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At birth, some organs in premature infants are not developed 
enough to meet challenges of the extra-uterine life. Although 
growth and maturation continues after premature birth, 
postnatal organ development may become sluggish or even 
arrested, leading to organ dysfunction. There is no clear mech-
anistic concept of this postnatal organ developmental failure 
in premature neonates. This review introduces a concept-
forming hypothesis: Mitochondrial bioenergetic dysfunction 
is a fundamental mechanism of organs maturation failure in 
premature infants. Data collected in support of this hypothesis 
are relevant to two major diseases of prematurity: white mat-
ter injury and broncho-pulmonary dysplasia. In these diseases, 
totally different clinical manifestations are defined by the same 
biological process, developmental failure of the main func-
tional units—alveoli in the lungs and axonal myelination in the 
brain. Although molecular pathways regulating alveolar and 
white matter maturation differ, proper bioenergetic support of 
growth and maturation remains critical biological requirement 
for any actively developing organ. Literature analysis suggests 
that successful postnatal pulmonary and white matter devel-
opment highly depends on mitochondrial function which can 
be inhibited by sublethal postnatal stress. In premature infants, 
sublethal stress results mostly in organ maturation failure with-
out excessive cellular demise.

White matter injury (WMI) and broncho-pulmonary 
dysplasia (BPD) are the most devastating diseases of 

prematurity, accounting for the majority of all life-long dis-
abilities associated with premature birth. Neuroimaging stud-
ies detect white matter abnormalities in ~50% of infants and 
children born with the birth weight less than 1,500 g (very low 
birth weight (VLBW)). These WM abnormalities account for 
neurological deficits observed in the approximately 90% of the 
affected infants (1). In the United States, BPD annually impacts 
health of ~10,000 premature infants. These infants exhibit life-
long alteration of their pulmonary function (2). Thus, WMI and 
BPD are responsible for enormous socio-economic burden.

WMI consists of a spectrum of cerebral abnormalities in 
which defect of axonal myelination is the most common 
pathological finding. Clinically, WMI manifests with various 

degrees of permanent neurological deficit. In BPD, primary 
pathological lesion is poor pulmonary alveolarization second-
ary to developmental arrest of alveolar formation. This disease 
manifests with pulmonary insufficiency in maintaining ade-
quate gas exchange. Because of our incomplete understanding 
of the mechanisms of these diseases, the progress in treatment 
and prevention of BPD and WMI remains stagnant. What 
is known, that both these diseases are unique to premature 
infants and that organ developmental failure is a key patho-
physiological mechanism. This knowledge may be interpreted 
as a cue for existence of a common cellular mechanism in the 
evolution of BPD and WMI.

THE EVOLUTION OF WMI AND BPD IS SIMILAR
Epidemiological data suggest that cystic periventricular leuko-
malacia (PVL) is no longer a predominant form of the WMI 
and occurs only in ~5% of VLBW infants. In contrast, dif-
fuse or focal noncystic WMI affects ~50% of VLBW infants 
(1,3). Clinical presentation of WMI has changed accordingly. 
Premature infants, now survive with milder spectrum of sen-
sorimotor and cognitive disabilities (4). These data imply that 
pathological pattern of WMI has shifted away from acute and 
massive degeneration of neurons, oligodendrocytes (OLs) and 
other cells, known as cystic PVL, toward diffuse or focal non-
cystic WMI. The latter form of WMI is mostly characterized 
by axonal hypomyelination, without extensive cerebral tissue 
loss. It is possible, that progress in medical care of prema-
ture infants contributed to this shift in neuropathological and 
clinical presentation of WMI. While cystic PVL is defined by 
acute loss of the white matter parenchyma following a lethal 
insult, noncystic WMI is associated with maturational failure 
of OLs precursors to reach their myelin-producing state (3,5). 
To date, clinical causes of cystic PVL: acute and lethal cerebral 
insults, hypoxia-ischemia, intraventricular/parenchymal hem-
orrhage as well as primary molecular mechanisms of cellular 
death have been extensively studied and largely defined. In 
contrast, clinical causes and molecular mechanisms for matu-
rational arrest of surviving OLs received much less attention 
and remain unclear.

Interestingly, natural evolution in pathological and clinical 
presentation of neonatal BPD is strikingly similar to that of 
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WMI. Not long ago, neonatologists also recognized a shift in 
the pathological and clinical patterns of the same disease. This 
shift was defined as the evolution from the “Old” BPD to the 
“New” BPD (6,7). Similarly to the difference between cystic 
PVL and noncystic WMI, the difference between these two 
patterns of BPD consists of changes in pathological and clini-
cal presentation. The pathological hallmark of “Old” BPD was 
described as a massive cellular demise (necrosis/apoptosis) fol-
lowed by inflammatory response and extensive fibrosis of the 
lung parenchyma (8). This pathological phenotype of “Old” 
BPD is very similar to that of cystic PVL; formation of periven-
tricular cystic lesions in response to a massive loss of the WM 
parenchyma. Primary pathological presentation in “New” 
BPD is mostly limited to poor development of alveoli which 
functionally, resembles poor axonal myelination in noncystic 
WMI. Thus, BPD and WMI exhibit similar evolution of their 
classical pathological manifestation, by shifting away from the 
extensive loss of parenchymal tissue toward developmental 
arrest of the organ’s main functional units. In both diseases, 
these changes were recognized at the same “developmental” 
stage of current neonatology. This suggests that BPD and WMI 
may share common subcellular mechanism, contributing to 
developmental failure of lungs and brain, and this mechanism 
is sensitive to a progress in neonatal medical care.

MITOCHONDRIAL DYSFUNCTION AND MATURATION 
FAILURE OF LUNGS AND WHITE MATTER
In humans and other mammals, neonatal age is the time of 
the highest energy requirement. One of the main purposes 
of cellular bioenergetics in this age is generation of energy 
for rapid organs growth and development. At birth, lungs of 
the VLBW premature infants are at the saccular stage of their 
maturation and not fully functional. Similarly, brains of pre-
mature neonates are structurally and functionally immature. 
This is evidenced by high incidence of central apnea, poor 
axonal myelination, and by the presence of mostly immature 
oligodendrocytes (OLs) (9). Even at term gestation, human 
brain contains only 50% of mature myelin-producing OLs 
(3,10). The developmental spurt requires significant amount 
of energy. It is not surprising that in rats, during the initial 
3 wk of life, when the rate of cerebral growth is the greatest 
relatively to any other age (11), total mitochondrial capacity in 
the brain increases by 11-fold, compared to that at birth (12). 
At cellular level, differentiation and maturation requires up 
to 45% increase in adenosine-triphosphate (ATP) consump-
tion rate (13). Differentiating OLs metabolically are extremely 
active, significantly contributing to an increase in total cerebral 
metabolic demand during brain development (14). In regards 
to the white matter maturation, it has been calculated, that the 
energy cost of myelination in rodent optic nerve is equal to the 
energy spent for generation of 15–23 million action potentials 
in myelinated optic nerve (15).

Similarly to the brain, pulmonary development and growth 
also requires substantial energy support. For example, leptin-
deficient mice, known for their low metabolic rate, demon-
strated significantly poorer alveolarization and lung volume 

at 2 wk of life (16). Mitochondrial dysfunction, defined by an 
inhibition of oxidative phosphorylation, has been implicated 
in the mechanisms of poor proliferation of alveolar epithelium 
(17). The importance of intact mitochondrial bioenergetics 
function for proper alveolarization can be supported by our 
recent studies. In the hyperoxia-induced or mechanical ven-
tilation-induced models of BPD-like lung injuries, alveolar 
developmental arrest was strongly associated with depression 
of the respiratory chain in pulmonary mitochondria (18,19). 
Moreover, pharmacological inhibition of mitochondrial com-
plex-I or partial uncoupling of lung mitochondria, without any 
pulmonary stress (hyperoxia or mechanical ventilation), fully 
replicated the phenotype of “new BPD”, an arrested alveolar-
ization (18,19). These preclinical studies suggest that inhibi-
tion of mitochondrial bioenergetics in the developing lungs 
may represent a fundamental mechanism of alveolar develop-
mental arrest in infants with BPD.

In regards to the role of mitochondrial dysfunction in the 
failure of white matter maturation, Bizzozero et al., using vari-
ous inhibitors of mitochondrial respiration in young rats have 
shown that formation and compaction of the myelin sheath was 
highly ATP-dependent (20). In adult rats, however, the main-
tenance of myelin sheath was nearly ATP-independent (20). 
Interestingly, while undifferentiating Oligodendrocyte precur-
sor cell (OPC) exhibited resistance to inhibition of mitochon-
drial complex-I, actively differentiating OPC have arrested 
their maturation in response to even very mild, sublethal inhi-
bition of mitochondrial complex-I (21). In contrast, protection 
of complex-I with hyperforine preserved mitochondrial ADP-
phosphorylating activity and increased expression of the OLs 
maturation-related proteins (22). These data indicate that nor-
mal differentiation of OPC is very sensitive to sublethal mito-
chondrial dysfunction. An inhibition of complex-IV which 
resulted in lethal mitochondrial dysfunction not only arrested 
OLs differentiation but, as expected, caused degeneration of 
mature OLs and their precursors (23). Taken together, above 
referenced reports suggest that lethal or sublethal mitochon-
drial dysfunctions negatively affect OLs maturation, regardless 
of the extent of OLs demise. It is possible that severity of mito-
chondrial dysfunction, lethal or sublethal, defines pathological 
phenotype of WMI: cystic PVL or diffuse hypomyelination. 
The idea to connect cellular energy state with pathogenesis of 
WMI is not novel. Earlier, Rosenberg et al. proposed potential 
role of neonatal undernutrition in diffuse cerebral hypomy-
elination in WMI (24). Importantly, there is a specific time of 
white matter vulnerability to caloric restriction in undernour-
ished subjects (25). This specific time coincides with the age 
of the most active axonal myelination (24). While potential 
mechanisms for the starvation-induced axonal hypomyelin-
ation could be a deficit of precursors to maintain robust myelin 
synthesis (24), undernutrition also inhibits OLs maturation, 
and thereby myelination (26). Nutrition is not only a source 
of substrates for structural (myelin) synthesis. It is also criti-
cal for generation of energy. It is not unreasonable to propose, 
that poor axonal myelination in undernourished subjects was 
caused by suboptimal energy support of OPC maturation and 
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myelin formation. In well-nourished subjects, however, mito-
chondrial dysfunction can lead to bioenergetic deficit for a 
proper organ development. Our preliminary data show that in 
the same neonatal mouse, alveolar developmental arrest and 
diffuse axonal hypomyelination can be achieved by exposure 
to mitochondrial uncoupling agent, 2’4’ dinitrophenol (Figure 
1). This fact that isolated mitochondrial stress fully reproduced 
human phenotype of diffuse WMI and “new” BPD in the 
same animals (Figure 1) supports the hypothesis, that mito-
chondrial bioenergetics dysfunction is a common subcellular 
mechanism of postnatal developmental failure of these organs.

Of interest, inherited defects of mitochondrial function affect 
multiple organs development. Although, clinical presentation 
of these diseases differs, depending upon the site and the sever-
ity of mitochondrial dysfunction, signs of organs developmen-
tal failure always exist in these patients. Neuronal migration 
defect, lack of axonal projection, and axonal hypomyelination 
are the most common cerebral presentations of congenital 
mitochondrial diseases (27). White matter abnormalities and 
cortical dysplasia are now increasingly recognized as mani-
festations of inborn mitochondrial defects (27). Patients with 
mutations in complex-I have a 100-fold increased risk of severe 
demyelination secondary to multiple sclerosis (28). In lungs, 
pulmonary hypertension and right ventricular cardiomyopa-
thy due to under-development of alveolar vasculature is one 
of the lethal presentations of congenital cytochrome C oxidase 
deficiency (29). Respiratory distress is a classical presentation 
of Stuve-Weidemann syndrome associated with partial defi-
ciency of complex-I and complex-IV activities (30).

POSTNATAL CAUSES OF MITOCHONDRIAL DYSFUNCTION 
IN THE DEVELOPING LUNGS AND BRAIN
This review is focused only on sublethal mitochondrial dys-
function as a potential mechanism for the brain and lungs 

maturation failure. Therefore, extensively reviewed mitochon-
drial dysfunction-driven mechanisms of cellular death fol-
lowing lethal insult, ischemia-reperfusion injury (31,32), and 
other brain or lung injuries with massive parenchymal tissue 
loss are not discussed.

Since immature lungs are dysfunctional, VLBW infants 
always require respiratory support. The most common mode 
of respiratory support is supplemental oxygen therapy, deliv-
ered with or without mechanical ventilation. While supplemen-
tal oxygen normalizes systemic oxygenation, lungs experience 
exposure to toxic levels of oxygen. Hyperoxic exposure to the 
developing lungs has been shown to inhibit pulmonary mito-
chondrial respiration and ATP-generation rate (18). Similarly, 
another mode of respiratory support, mechanical ventilation, 
especially with excessive tidal volume, significantly depressed 
mitochondrial ADP-phospholylating activity in neonatal mice 
(19). In vitro, direct shear stress which mimics barotrauma of 
mechanical ventilation inactivated mitochondrial respiratory 
chain, and superimposed hyperoxic exposure exacerbated 
mitochondrial dysfunction in pulmonary endothelial cells. 
Both these effects were associated with increased production of 
superoxide and peroxynitrite in mitochondria (33), suggesting 
self-oxidative mitochondrial injury. In human pulmonary epi-
thelial-like A549 cells, 96 h of hyperoxic exposure significantly 
depleted ATP content, dissipated mitochondrial membrane 
potential and inhibited mitochondrial respiration (34). All 
these signs of mitochondrial dysfunction were associated with 
arrested cellular proliferation and excessive cellular death (35). 
Some authors, using in vivo or in vitro paradigms of hyperoxic 
exposure in neonatal mice or in primary culture of pulmo-
nary endothelial cells have reported, that hyperoxia primarily 
affected complex-I activity in the respiratory chain, causing an 
inhibition of NAD-linked (complex-I dependent) mitochon-
drial respiration (19,35). Others, using cultured MLE12 cells 
exposed to hyperoxia and lung mitochondria isolated from 
mice exposed to hyperoxia have shown inhibited complex-I and 
complex-II-dependent respirations with complex-IV activity 
being intact (36). Although, more studies addressing sensitivity 
of specific mitochondrial complexes to hyperoxia yet to come, 
to date, experimental data clearly demonstrate that hyperoxia 
negatively affects respiratory chain in lung mitochondria.

Mechanistically, oxygen toxicity is viewed as an oxidative 
stress. Oxygen radicals and products of lipid peroxidation 
can directly deteriorate mitochondrial function by inhibiting 
oxidative phosphorylation, by reducing membrane poten-
tial and aconitase activity in pulmonary epithelial cells (37). 
Mitochondria-targeted antioxidant, mitoTEMPO, attenu-
ated the extent of hyperoxia-induced lung injury and right 
ventricular hypertrophy in neonatal mice (38). This sug-
gests that reactive oxygen species (ROS) originating in mito-
chondria contribute to the BPD-like injury. Indeed, during 
chemical toxic stress in vitro, mitochondria-originated ROS 
are capable of mitochondrial self-oxidation, the event which 
promotes oxidative injury in the lungs (39,40). Interestingly, 
in the mitochondria isolated from the brain, hyperoxia also 
dramatically accelerates mitochondrial ROS production, 

Figure 1. Electron microscopy of axons in the corpus callosum and H 
and E staining of lungs in the same mice treated with either vehicle or 2’4’ 
dinitrophenol (2 mcg/g). Scale bar: 1 μm (brain) and 50 μm (lungs).
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causing mitochondrial dysfunction secondary to self-oxidative 
damage (41). Some authors challenge deleterious role of ROS 
originating in pulmonary mitochondria during hyperoxic 
lungs exposure (42), while others reported a greater oxidative 
response of pulmonary mitochondria to hyperoxia in neonatal 
versus adult rodents (43). More studies are needed to deter-
mine whether mitochondria-originated ROS mediate oxygen 
toxicity in the developing lungs.

Given that BPD often results in chronic hypercapnia, it is 
worth to mention that elevated CO2 level inhibited mitochon-
drial oxidative phosphorylation and impaired proliferation 
of pulmonary epithelial cells in culture (17). The latter was 
rescued by α-ketoglutarate or overexpression of mitochon-
drial isoform of isocitrate dehydrogenase (17), suggesting 
that hypercapnia inhibits enzymes of the Kreb’s cycle. Thus, 
hyperoxic exposure during oxygen therapy and shear stress of 
mechanical ventilation, as well as hypercapnia can be consid-
ered as clinical causes of pulmonary mitochondrial dysfunc-
tion in premature infants.

In regards of potential clinical triggers of nonlethal mito-
chondrial dysfunction in cerebral white matter, clinical rel-
evance of existing experimental evidence served as selection 
criteria for discussion. Artificial alteration of cerebral oxygen-
ation, hyperoxemia or hypoxemia, has been extensively used to 
model WMI in animals. It is important to realize, that oxygen 
therapy in premature human neonates is used only to reach 
and maintain normoxemia. Therefore, reported models of 
chronic hyperoxia-induced WMI in neonatal rodents (44,45) 
are not considered for discussion. Experimental studies also 
showed that postnatal exposure to chronic hypoxia (10% O2 
for 8–10 d) reproducibly replicated human phenotype of dif-
fuse WMI (46–48). It has to be noted, however, that in human 
premature infants the use of the respiratory support maintains 
systemic and cerebral oxygenation at the physiological level 
of normoxemia. Therefore, clinical relevance of paradigms 
using chronic hypoxic exposure as potential cause of WMI in 
humans is restricted to a very small subset of premature infants 
in whom respiratory support is ineffective. In addition, com-
pensatory physiological changes triggered by chronic hypoxia 
were not characterized (49). This questions clinical utility of 
this widely used postnatal model of WMI (49). In contrast to 
chronic hypoxemia, another potential clinical cause of dif-
fuse WMI, intermittent hypoxemia (IH), is the most common 
clinical manifestation of prematurity, especially, if prematu-
rity is complicated by the BPD (50,51). This fact makes IH 
paradigm highly relevant to real clinical scenario. There is a 
line of experimental evidence that IH stress results in diffuse 
WMI in neonatal rodents (52–54). If the hypothesis proposed 
in this review is viable, then IH and chronic hypoxia should 
negatively affect mitochondrial function in the brain and, spe-
cifically, in the OLs lineage cells. Although, acute hypoxic inhi-
bition of cerebral mitochondria has been extensively reported 
(55–57), it was surprising to find virtually no reports on altera-
tion of mitochondrial function in OLs and their precursors in 
response to sublethal intermittent or chronic hypoxic stress. 
What has been shown, that severe intermittent hypoxemia/

hypercapnia significantly inhibited respiratory chain in the 
mitochondria isolated from the entire brain, and this was 
associated with acute subcortical and cortical brain injury 
(54). Our preliminary data demonstrated, that in neonatal 
mice, mild (without bradycardia and alteration of the cerebral 
blood flow), nonlethal intermittent hypoxemic stress signifi-
cantly uncoupled mitochondrial respiration, not only in the 
organelles isolated from subcortical regions of the brain, but 
also in mitochondria of OLs-enriched cerebral cell suspen-
sion. Importantly, the same non-lethal intermittent hypox-
emic stress fully replicated human noncystic WMI phenotype; 
diffuse axonal hypomyelination and permanent sensorimo-
tor deficit (53). Of interest, upon exposure to hypoxic stress, 
mature OLs in culture demonstrated significant reduction in 
their energy utilization, particularly in glycolitic ATP produc-
tion. This was associated with cessation of myelin production, 
while favoring OLs survival (58). Thus, it is possible that non-
lethal chronic hypoxemia or IH-stress negatively affect mito-
chondrial bioenergetic function in mature, differentiating OLs 
and their precursors which eventuates in poor axonal myelina-
tion in premature infants.

Another potential mechanism, altering OLs mitochondria 
in non-cystic WMI, is neuroinflammation. Usually, the neu-
roinflammation, that affects WM development, develops in 
response to acute and cell-fatal cerebral insult. Mitochondrial 
dysfunction following an acute ischemia or any other lethal 
insult is well documented and expected (31,32,59). Our focus 
is mitochondrial dysfunction triggered by the inflammation 
disseminated to intact immature brain. Developing brain may 
become a distant organ-target for systemic inflammation dur-
ing neonatal sepsis, or fetal systemic inflammatory response 
syndrome, or other extensively inflamed organ (lungs, intes-
tine, bone marrow). For example, one of the key mechanistic 
roles in BPD was assigned to pulmonary inflammation which, 
theoretically, is spreadable to the brain. While focal neuroin-
flammation has been implicated in the pathogenesis of cystic 
PVL and diffuse WMI (59–62), there are no direct evidence 
that generalized inflammation, originating in the BPD-
affected lungs or other organ, can cause developmental arrest 
of cerebral myelination or alter OLs mitochondrial function. 
However, increased microglial activation and astrocytosis, 
alone with reduced OLs density in subcortical WM follow-
ing prolonged mechanical ventilation has been reported in the 
primate model of BPD (63,64). Because systemic oxygenation 
was not affected in these animals, one may conclude that pro-
longed mechanical ventilation is associated with WMI via the 
mechanism different from hypoxemia. It has been shown, that 
local inflammation induced by the hind-limbs ischemia-reper-
fusion injury disseminates into the brain, causing significant 
activation of microglia in neonatal mice (65). It is conceiv-
able that circulating chemokines and cytokines originated in 
other organs trigger neuroinflammation leading to myelina-
tion defect in the developing brain. Mechanistically, inflam-
matory mediators can promote WMI through vasoactive 
action that involves hypoxia-ischemia or by direct or indirect 
toxicity to OLs or their precursors (49). One of the potential 
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mechanisms for direct toxicity of inflammatory mediators 
could be an inhibition of mitochondrial bioenergetics in OLs 
lineage. This hypothesis can be supported by the study where 
low (10 ng/ml), nonlethal dose of TNF-α arrested maturation 
of cultured OPC (NG2-cells) by altering mitochondrial Ca2+ 
buffering capacity and membrane potential (66). This pheno-
type of in vitro arrested OPC maturation was also replicated 
simply by the exposure of NG2 cells to mitochondrial uncou-
pler (66). Interestingly, above referenced report indirectly 
argues against deleterious role of mitochondrial ROS in this 
paradigm, because mitochondrial uncoupling and dissipation 
of membrane potential dramatically reduces ROS generation 
capacity of mitochondria (67). While, potential mechanistic 
role of mitochondrial ROS in the neuroinflammation-driven 
WMI needs to be determined, an inhibition of oxidative phos-
phorylation via targeting of subunit-I in cytochrome c oxi-
dase by TNF-α has been shown (68). Of note, experimental 
augmentation of mitochondrial function with mitochondrial 
metabolites or mitochondrial chaperone (mtHsp75/mortalin) 
partially preserved in vitro and in vivo neurogenesis impaired 
by the inflammation (69). Based on presented data, one may 
speculate that inflammation disseminated from other organs 
into intact developing brain affects OLs mitochondrial func-
tion, leading to myelination defect.

SUMMARY
Analysis of published reports suggests that exogenous stress 
to the actively developing lungs (O2-toxicity, baro-trauma of 
mechanical ventilation) or to the immature brain (intermittent 
or chronic hypoxia, neuroinflammation) may cause mitochon-
drial dysfunction in these organs. This mitochondrial dysfunc-
tion is not lethal. Therefore, the majority of parenchymal cells 
remain viable. However, their survival may be possible at the 
expense of arrested cellular differentiation and proliferation, 
resulting in poor postnatal organs development (Figure 2). This 
maturational failure may become permanent, if mitochondrial 

dysfunction coinsides with natural “window” of developmen-
tal opportunity. Testing this hypothesis requires clinical and 
experimental evidence for: (i) postnatal stress-driven mito-
chondrial bioenergetics dysfunction in cells responsible for 
pulmonary and white matter maturation, (ii) direct or/and indi-
rect dependence of lungs and white matter development upon 
mitochondrial bioenergetics. While direct dependence upon 
mitochondrial ATP-generating capacity will support essential 
role of bioenergetics in normal growth and development, indi-
rect dependence of organs maturation upon mitochondrial bio-
energetics will highlight novel signaling role of mitochondria in 
organs development. For example, it has been shown that low 
dose of TNF-α, without alteration of mitochondrial ATP pro-
duction, has arrested rat OPC maturation in culture by altering 
mitochondrial membrane potential, ROS production, and Ca2+ 
oscillations (66). These signs of mitochondrial dysfunction were 
coupled with inhibition of the mammalian target of rapamycin 
(mTOR) (70), the pathway reported to be essential for OLs mat-
uration (71). Experimental prevention or attenuation of WMI 
and BPD manifestation by preservation of mitochondrial func-
tion will serve as therapeutic proof of the hypothesis and may 
emerge as novel therapeutic strategy against diseases of postna-
tal developmental failure in premature neonates.
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