milk formula or human milk. Eur. J. Pediatr. 14X:781- 
7x3; IYXY, 


