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L asting Effects of Pediatric Traumatic Brain Injury
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Abstract: The number one cause of death and disability in children and teenagers is traumatic brain
injury. Despite this fact, this clinical scourge receives limited research investigation. Given the remarkable
recovery often seen after focal childhood brain injuries (infarction, hemorrhage, surgical excision),
there is a common misconception that the younger brain is always more resilient. However, increasing
evidence suggests that this assumption is incorrect. First, TBI represents a diffuse type of brain injury,
and both clinical and laboratory studies suggest that the immature brain is less capable of recovering
from such damage. Second, there appear to be developmental windows wherein diffuse injury can
result in lost potential; at time this loss may only be detectable at a later stage of brain maturation. In
addition to understanding these complex concepts of TBI sustained during development, consideration
will also be given to relating these concepts to chronic sequelae of pediatric TBI, including cell death and
regional brain atrophy, cognitive and behavioral deficits, and altered trajectories of brain maturation.
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INTRODUCTION

Accidents involving head injury are a major cause of
pediatric death and disability worldwide. Nonethel ess, most
of our understanding and most of our clinical management
of pediatrictraumatic braininjury (TBI) isextrapolated from
adults. Children are not just “little adults’, and there are
many important distinctions between the devel oping and
mature brain, particularly with regardsto normal function,
pathophysiological response to injury, recovery and
plasticity. This review will articulate some of these
fundamental differences, as well as discuss both basic
mechanismsand clinical correlates of developmental TBI.

DISTINCTIONS OF INJURY IN THE
DEVELOPING BRAIN

The developing brain is a unique physiological substrate
andisgenerally believed to be moreresilient to injury than
the adult brain. However, in recent years, this dogma has
been increasingly challenged. It is more correct to state
that the immature brain does have some inherent
advantages with regards to injury response and recovery;
however, it also has clear vulnerabilities that are to some
extent based upon the underlying devel opmental processes
ongoing at thetime of injury.

One fundamental distinction of pediatric TBI is purely
physical. The pediatric skull is thinner and more pliable
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thanthe adult. Particularly ininfants, theflexibility of the
sutures and the presence of an open fontanelle may result
insignificant aterationsin theforcetransmitted to the brain
by atraumatic injury, aswell asdifferencesin the response
to increased intracranial pressure resulting from post-
traumatic cerebral edema. In the pediatric age range, the
size of the head relative to the body is also
disproportionately large when compared with adults. At
the sametime, the neck muscul atureis often less devel oped
and the cervical ligaments and joints are more flexible.
Thesefactorsareimportant considerationswhen evaluating
a child with head injury, particularly by a medical
professional whose primary experienceiswith adults.

Mechanisms of injury also vary based on age. Toddlers
aresignificantly morelikely to sustain TBI asaresult of a
fall, while older children and teenagers are more likely to
experience TBI due to vehicular accidents and sports.
Assaultsa soincreasingly contributeto TBI in adolescents
and young adults. Assaults (nonaccidental trauma) also
occursin infants, and, whileit may be difficult to initially
diagnose, is of critical important because of the severity of
these injuries and the long term implications for impaired
development.

In addition to the above factors, it is important to
understand the normal physiology of the devel oping brain.
Brain water content is higher, resulting in reduced brain
compliance. Cerebral blood flow (CBF) shows age-specific
differences; in general, higher CBF is seen during
development and declineswith maturation'-2. The maturing
brain goes through a phase of maximal synaptogenesis,
followed by pruning and refinement of circuitry, usually in
an experience-dependent fashion. This period of maximal
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connectivity isassociated with increased level s of glucose
metabolism?, higher levels of neurotrophic factors* and
elevated excitatory amino acid receptor binding and
expression 56, These age-dependent parameters may confer
anincreased excitability to theimmature brain, factorsthat
may facilitate enhanced plasticity and recovery frominjury.
However, there is also a potential downside, namely, that
increased excitability alsoincreasestherisk for early post-
traumatic seizures’ and excitotoxicity®. Furthermore, since
theyoung brain relies on somelevel of activity for normal
development, post-traumatic depression of neural activity,
either physiologically or pharmacologically enhanced
(through the use of excitotoxicity inhibitors), may actually
be detrimental, resulting in lost devel opmental potential®°
and even in substantially increased levels of apoptosist'*2,

ACUTE PHYSIOLOGICAL EFFECTS OF
PEDIATRIC/DEVELOPMENTAL TBI

The pathophysiological response of the developing brain,
while resembling that of the mature brain in some ways,
clearly has its own distinct signature. From extensive
experimental modeling of TBI inthelab, and corroboration
fromtranglational studiesin ICU patients, it isknown that
TBI induces a neurometabolic cascade of cellular and
physiological effects (for more detailed review, see
Madikiansand Gizainthisissue). Thiscascade startswith
an indiscriminate release of glutamate and efflux of
potassium into the extracellular space*!4. To restore
homeostasis, ionic pumpsacutely work overtimeand reduce
cellular ATR. This, inturn, increasescellular glucose uptake
in an attempt to increase energy production. This brief
hyperglycolysisisfollowed by amore prolonged period of
reduced glucose uptake. In adult experimental animals,
this period of diminished metabolism may last up to 7-10
days and has been correlated with the duration of post-
TBI cognitive deficits®®. In younger animals, the same
general metabolic profileisseen; however, thetime course
appears to be shorter'® and the behavioral manifestations
more subtle!’ 8.

Accompanying the post-TBI glutamate release is an
accumulation of intracellular calcium. Thismay resultin
mitochondrial dysfunction, protease activation, and
eventually, cell death. Interestingly, the pattern of post-
TBI calcium accumulation appearsto differ based on age-
at-injury. The adult pattern of post-TBI calcium influx
shows dense focal accumulation near the site of injury, at
the gray-white junction location of an evolving contusion.
In the younger animals, there is a more diffuse pattern of
calcium influx, without the focal component. Adultsalso
show a delayed calcium accumulation in the ipsilateral
thalamusthat is associated with secondary cell death. This
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pattern was not seen after a comparable developmental
TBI®.

POST-TRAUMATIC CELL DEATH

Early cell death after TBI in developing animalsisvariable
and appears to depend upon both injury model and injury
severity. After mild and moderate lateral fluid percussion
injury (FPI) inthe postnatal day 17 (P17) rat, no difference
was detected on gross morphology or parietal cortex cell
counts®. Similar resultswerereported using stereol ogical
counting of cortical and hippocampal CA3 neurons2 weeks
after FPI inthe P19 rat pup?. Using aclosed-head weight
drop injury at the same age, Adel son and colleagues noted
edema, glial activation and damage to brainstem white
matter tracts, but no significant neurona death®. In
comparison, adult lateral FPI has been well known to cause
neuron loss, cortical thinning and ipsilateral ventricular
enlargement, processes that may progress over months®,
These studies suggest that, at least near the time of
weaning, the developing rat brain is somewhat resistant to
traumarinduced cell death. Interestingly, the developing
(P21) mouse, when subjected to acontrolled cortical impact
(CCl) injury, shows apattern of damage regionally similar
to the adult, with cavitation of the ipsilateral cortex and
loss of neurons in the hippocampal CA2/3 subfields?.
These comparisons only further illustrate the importance
of species, age, injury model and severity wheninterpreting
studies of developmental TBI (for review, see®).

In even younger rats, there appears to be a significant
differencein vulnerability to TBI. Using asimilar closed
head weight drop model as Adelson, but in P3-P10 rats,
both excitotoxic (necrotic) and delayed apoptotic cell death
have been reported™'?. Indeed, these investigators
demonstrated that apoptotic cell death appears to play a
larger role after neonatal TBI than in weanling or mature
animals. When NMDAR antagonists were utilized to
prevent early TBI-induced excitotoxicity, the acute cell
death was mitigated, but a massive wave of subsequent
apoptosis occurred226, This has been interpreted as an
indication of theimportance of excitatory neural activity in
the developing brain, where excitatory transmission is
necessary for synaptic strengthening and rel ease of trophic
factors. Furthermore, it suggests that the indiscriminate
blockade of glutamatergic responses, while protective
against excitotoxic insults, may be detrimental to the
activity-dependent processes that facilitate recovery?.

It should be noted, however, that in P14-P30 rats, the
same investigators found markedly reduced levels of
TUNEL -staining as compared to the younger P3-P10 rats.
Thisfinding corroborates the studies described above that
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showed lessneuronal death in the P17-19 rats*®2, and may
indicate that cellular dysfunction, rather than cell death,
contributes moreto the post-TBI neurological impairments
seen in weanling rats.

More recently, volumetric MRI techniques have
permitted quantitation of regional brain volumesin children
who sustained moderateto severe TBI. Enlarged ventricles
and brain atrophy have been reported after pediatric
TBI%2, Thegrowth of the corpus callosumisimpairedin
the three years following severe pediatric TBI*. Specific
regional quantification revealslossof brain volumein both
frontal and temporal lobesin children at least 1 year post-
TBI 3. Furthermore, therewasastrong correl ation between
frontotemporal brain volumes and pediatric-modified
Glasgow Outcome Scale scores, indicating that these
changes may have functional significance®.

Thus, experimental TBI intheimmature brain can model
mild TBI, with primarily cellular physiological dysfunction
andlittlecell death. Theseinjuriesmay more closely model
mild or moderate clinical pediatric TBI, including
concussion. Experimental TBI can also model severe
pediatric TBI, with cell death and tissue loss. In the rat,
apoptosis plays a disproportionate role in eventual post-
TBI cell death, but indiscriminate inhibitors of excitatory
neurotransmission may also induce massive apoptosis,
suggesting that age-specific neuroprotective strategiesare
necessary. In children, delayed loss of brain volume also
seemsto occur after severe TBI, and further studieswill be
necessary to determine the time course, mechanism and
functional consequences of this tissue |0ss.

CHRONIC COGNITIVE IMPAIRMENT

Thesignificance of TBI ismanifest through sequel ae such
as cognitive and behavioral deficits, affecting functions
such as memory and attention. These neurocognitive
deficits may come about through two main mechanisms.
First, loss of cells from the acute injury and subsequent
apoptotic degeneration over time may underlie these
behavioral problems. Second, a period of lost neural
responsiveness during development may ultimately lead
to aberrant brain maturation and a long-lasting cognitive
impairment (see next section).

In experimental modelsof developmental TBI, transient
behavioral deficits have been reported, often coinciding
with periods of cellular or molecular dysfunction after the
injury. However, demonstrating chronic deficits has been
moreelusiveinthedeveloping animal. Postnatal day 17-19
pups that sustained fluid percussion injury did not have
demonstrable deficits on acquisition of the Morris water
maze (MWM) task, even if the MWM training wasdelayed

by 1 week or 1 month post-injury®1°178, | ikewise, chronic
cognitive deficits in the MWM were not seen using the
closed head weight drop model, even when a secondary
ischemicinsult wasadded®. Only at an‘ultra-severe' level
of injury werelong-lasting MWM deficits noted®, up to
22 dayspost-TBI. Although milder developmental injuries
did not appear to result in permanent behavioral sequelae,
studies in adult rats have shown that an accumulation of
mildinjuries(individually without behavioral sequelag) can
result in detectable impairment in MWM acquisition®,

Clinically, children also seem to recover from milder
injuries with apparently little neurological or cognitive
impairment. However, there isincreasing evidence from
sports injuries in adolescents and young adults, that
repeated concussion can be associated with long-term
neuropsychological dysfunction®3%, Furthermore, TBI at
a particular stage of maturation may result in specific
deficits in cognitive domains undergoing development at
that stage®**!. Thissuggeststhat underlying perturbations
of developmental plasticity may also be relevant for
recovery from pediatric TBI, and will bediscussed in greater
detail inthefollowing section. Certainly, itiswell known
that moderate and severe pediatric TBI can result in
profound intellectual and cognitive deficits, as well as
changes in personality and behavior?4,

A TRAUMA-INDUCED DEVELOPMENTAL DEFICIT
DIMINISHED NEURAL RESPONSIVENESS EARLY
AFTER TBI

Several acute molecular responses of the immature brain
warrant mention here because of their potential to affect
ongoing developmental plasticity and thus, resultinlasting
behavioral deficits. First, microarray expression analysis
of TBI indeveloping animal srevealsimpairment of several
classes of genes that may underlie normal plasticity,
including extracellular adhesion molecules, metabolic
enzymes, neurotransmitter receptors and cytoskeletal
proteins®4’, Next, molecular markers of synaptic activity,
such as synaptophysin and brain derived neurotrophic
factor (BDNF), have been shown to have altered patterns
of regional expression after traumatic injury totheimmature
brain®®4, Lastly, the primary excitatory neurotransmitter
receptor, the N-methyl-D-aspartate receptor (NMDAR),
shows subunit specific reductions after developmental
TBI%5, Thesereductions can essentially delay the normal
maturation of the NMDAR and result in a period of post-
TBI neura dysfunction that may be correlated withimpaired
cognition and reduced responsiveness to environmental
stimulation.

Long-term potentiation (LTP) isan electrophysiological
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phenomenon that has been associated with learning and
memory, and is in many cases, NMDAR-dependent.
Following FPI injuvenilerats (P24-31), D’ Ambrosioet al.,
reported impaired LTP generation, thus demonstrating
impaired post-injury responsiveness in the developing
brain®2, Whileimpaired neural activation after TBI hasalso
been shown in adult animals®®, the long-term
conseguences may be magnified during development, if
such reduced responsiveness occurs during a critical
maturational period.

In adults, there is aso evidence of reduced NMDAR
functioninthe subacute period after TBI. Levelsof NMDAR
proteinsand radi oi sotope cal cium accumul ation are reduced
inasubunit-specific fashion after lateral FPI%. Inpost-TBI
conditions, NMDAR binding is aso reduced. In fact, by
treating in the post-acute period with NMDA, cognitive
deficitsin adult rats wereimproved®.

Reduced activation of neural circuitry can occur dueto
intrinsic neuronal dysfunction, but may also be due to
impaired connectivity. White matter lesions such asthose
seen in diffuse axonal injury are not uncommon following
TBI, and have been specifically reported in developing
animals® and in pediatric patients after TBI%%5°,
Furthermore, the burden of these lesions has been
associated with increasing cognitive and behavioral
impairment in children®, suggesting that disconnection may
also play a significant role in the loss of developmental
potential seen after early TBI.

Animportant consideration in the approach to recovery
from pediatric head injury lies in neither the acute nor
chronic responsesto theinjury itself, but rather, in how the
acute dysfunction at acritical developmental window may
resultinimpaired plasticity and altered |ong-term outcome.
One method of measuring developmental plasticity is to
track axonal regrowth after afocal brain lesion. Another
method is to evaluate how the young brain responds to
changesin environmental stimulation, asit iswell known
that rearing in an enriched environment results in
anatomical, molecular and cognitive enhancements ¢,
While both have been studied in the experimental setting,
itisclear that theseresults have clinical implications.

Normal recovery from afocal brain lesion may require
repair of the lesion site itself, recovery of functional
connectionsfromtheinjury siteto associated brain regions,
and, often, rearrangement of alternate circuitry to allow
uninjured regionsto compensate for loss of function at the
lesion site. Inrats, lesionsto the entorhinal cortex resultin
a well-characterized regrowth of axons into the
hippocampus, with a circumscribed pattern of synaptic
recovery over time. However, the process of axonal
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regrowth may be disturbed by superimposition of a TBI,
suggesting that biomechanical injury can interfere with
normal circuit development®. Fromaclinical standpoint,
abnormal maturation of neuronal connectionsisassociated
with neurological conditions such as epilepsy,
developmental delay and even cerebral dysgenesis.
Pediatric TBI, perhaps due in part to interference with
normal brain development and connectivity, has been
associ ated with subsequent epilepsy, cognitive difficulties,
behavioral changesand, in rare casesfollowing very early
TBI, cortical dysplasia®®.

Experience-dependent plasticity refers to the
phenomenon of how life experiences can mold and shape
brain anatomy, connectivity and subsequent function. This
plasticity is most robust in the immature brain, and, in
children, has been associated with devel opmental windows
for language development, musical talent, acquisition of
foreign languages, and many other important functions.
Organized education relies on this experience-dependent
plasticity by providing specific stimulation to the
developing brain with the ultimate goal of enhancing long-
term cognitive and behavioral outcomes. Inthelaboratory,
rearing animalsin an ‘ enriched environment’ (EE) hasbeen
showntoresult inincreasesin cortical thickness, dendritic
arborization, number of synapses, neurotransmitter
receptors and cognitive functions. The effects of this EE
rearing are morerobust whenitisinstituted at an early age.

In contrast to EE rearing following adult TBI, EE rearing
immediately following developmental TBI appearsto have
limited beneficial effects. In fact, rat pups reared in EE
beginning 1 day post-TBI appear indistinguishable from
those reared in standard (relatively unstimulating)
conditions. However, sham pups clearly benefit from EE
rearing, showing increased cortical thickness®’, more
elaborate dendritic branching™ and improved cognitive
performance®® when compared to their standard-housed
peers. This work strongly supports the hypothesis that
early TBI canresult in abnormal brain responsivenessthat
ultimately affects cognitive outcomelater inlife.

Thus, in both animal and human studies, aberrations of
the glutamatergic neurotransmitter systems have been
reported following TBI%0S1™72 Activation of glutamate
receptors is a fundamental part of normal cerebral
maturation. In fact, rearing in EE has been shown to
augment expression of glutamate receptors in uninjured
animals. Theclinical implicationsof thiswork includeboth
the possibility of using measurements of post-TBI brain
glutamate/glutamine as a biomarker for injury severity as
well asaprognosticindicator of eventual cognitiverecovery
(or impairment). Thisalso openstheintriguing possibility
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of pharmacological interventions to manipulate these
systemsin an age and time-after-injury specific fashionto
perhapsfacilitate optimal recovery.

A final consideration with regards to environmental
stimulationisthetiming of such stimulation following TBI.
Clinical studiesclearly show the benefit of amoreenriching
socioeconomic environment in the recovery after pediatric
TBI™™, At first glance, this appears inconsistent with the
animal data that suggests EE is ineffective following
developmental TBI. However, by altering theinitiation of
EE rearing from one day post-injury (where the effects of
EE appeared to be minimal) to two weeks post-injury, many
of the cognitive enhancements of EE appeared to once
again be detectable'. Other studies of brain activation in
adults also support the idea of a period of reduced neural
responsiveness following TBI, both in experimental
animal s%+757 and in human patients "8, Infact, in models
of ischemic or lesional braininjury, early neural activation
has been associated with worsening of functional
outcomes’™®, a complication that is avoided by delaying
the onset of brain activation. Clinically, this may also be
extremely relevant for three reasons. First, the timing of
post-injury stimulation may be targeted for awindow that
will optimize recovery for an individual patient. Second,
excessive stimulation too soon after aninjury may actually
bedetrimental. Third, on asocietal level, itisimportant to
utilize scarce rehabilitative resources at atime point when
they are more likely to do good for a larger number of
individuals.

CONCLUSIONS

In summary, pediatric TBI is a major medical and
socioeconomic concern worldwide, and accounts for a
disproportionate amount of mortality and morbidity in the
younger age groups. Unfortunately, our management of
these patients rarely takes into account their unique
developmental circumstances and often ignoresimportant
distinctions of head injury in children. Some of these
distinctions include altered biomechanics, different
mechanisms of injury, ongoing myelination of white matter
tracts, and maturation of excitatory neurotransmitter
circuitry. In particular, devel opmental changesin excitatory
neurotransmission may render the young brain more
susceptible to excitotoxic injury, yet, like a two-edged
sword, also make the developing brain more sensitive to
reductionsin stimulation, resulting in atered plasticity or
even apoptotic cell death. Experimental investigationsinto
specific developmental aspects of TBI hold promise to
improve clinical management of head-injured children by
increasing our understanding of the underlying mechanisms
of developmental brain injury. Thisincreased knowledge

may lead to identification of biomarkersafter pediatric TBI,
allowing for better determination of injury severity and
prognostication of outcome. Furthermore, pharmacol ogical
interventions may betargeted to these specific mechanisms,
and the effects of such interventions can be followed
physiologically as well as with long-term neurocognitive
testing. Lastly, given limited access to resources, clearly
delineating the optimal timing of rehabilitative effortswill
help prevent secondary injury and promote maximal
functional recovery in head-injured children.
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