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KEY POINTS

e The development of cerebral edema following TBI is an important factor which contributes to evo-

lution of brain injury following initial trauma.

e Post-traumatic cerebral edema arises from disruption of the blood-brain barrier or dysfunction of
cellular ionic pumps and may be classified as vasogenic or cytotoxic edema, respectively.
e Vasogenic and cytotoxic edema arise from unique molecular pathways which which may be tar-

geted therapeutically in pre-clinical models.

e Future studies are needed to determine which therapies targeting cerebral edema may have clinical

efficacy in human TBI.

INTRODUCTION

Traumatic brain injury (TBI) is a complex and het-
erogeneous disorder with a tremendous public
health burden. It is grossly defined as an alteration
in brain function or other evidence of brain pathol-
ogy caused by an external force which may occur
in a multitude of settings — including the highway,
at home, at work, during sports activities, and on
the battlefield.”> Despite extensive measures
taken to prevent these injuries, TBI continues to
have an unacceptably high morbidity and mortal-
ity. As of 2010, the Centers for Disease Control
and Prevention estimated that 2.5 million emer-
gency department visits, hospitalizations, or
deaths were associated with TBI, either alone or

in combination with other injuries. TBI was a diag-
nosis in more than 280,000 admissions. A total of
1.7 million people each year sustain a TBI in the
United States. Of those, 275,000 are hospitalized
and 52,000 die. It is thought that TBI is a contrib-
uting factor in nearly a third of all injury-related
deaths in the United States.® Furthermore, many
of those individuals who survive their initial injury
will have clinically evident disability later in life; it
has been estimated that up to 5.3 million people
are currently living with TBIl-related disability in
the United States alone.*

The deleterious effects of a TBI are not
confined to the initial traumatic event. Initial
brain trauma initiates a complex cascade of
pathophysiologic pathways that lead to evolution

@ Brain and Spinal Injury Center, San Francisco General Hospital, 1001 Potrero Avenue, Building 1, Room 101,
San Francisco, CA 94110, USA; ® Department of Neurological Surgery, University of California, San Francisco,
505 Parnassus Avenue, M779, San Francisco, CA 94143, USA

* Corresponding author. Department of Neurological Surgery, University of California, San Francisco, 1001 Po-
trero Avenue, Building 1, Room 101, San Francisco, CA 94110.

E-mail address: manleyg@neurosurg.ucsf.edu

Neurosurg Clin N Am 27 (2016) 473-488
http://dx.doi.org/10.1016/j.nec.2016.05.008

1042-3680/16/$ — see front matter © 2016 Elsevier Inc. All rights reserved.

neurosurgery.theclinics.com


mailto:manleyg@neurosurg.ucsf.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nec.2016.05.008&domain=pdf
http://dx.doi.org/10.1016/j.nec.2016.05.008
http://neurosurgery.theclinics.com

474

Winkler et al

of brain injury.® These effects have led to the
adoption of the crude temporal categories of
injury known as primary and secondary injury. Pri-
mary injuries are brain injuries that occur at the
time of the initial trauma, including cerebral con-
tusions, diffuse axonal injury, penetrating or tissue
crushing wounds, extra-axial hematomas, and
damage to the cerebral vasculature.®>® Short of
preventive measures to mitigate and/or avoid
initial injury, in the absence of regenerative ther-
apy very few, if any, therapeutic options are avail-
able to reverse injury. Secondary injuries are
those that occur in the hours to days following
the initial insult and are composed of a diverse
array of pathophysiologic phenomena, including
hypoperfusion, mitochondrial dysfunction, oxida-
tive injury, as well as disruptions to the blood-
brain barrier (BBB).>®

One process central to the pathogenesis of sec-
ondary injury is the development of cerebral
edema.® In accordance with the Monro-Kellie
Doctrine,'® an increase in brain volume as a result
of cerebral edema rapidly leads to an increase in
intracranial pressure (ICP). As brain volume begins
to increase, cerebrospinal fluid (CSF) is displaced
into the spinal thecal sac and blood is compressed
from the distensible cerebral veins with little
increase in ICP. Once these compensatory mech-
anisms are exceeded, ICP increases exponen-
tially—a common deleterious cascade observed
in severe TBlI—and has been shown to correlate
with increased mortality and poor functional out-
comes."'! Increases in ICP, in turn, lead to the
compression of brain vasculature and decrease
the cerebral perfusion pressure, defined as mean
arterial blood pressure subtracted by ICP. Me-
chanical compression of the vasculature and/or
reductions in cerebral perfusion pressure may
give rise to either focal or global ischemia, which
may lead to further edema and ultimately irrevers-
ible brain injury.'?

Evolving brain edema also leads to the genesis
of pressure gradients across different intracranial
compartments and mechanical displacement of
brain structures across compartments, a phenome-
non known as herniation. This herniation leads to
further neurologic injury through axonal stretch,
vascular disruption or compression, and/or a
combination thereof and often represents a penulti-
mate event to significant neurologic injury, coma, or
death. Despite its importance in neurologic decline,
treatment of traumatic intracranial hypertension
predominately consists of hyperosmolar therapy,
for example, hypertonic saline and mannitol, which
lead to the efflux of water from the brain into the sys-
temic circulation and/or surgical decompression.
Efforts to expand the treatment armamentarium

for intracranial hypertension, including hypothermia
and barbiturate induced coma, have largely been
unsuccessful. In the present article, the authors
focus on the cellular and molecular mechanisms
underlying cerebral edema following TBI derived
from review of both clinical and preclinical animal
models. Special attention is devoted to the cellular
and molecular mechanisms underlying its patho-
genesis as well as future therapeutic targets.

PATHOGENESIS OF CEREBRAL EDEMA

Cerebral edema is broadly categorized as being
either vasogenic or cytotoxic.”>'* Vasogenic
edema results from disruption to the BBB formed
by cerebrovascular endothelial cells (ECs) and
leads to an influx of protein-rich fluid from circu-
lating blood into the brain interstitial fluid.'®> Cyto-
toxic edema, on the other hand, is a product of
failure of homeostatic ion channels and pumps
resulting in failure of ionic gradients and an intra-
cellular osmotic shift resulting in cellular swelling,
a process more prominent in astrocytes and glial
cells.'®17

TBI is a complex and multifaceted injury that
leads to dysfunction and/or disruption of multiple
cell types.® Although TBI-associated brain edema
was initially thought to arise predominantly from
vasogenic mechanisms, more recent clinical and
preclinical studies have demonstrated that cyto-
toxic edema plays a significant role.'®2° For
example, MRI studies of patients with closed-
head injury revealed a mixed picture of both cyto-
toxic and vasogenic edema by imaging criteria.?"
However, in the absence of vasogenic edema, a
process that depends exclusively on cytotoxic
edema would be self-limiting.>? Similarly, it is likely
that the contributions of vasogenic and cytotoxic
processes make differential relative contribu-
tions through different phases of evolution of
edema following brain trauma. In TBI, brain edema
is thought to follow a bimodal time course, with
one study showing that half of patients had their
highest mean ICP recorded during the first
3 days after injury, whereas 25% of patients
showed their highest mean ICP after postinjury
day 5.2% In the ensuing subsections, the authors
describe in detail the molecular and cellular mech-
anisms underlying the pathogenesis of posttrau-
matic vasogenic and cytotoxic edema.

The Blood-Brain Barrier and
Neurovascular Unit

The BBB is formed by a continuous lining of
brain ECs with specialized properties.?*?° Tight
junctional complexes composed of transmem-
brane occludin and claudin proteins are linked
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