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Abstract

The blood-brain barrier (BBB) is formed by tightly connected cerebrovascular endothelial cells,
but its normal function also depends on paracrine interactions between the brain endothelium and
closely located glia. There is a growing consensus that brain injury, whether it is ischemic,
hemorrhagic, or traumatic, leads to dysfunction of the BBB. Changes in BBB function observed
after injury are thought to contribute to the loss of neural tissue and to affect the response to
neuroprotective drugs. New discoveries suggest that considering the entire gliovascular unit, rather
than the BBB alone, will expand our understanding of the cellular and molecular responses to
traumatic brain injury (TBI). This review will address the BBB breakdown in TBI, the role of
blood-borne factors in affecting the function of the gliovascular unit, changes in BBB permeability
and post-traumatic edema formation, and the major pathophysiological factors associated with TBI
that may contribute to post-traumatic dysfunction of the BBB. The key role of neuroinflammation
and the possible effect of injury on transport mechanisms at the BBB will also be described.
Finally, the potential role of the BBB as a target for therapeutic intervention through restoration of
normal BBB function after injury and/or by harnessing the cerebrovascular endothelium to
produce neurotrophic growth factors will be discussed.
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Introduction

The brain is from many vantage points—anatomy, cellular organization, and function—an
intricate and complex organ. When it is injured, the response is also complex and
multifaceted. The initial injury forces, whether resulting from a direct blow to the skull,
penetrating injury, or acceleration/deceleration and rotational forces, produce an array of
tissue and cellular injury patterns which are not always consistent in patients with similar
mechanisms of injury. Common pathoanatomical consequences of traumatic brain injury
(TBI) include hematoma, subarachnoid hemorrhage (SAH), contusion, and diffuse axonal
injury [1]. Mechanical stresses associated with TBI injure blood vessels in the brain,
producing smaller cortical hemorrhages and contusions, and larger hemorrhages, such as
SAH, and subdural and epidural hematomas, which may result in cerebral ischemia in the
later stages of injury. The formation of post-traumatic brain edema can raise intracranial
pressure inside the unyielding cranial cavity, and this can reduce cerebral perfusion pressure
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and cause ischemia. Diffuse axonal injury is predominantly associated with acceleration/
deceleration and rotational forces acting on the head, which may cause excessive axonal
stretching and the structural damage.

While neurons have been the major focus of translational research in all types of brain
injury, growing experimental evidence supports the shift from neuron-oriented studies to
investigations in the less explored area of blood-brain barrier (BBB) dysfunction in the
injured central nervous system (CNS). The BBB plays an instrumental role in creating a
highly restricted environment in the brain as it relates to the entry of blood-borne factors and
circulating immune cells. Generally, the BBB is formed by the brain endothelial cells
connected by tight junctions. However, astrocytes, whose processes make an intimate
contact with the cerebrovascular endothelium of parenchymal blood microvessels, are
critical for normal function of the BBB and for the BBB phenotype of brain endothelial cells
[2, 3]. In addition, there is evidence that not only astrocytes, but also microglia are closely
associated with the brain endothelium [4], and that glial and endothelial cells functionally
interact with each other in a paracrine manner [2]. This anatomical and functional
relationship has led to a concept that goes beyond the BBB to the gliovascular unit [2, 3],
which will be the subject of this review.

In TBI, both immediate and delayed dysfunction of the BBB/gliovascular unit is observed.
The disruption of the tight junction complexes and the integrity of the basement membranes
result in increased paracellular permeability. Injury causes oxidative stress, and the
increased production of proinflammatory mediators and an upregulation of expression of
cell adhesion molecules on the surface of brain endothelium promote the influx of
inflammatory cells into the traumatized brain parenchyma. There is also evidence suggesting
that brain injury can change the expression and/or activity of BBB-associated transporters.
These pathophysiological processes alter the normal functional interactions between glial
cells and the cerebrovascular endothelium, which may further contribute to dysfunction of
the BBB. There is a growing consensus that post-traumatic changes in function of the BBB
are one of the major factors determining the progression of injury [5]. Dysfunction of the
BBB observed after injury is implicated in the loss of neurons, altered brain function
(impaired consciousness, memory, and motor impairment), and is believed to alter the
response to therapy. Post-traumatic dysfunction of the BBB has also been proposed to affect
the time course and the extent of neuronal repair.

TBI and the breakdown of the BBB

Biomechanically, the brain is a highly heterogeneous organ, with various brain structures
having distinctive viscoelastic properties and a different degree of attachment to each other
and to the skull. Therefore, in response to a direct impact or acceleration-deceleration forces
applied to the head, certain brain structures move faster than others, which may generate
considerable shear, tensile, and compressive forces within the brain. The two most
commonly used animal models of TBI are the fluid percussion and controlled cortical
impact models. These models produce the same structural abnormalities as observed in TBI
patients, such as focal contusions, petechial intraparenchymal hemorrhages, SAH, and
axonal injury [6, 7]. Careful light and electron microscopic analysis of the lateral fluid
percussion model in rats [8] has demonstrated evolving hemorrhagic contusions at the gray-
white interface underlying the somatosensory cortex and within the ambient cistern at the
level of the superior colliculus and lateral geniculate body. This indicates that impact-
induced shearing stresses result in primary vascular damage leading to the leakage of blood-
borne proteins and extravasation of red blood cells. In addition to these specific areas,
isolated petechial hemorrhages were scattered throughout the brain and were sometimes
located contralaterally to injury. At the ultrastructural level, disrupted endothelial lining and
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endothelial vacuolation was observed together with extravasation of red blood cells,
especially around small venules coursing within the subcortical white matter and lower
layers of the cerebral cortex.

The disruption of integrity of the walls of brain blood microvessels caused by the impact
rapidly activates the coagulation cascade. Extensive intravascular coagulation within the
areas of pericontusional brain tissue has been reported, with intravascular thrombi
predominantly occluding venules and, to a lesser extent, arterioles [9, 10]. The formation of
platelet and leukocyte-platelet aggregates was observed within pial and parenchymal
venules with both intravital and electron microscopy [8, 10]. This post-traumatic
intravascular coagulation resembles the so-called no-reflow phenomenon occurring after
cerebral ischemia [11], and results in a significant reduction in blood flow in the
pericontusional brain tissue [10, 12, 13]. Studies in humans [12, 13] indicate that it is
intravascular coagulation rather than vasospasm of the large conductance vessels
(potentially caused by accompanying SAH) that lowers cerebral blood flow in
pericontusional area, and suggest that a pericontusional zone of low blood flow represents
the potential risk of secondary ischemic injury.

The effect of blood-borne factors (including the components of the coagulation cascade) on
the function of the gliovascular unit in the injured brain

Brain parenchymal cells are normally shielded from periphery by the tight and selective
BBB. However, mechanical disruption of vascular integrity and/or increased permeability of
the BBB associated with functional changes at the BBB occurring after trauma allow blood-
borne factors, such as albumin and fibrinogen, to enter the brain in non-selective manner.
The coagulation process triggered by vascular damage also generates thrombin through the
Factor Xa-mediated enzymatic cleavage of its circulating precursor prothrombin. An
increasing body of evidence indicates that these factors exert profound biological effects on
the function of astrocytes and microglia (Fig. 1), the integral components of the gliovascular
unit. Recent studies [14] using in vivo two-photon confocal microscopy imaging of cerebral
cortex have shown that the localized laser-mediated disruption of the BBB at the level of
individual brain microvessels results in an immediate response of microglia characterized by
targeted movement of nearby microglial processes toward the site of injury. Although the
physiological significance of this phenomenon is not yet clear, the rapid time frame of
microglial response to microvascular injury suggests the involvement of blood-borne
factors. Unlike microglia, astrocytes showed no morphological response to the laser-
produced disruption of the BBB [14].

Fibrinogen

One possible candidate blood-borne factor involved in the activation of microglia observed
after microvascular injury is fibrinogen. Immobilized fibrinogen has been shown to have a
dramatic effect on microglia, causing a significant rearrangement of their cytoskeleton and
an increase in cell size and phagocytic activity [15]. In contrast to immobilized fibrinogen,
soluble fibrinogen did not activate microglial cells. Fibrinogen acts by binding to the
CD11b/CD18 (αMβ2, Mac-1, or CR3) integrin receptor, a member of the β2 integrin family,
expressed on microglia. Fibrinogen recognizes CD11b/CD18 through the C-terminal cryptic
binding epitope, which is only exposed after the immobilization of the fibrinogen molecule
[16]. Binding of fibrinogen to CD11b/CD18 activates Rho and the Akt (protein kinase B)
signaling pathway, which leads to cytoskeletal rearrangement and increased phagocytosis
[15]. CD11b/CD18 is not only present on the surface of microglial cells, but is also
ubiquitously expressed on leukocytes of both lymphoid and myelomonocytic lineages. Not
surprisingly, fibrinogen was found to bind to inflammatory cells, such as neutrophils and
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monocytes [17], suggesting that such fibrinogen-leukocyte interactions may play a role in
promoting post-traumatic neuroinflammation.

The activation of microglia observed in response to the disruption of the BBB or after
exposure to immobilized fibrinogen could also be triggered by lipopolysaccharide (LPS)
[14, 15]. Although this suggests the involvement of toll-like receptor (TLR) 4, the
fibrinogen-induced phagocytic activity of microglia could not be inhibited by the blockade
of TLR4 [15]. Acting through TLR4, fibrinogen can however stimulate the macrophage
production of CXC and CC chemokines [18]. In addition to LPS, TLR4 has been shown to
be activated by a number of endogenous factors released in response to injury, the so-called
damage-associated molecular patterns (DAMPs), such as, for instance, high mobility group
box 1 (HMGB1) protein, a DNA-binding protein [19]. This suggests that not only
fibrinogen, but also DAMPs released in response to injury, may play a role in the activation
of microglia observed after disruption of the BBB.

Fibrinogen may affect the post-traumatic processes of neuronal repair. It has been
demonstrated that fibrinogen inhibits neurite outgrowth by acting as a ligand for αVβ3
integrin and transactivating the epidermal growth factor receptor in neurons [20]. Recent
studies [21] have also shown that fibrinogen promotes astroglial scar formation by acting as
a carrier for latent transforming growth factor-β (TGF-β). Upon its activation, TGF-β
potently induces the astrocytic production of axonal regeneration-inhibiting chondroitin
sulfate proteoglycans. The effect of TGF-β on BBB function will be discussed later.

Thrombin

Thrombin is a multifunctional serine protease and, as mentioned above, is cleaved from
prothrombin by activated Factor X. Blood is the major source of prothrombin; however, it
has been demonstrated that the transcripts for both prothrombin and Factor X are present in
the CNS [22, 23]. It has also been shown that in rat models of spinal cord injury and global
cerebral ischemia, mRNA for prothrombin is upregulated [24, 25]. Although these
observations suggest that thrombin could potentially be produced by neural tissue, it remains
unclear whether this serine protease could be generated from its precursor protein in the
CNS. Thrombin receptors, which are protease-activated receptors (PARs), belong to the
superfamily of G protein-coupled receptors (GPCRs) [26]. However, unlike the classical
GPCRs, they are not activated by ligand binding, but rather by the proteolytic cleavage.
Three PARs, PAR1, -3, and -4, are activated by thrombin, whereas PAR2 is activated by
trypsin and tryptase, as well as by coagulation Factors VIIa and Xa [26]. All four PARs are
expressed in the CNS, and the expression of PAR1–3 has been shown to be upregulated
after ischemia [27]. The biological effects of thrombin on brain parenchymal cells are
complex, and could be both detrimental and protective, depending on the concentration of
thrombin [28]. For example, thrombin can induce apoptosis of astrocytes and neurons
through the activation of Rho [29]. On the other hand, studies using PAR1-deficient mice
and selective peptide PAR1 activator have demonstrated that by stimulating astrocyte
proliferation, thrombin plays an important role in promoting astrogliosis in the injured brain
[30]. This thrombin action is associated with sustained activation of extracellular signal-
regulated kinase (ERK) and involves the Rho signaling pathway. Thrombin also has a
significant effect on the function of microglia. It rapidly increases [Ca2+]i in microglial cells
and activates mitogen-activated protein kinases (MAPKs) ERK, p38, and c-Jun N-terminal
kinase (JNK), the actions in part mediated by PAR1 [31–33]. Thrombin stimulates the
proliferation of microglial cells, with its mitogenic effect being also in part dependent on the
activation of PAR1. Studies of primary cultures of microglial cells suggest that thrombin
may be one of the factors initiating the post-traumatic brain inflammatory response as it has
the ability to stimulate the microglial synthesis of proinflammatory mediators, such as tumor
necrosis factor-α (TNF-α), interleukin (IL)-6 and -12, and a neutrophil chemoattractant
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CXCL1 [31]. Thrombin may also play a role in augmenting oxidative stress, which
commonly accompanies brain injury, by increasing the microglial expression of inducible
nitric oxide (NO) synthase (iNOS) and inducing the release of NO [31, 32]. These thrombin
actions do not appear to be mediated by PAR1.

There is evidence that thrombin is involved in early edema formation after intracerebral
hemorrhage [28], but the underlying cellular and molecular mechanisms are not fully
understood. Interestingly, the cerebrovascular endothelium itself is a target for thrombin. It
has been demonstrated that under in vitro conditions, thrombin induces the contraction of
brain endothelial cells [34], suggesting that this thrombin action may lead to increased
paracellular permeability of the endothelial barrier. Three PARs, PAR1–3, were identified to
be expressed on rat brain capillary endothelial cells [35]. Similar to microglia, in the
cerebrovascular endothelium, thrombin causes a significant increase in [Ca2+]i [35]. This
increase in [Ca2+]i is in part mediated by PAR1 and is completely abrogated by plasmin.

Thrombin actions on the gliovascular unit could be modulated by thrombin inhibitors, such
as serine protease inhibitors or serpins [28]. An immunohistochemical analysis of human
cerebral cortex [36] has demonstrated that a potent thrombin inhibitor, protease nexin-1
(PN-1, SERPINE2), is expressed in capillaries and in the smooth muscle cells of arteries and
arterioles. In addition, PN-1 was shown to be highly expressed in astrocyte end-feet making
a close contact with the cerebrovascular endothelium. This anatomical localization of PN-1
suggests that this serpin may play a protective role against the deleterious effects of
thrombin on the function of the gliovascular unit.

Albumin

Albumin is a major plasma protein, which is normally excluded from contact with brain
tissue by the presence of the BBB. This raises an important question about the possible
effect of albumin on the function of brain parenchymal cells once the integrity of the BBB is
breached. Similar to thrombin, albumin was found to increase [Ca2+]i in microglial cells and
to promote microglial proliferation, the latter effect being dependent on changes in the level
of cytosolic free Ca2+ [37]. In both microglia and astrocytes, albumin was shown to activate
the MAPK pathways and induce the synthesis of proinflammatory cytokine IL-1β [38]. It
has been proposed that, at least in astrocytes, albumin binds to TGF-β receptor II (TGFBR2)
and activates the Smad signaling cascade [39], although the activation of Smad proteins did
not appear to be involved in the albumin-dependent production of IL-1β by astroglia [40]. In
a series of elegant studies [39, 41, 42], Friedman, Kaufer, and colleagues have demonstrated
that the albumin-dependent activation of TGF-β signaling in astrocytes may play a critical
role in post-traumatic cortical epileptogenesis. Similar to thrombin, albumin may also be an
initiator of post-traumatic neuroinflammation. In addition to increasing the synthesis of
IL-1β, it augments the microglial production of TNF-α [43, 44]. Furthermore, transcriptome
profiling of cortical tissue exposed to albumin demonstrated an upregulation of expression
of a number of genes associated with inflammation [39]. Cell culture studies also suggest
that albumin may play a role in promoting oxidative stress observed after TBI. This protein
induces the expression of iNOS in microglial cells and increases the production of NO, the
actions mediated, at leas in part, by the ERK signaling pathway [44]. Albumin has also been
shown to augment the microglial production of reactive oxygen species (ROS), and a
minimum fragment of the amino acid sequence of albumin responsible for this biological
effect of this protein has been identified [45].

Post-traumatic increase in the permeability of the BBB—Disruption of vascular
integrity caused by initial injury forces triggers the coagulation cascade, which, as described
above, leads to a rapid intravascular coagulation and significant reduction in blood flow in
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the areas of pericontusional brain tissue. Therefore, the post-traumatic opening of the BBB
to high-molecular-weight markers consistently observed in animal models of TBI appears to
be predominantly associated with functional changes occurring at the BBB rather than
mechanical disruption of cerebrovascular walls. Studies of rat models of TBI have
demonstrated a biphasic increase in the BBB permeability to albumin and other high-
molecular-weight proteins peaking at 4–6 hours and 2–3 days after injury [46–49]. Whereas
the first peak in post-traumatic increase in the BBB permeability generally coincides with
increased production of a number of putative factors that may contribute to dysfunction of
the BBB and with the influx of neutrophils, which may have a similar effect (to be discussed
below), the mechanisms underlying the delayed increase in BBB permeability are presently
unclear. The post-traumatic increase in the permeability of the BBB to high-molecular-
weight molecules could result from increased paracellular permeability of endothelial barrier
associated with changes in expression, distribution, and/or function of tight junction
proteins, and from augmented transport of pinocytotic vesicles across the BBB. There is
evidence for increased pinocytotic activity in the cerebrovascular endothelium of TBI
patients [50, 51]; however, the results from experiments in animal models of cerebral
ischemic injury [52] raise the question about the quantitative importance of this
pathophysiological process. Additional studies of post-traumatic changes in the permeability
of the BBB to inert, low-molecular-weight markers would provide a better insight into the
mechanisms underlying the opening of the BBB occurring after TBI.

The formation of vasogenic and cytotoxic edema in the injured brain—
Vasogenic edema is caused by a pathological increase in the permeability of the BBB,
leading to interstitial accumulation of plasma-derived, osmotically active molecules (such as
plasma proteins) and water. By comparison, cytotoxic or cellular edema is associated with
changes in cell metabolism and malfunction of membrane-associated pumps and ion
transporters, which result in the cellular accumulation of osmotically active molecules and
water. Among brain parenchymal cells, both the cerebrovascular endothelium and astrocytes
appear to be most affected by post-traumatic cytotoxic edema [51], the features of which
closely resemble those of cytotoxic edema observed after cerebral ischemia [53]. In the
controlled cortical impact model of TBI in rats, the histological features of cytotoxic edema
are apparent as early as 2–4 hours after injury (Szmydynger-Chodobska and Chodobski,
unpublished observations). Studies of rodent models of TBI [46–49], in which an increase in
the BBB permeability to high-molecular-weight markers has been shown, suggest the
formation of vasogenic edema early after injury. In a rat model of diffuse TBI
uncomplicated by contusion and hemorrhage, a transient increase in the BBB permeability
to albumin has also been reported [54]. However, the significance of vasogenic edema in the
overall process of post-traumatic brain swelling, especially in patients with TBI, has been
questioned [55]. This may be, at least in part, related to the relatively small and
heterogeneous groups of TBI patients studied, and it is likely that both forms of edema
coexist in TBI. It is worth noting that the long-term increase in the permeability of the BBB,
which correlated well with the development of post-traumatic epilepsy, has been observed in
TBI patients [56].

Factors contributing to post-traumatic dysfunction of the BBB

Functional interactions among the components of the gliovascular unit are complex and
include (but are not limited to) paracrine signaling between glial cells and the
cerebrovascular endothelium [2], and between glia themselves [57]. As we mentioned
above, both astrocytes and microglia can rapidly respond to injury by increasing the
production of multiple factors that may have a profound effect on BBB function. There is a
large amount of information covering this topic, which would be difficult to thoroughly
analyze in this review. We will therefore focus our discussion on several selected factors
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(Fig. 1) and their pathophysiological roles in promoting dysfunction of the BBB in the
injured brain.

TGF-β
Transforming growth factor-β has been recognized for some time as an important regulator
of many cellular functions, including proliferation, differentiation, and survival, in various
cell types. There are three isoforms of TGF-β, TGF-β1, -β2, and -β3, which are the products
of separate genes. This growth factor is synthesized and sequestrated in tissues as a latent
high-molecular-weight complex and is activated by a number of factors/mechanisms,
including thrombospondin-1, integrins, ROS, and proteolysis [58]. Platelets are among the
richest sources of TGF-β, which suggests that large amounts of TGF-β are released after
injury when platelet aggregation is triggered by the mechanical damage of vascular walls [8,
10]. In platelets, however, TGF-β is predominantly stored in its latent form [59], and
therefore requires the activation to exert its biological effects. This growth factor can also be
produced by brain parenchymal cells, such as astrocytes and microglia. All three isoforms of
TGF-β are synthesized in astrocytes, whereas TGF-β1 is predominantly produced by
microglia, but the level of its microglial expression is considerably higher than that found in
astroglia [60]. A rapid increase (within 6–12 hours) in cortical and hippocampal expression
of TGF-β1 was observed after cryogenic brain injury [61], and we have also noted a rapid
(within hours) increase in TGF-β1 expression in the injured cortex in the controlled cortical
impact model of TBI in rats (Szmydynger-Chodobska and Chodobski, unpublished
observations). Transforming growth factor-β receptor I (TGFBR1) and TGFBR2 are
expressed on the cerebrovascular endothelium, and the level of endothelial expression of
TGFBR2 in the cerebral cortex was shown to be upregulated in response to cryogenic brain
injury, albeit with a significant delay [62]. Cell culture studies involving bovine retinal
vascular endothelial cells and the human brain endothelial cell line, hCMEC/D3, have
demonstrated that TGF-β dose-dependently increases the paracellular permeability of
endothelial monolayers [63], suggesting that TGF-β may play a mediatory role in post-
traumatic increase in the permeability of the BBB. This action of this growth factor was
attributed to increased tyrosine phosphorylation and reduced expression of tight junction
protein claudin-5 (CLDN5) and adherence junction protein VE-cadherin. In contrary to
these results, other authors using neutralizing antibodies to TGF-β and an inhibitor of
TGFBR1 have shown that the astrocyte- and pericyte-derived TGF-β plays an important role
in enhancing and maintaining the barrier properties of brain endothelium [64, 65].
Furthermore, the targeted disruption of Smad4 in brain endothelial cells, causing the
breakdown of the BBB, provided evidence that TGF-β is a critical factor in stabilizing the
N-cadherin dependent interactions between the cerebrovascular endothelium and pericytes
[66]. The reasons for these discrepant results are not clear.

Glutamate

Glutamate excitotoxicity has been considered as one of the major mechanisms of secondary
injury leading to the post-traumatic loss of neural tissue. However, multiple clinical trials in
TBI targeting glutamate, and specifically its N-methyl-D-aspartate (NMDA) receptor, have
failed to demonstrate a beneficial effect [67, 68]. One possible reason for these
disappointing results of clinical implementation of NMDA receptor antagonists may be the
time course of post-traumatic changes in interstitial glutamate concentration in the injured
brain parenchyma. In animal experiments [69–72], the interstitial concentration of glutamate
increases rapidly after injury, but elevated glutamate levels are only maintained for a very
short period of time. It has also been proposed that in the later stage post-injury, glutamate
may actually promote neuronal survival [73]. This means that the potential therapeutic
window for targeting glutamate excitotoxicity associated with TBI may be unrealistically
short, especially in the clinical setting.
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It should be emphasized when analyzing the function of the gliovascular unit in the injured
brain that under normal conditions, astrocytes play a critical role in maintaining the optimal
levels of glutamate in brain interstitial fluid through the sodium- and ATP-dependent
glutamate uptake mechanisms [74]. After injury, astrocytes can release glutamate via uptake
reversal resulting from ATP depletion and through other mechanisms [74]. One of the most
important consequences of increased glutamate release is swelling of astroglia [75], which
may contribute to the formation of post-traumatic cytotoxic edema. In addition to astrocytes,
glutamate can be released from microglia in response to albumin entering the brain from the
blood through the leaky BBB [44], and from neutrophils [76], which invade the traumatized
brain parenchyma within hours after TBI [77]. The plasma levels of glutamate are relatively
high compared to those found in the interstitial fluid of the intact brain (100 versus 3 μM,
respectively) [71, 72], and blood-borne glutamate may therefore enter the brain through a
leaky BBB, especially in the areas of brain contusion [72]. However, the measurements of
glutamate levels in the injured brain suggest that the post-traumatic increase in interstitial
concentration of this amino acid is not caused by the influx of glutamate from the blood
stream, but rather results from its release from brain parenchymal cells [71].

The glutamate receptors are divided into two groups, ionotropic (iGluRs) and metabotropic
(mGluRs) glutamate receptors [78]. Ionotropic receptors are ligand-gated ion channels and
there are three known types of iGluRs based on their pharmacological properties, the
NMDA receptor, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor, and the kainate receptor. Metabotropic receptors belong to the superfamily of
GPCRs and are divided into three groups (I–III) based on their signal transduction
mechanisms. The expression of NMDA and AMPA receptors, and of several members of
the family of mGluRs on the rat and/or human cerebrovascular endothelium has been
reported [76, 79–81]. However, based on their functional studies, one group [82] has
questioned the presence of glutamate receptors on the cerebrovascular endothelium and
suggested that the effect of glutamate on BBB function observed in vivo is indirect and is
the result of interaction of this amino acid with its receptors expressed on parenchymal cells
located closely to the brain endothelium. Although glutamate may have an indirect effect on
BBB function, this hypothesis does not explain the results from cell culture experiments that
we will now describe.

Using primary cultures of human brain endothelial cells, Collard et al. [76] have shown that
glutamate acting through its mGluRs significantly increases the permeability of endothelial
monolayers. These authors also demonstrated that selective antagonists of group I and III
mGluRs reduced the permeability of the BBB in hypoxic mice, whereas selective agonists of
group I and III mGluRs slightly augmented an increase in the BBB permeability caused by
hypoxia. It has also been shown that glutamate acting through its NMDA receptor can
increase the permeability of human brain endothelial monolayers [81], although unlike
Collard et al. [76], these authors did not observe any changes in the permeability of
endothelial monolayers in response to a group I/II mGluR agonist. The NMDA receptor-
mediated increase in endothelial permeability was dependent on changes in [Ca2+]i and was
associated with increased production of ROS [81, 83]. These observations are supported by
in vivo studies, in which a selective NMDA receptor antagonist was found to reduce the
permeability of the BBB and the formation of cerebral edema in a rat model of TBI [84].

Glutamate excitotoxicity is associated with increased production of NO and with oxidative
stress [78]. It has been demonstrated that glutamate promotes apoptosis of brain endothelial
cells through the increased production of ROS [85]. Interestingly, glutamate also stimulates
the heme oxygenase (HO) activity in endothelial cells [86], and both HO1 and -2 were found
to be protective against glutamate toxicity [85]. However, more recent studies [87] have
questioned the glutamate-induced death of brain endothelial cells.
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ROS

Similar to glutamate, oxidative stress has been placed on the top of the list of
pathophysiological mechanisms responsible for secondary injury in neurotrauma. However,
clinical trials in TBI testing the efficacy of antioxidant drugs have generated mixed results
[67, 68]. The lack of efficacy in these pharmacological studies may have been related to
inappropriate timing of administration of drugs and/or the failure to achieve sufficient brain
levels of antioxidant agents. It has also been proposed that a combination therapy involving
antioxidants targeting complementary mechanisms of oxidative stress rather than a single-
target strategy would be a more effective therapeutic approach in TBI [88].

One of the consequences of post-traumatic oxidative stress is the peroxidation of membrane
polyunsaturated fatty acids, which may affect the function of the BBB [88]. Hydroxyl
radicals (•OH), whose brain interstitial levels increase rapidly after TBI [89], may play a
particularly important role in peroxidation of membrane lipids, eventually giving rise to
highly active aldehydes, such as 4-hydroxynonenal (4-HNE) [88]. Exogenous 4-HNE was
shown to significantly increase the permeability of endothelial monolayers in an in vitro
model of the BBB [90], and the administration of an inhibitor of lipid peroxidation
attenuated a post-traumatic increase in the permeability of the BBB in a rat model of TBI
[89].

Normal BBB function is highly dependent on the ability of brain endothelial cells to defend
themselves from noxious effects of free radicals. In fact, the pharmacological depletion of
glutathione (GSH), an important endogenous antioxidant, in brain or brain endothelial cells
in vitro, results in a significant increase in the paracellular permeability of the BBB to low-
molecular-weight markers [90, 91]. Interestingly, GSH depletion does not change the BBB
permeability to high-molecular-weight markers [91]. The exposure of brain endothelial
monolayers to a mixture of ROS predominantly containing superoxide anion radicals (•O2

−)
and to a lesser extent H2O2 and •OH was shown to rapidly increase the permeability of
endothelial monolayers, which was associated with the formation of actin stress fibers and
redistribution and degradation of tight junction proteins occludin and CLDN5 [92]. These
ROS actions were mediated by Rho and the phosphoinositide 3-kinase (PI3K)/Akt signaling
pathway. Hydrogen peroxide on its own was found to exert similar effects on brain
endothelial cells [93]. In a dose-dependent manner, H2O2 increased the paracellular
permeability of endothelial monolayers, which was associated with the redistribution of
occludin and the tight junction-associated proteins zonula occludens (ZO)-1 and ZO2. These
H2O2 actions required the activation of the ERK signal transduction pathway, but did not
appear to involve the PI3K/Akt signaling cascade.

Nitric oxide is a potent vasodilatory factor, but it can also contribute to oxidative stress by
rapidly reacting with •O2

− to yield a variety of free radicals [88]. There are a number of NO
sources in the injured brain, including microglia, which, as described above, can produce
NO in response to thrombin and albumin [31, 32, 44]. The cerebrovascular endothelium
itself has the ability to produce NO in small quantities, and NO has been shown to affect
BBB function. Using either the primary cultures of human brain microvascular endothelial
cells or a rat brain endothelial cell line RBE4, two groups [94, 95] have demonstrated that
the exposure to moderate to high micromolar concentrations of NO or NO donors
significantly increases the paracellular permeability of endothelial monolayers. Interestingly,
low micromolar concentrations of NO were found to actually attenuate the hypoxia/
reoxygenation-induced increase in the permeability of endothelial barrier [95]. The
mechanisms underlying this protective action of low concentrations of NO are unclear.
Nitric oxide and ROS, such as H2O2, have also been shown to promote the endothelial
synthesis of matrix metalloproteinases (MMPs) [94], the zinc-dependent endopeptidases,
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whose activity may considerably affect the integrity of the BBB. The effect of MMPs on
BBB function will be reviewed below.

It is also important to note that ROS may play a significant role in promoting post-traumatic
neuroinflammation. In the RBE4 cell line, •O2

− was found to increase the adhesion and
migration of monocytic cells across the endothelial monolayers [96]. Although these
investigators did not study the mechanisms underlying the observed phenomena, their
results suggest the ROS-dependent upregulation of cell adhesion molecules on the
cerebrovascular endothelium. Indeed, hydrogen peroxide at non-cytotoxic concentrations
was shown to increase the expression of intercellular adhesion molecule-1 (ICAM1) on
peripheral vascular endothelium [97]. By conducting the proteomic analysis of RBE4 cells
exposed to ROS, Schreibelt et al. [96] have also identified peroxiredoxin-1 (PRDX1) as an
important antioxidant protective protein in the brain endothelium. The expression of PRDX1
was found to be upregulated by •O2

− and H2O2 in both the RBE4 cells and the primary
cultures of brain endothelial cells from the rat. Furthermore, overexpression of PRDX1 in
RBE4 cells was shown to be protective against the H2O2-induced cytotoxicity and to affect
the interactions of the cerebrovascular endothelium with inflammatory cells.

MMPs

Matrix metalloproteinases are divided into two general classes, the secreted MMPs and
membrane-type MMPs [98]. Thirteen MMPs are secreted as latent zymogens and, therefore,
need to undergo a complex process of activation to exhibit full enzymatic activity [98].
There is a growing body of evidence indicating that MMPs can disrupt the integrity of the
BBB by attacking basal lamina proteins and degrading the components of the tight junction
complexes, leading to the formation of vasogenic edema [99–101]. In the injured brain,
MMPs, such as MMP2 (gelatinase A), -3 (stromelysin-1), and -9 (gelatinase B), appear to be
produced by multiple types of parenchymal cells, including the cerebrovascular
endothelium, astrocytes, microglia, and neurons [102]. Matrix metalloproteinases can also
be released from invading leukocytes. Neutrophils predominantly carry MMP9 [103],
whereas monocytes can produce multiple MMPs [104]. A study of the rat model of TBI has
demonstrated a rapid (within 4 hours post-TBI) increase in MMP9 activity in the
traumatized brain parenchyma, whereas a delayed (at 24 hours post-TBI) increase in the
activity of MMP2 was observed [105]. The augmented activity of these MMPs persisted for
5 days after injury (the longest observation period in this study). Consistent with these
findings, the upregulation of synthesis of MMP2 and -9 was shown in specimens of human
brain tissue from TBI patients [106]. The increased levels of MMP2 and -9 in the plasma
and brain interstitial fluid (monitored using the microdialysis technique) of TBI patients
were also reported [107]. Genetic deletion of the Mmp9 gene or the pharmacological
inhibition of activity of MMPs was found to significantly reduce the extent of brain tissue
damage and to improve functional outcome in murine models of cerebral ischemia and TBI
[108, 109].

The activities of MMPs are normally regulated by endogenous inhibitors—the tissue
inhibitors of metalloproteinases (TIMPs) [98]. The expression of TIMP1, but not TIMP2–4,
has been found to be rapidly upregulated after ischemic brain injury [110]. In a mouse
model of focal cerebral ischemia, the deletion of the Timp1 gene resulted in increased
expression and activity of MMP9, and was accompanied by increased permeability of the
BBB and augmented loss of neural tissue when compared to wild-type animals [110].
Interestingly, Timp2−/− mice also had the leakier BBB compared to wild-type animals, but
no increase in MMP9 expression or exacerbation of neuronal loss was observed in TIMP2
knockouts when compared to wild-type mice. By contrast, when transgenic mice
overexpressing the human TIMP1 gene under the control of the metallothionein-1 promoter
were subjected to TBI or transient cerebral ischemia, reduced levels of MMP9 synthesis and
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the less leaky BBB, as well as the decreased brain tissue damage, were observed compared
to control animals [111]. While these observations, collectively, suggest that MMPs could
represent the potential targets for pharmacological intervention in TBI, it should be
emphasized that MMPs may also play an important role in the neuronal repair processes at
the later stage post-injury, and the inhibition of their activity later after injury may actually
have adverse therapeutic effects [112].

Vascular endothelial growth factor (VEGF) A

The VEGF family members are secreted, dimeric glycoproteins. In mammals, there are five
members of the VEGF family, VEGFA, -B, -C, -D, and placenta growth factor. We will
focus our discussion on VEGFA, which was previously referred to as vascular permeability
factor, because of its ability to increase the microvascular permeability to low-molecular-
weight markers and macromolecules. Vascular endothelial growth factor A is a potent
mitogen for vascular endothelial cells, and is not only indispensable for vasculogenesis, as
evidenced by vascular abnormalities and embryonic lethality of VEGFA-deficient mice, but
is also critical for angiogenesis associated with reproduction, wound healing, ischemia, and
tumorigenesis [113]. Five major isoforms of human VEGFA exist, with the number of
amino acid residues ranging between 121 and 206 (VEGFA121, VEGFA145, VEGFA165,
VEGFA189, and VEGFA206). Rodent isoforms of VEGFA are shorter by one amino acid.
Although VEGFA165 is the predominant isoform of VEGFA, the transcripts for VEGFA121
and VEGFA189 are present in the majority of cells expressing the VEGFA gene. The
VEGFA isoforms differ in their bioavailability, which is related to their heparin-binding
abilities [114–116]. For example, VEGFA121 does not bind to heparin and is secreted as a
freely diffusible protein, whereas a significant fraction of synthesized VEGFA165 is retained
within the extracellular matrix (ECM) and/or bound to the cell surface. In contrast,
VEGFA189 and VEGFA206 are almost completely sequestered within the ECM and/or
tightly bound to the cell surface. Heparin-binding isoforms of VEGFA can be released from
their bound state by heparin or heparinases, suggesting that VEGFA binds to the ECM- and/
or cell membrane-associated heparan sulfate proteoglycans (HSPGs). In addition to being
released from their bound state, VEGFA189 and VEGFA206 appear to require the enzymatic
processing by plasmin or urokinase-type plasminogen activator to acquire biological activity
[115, 117]. It is also important to note that the bioavailability of VEGFA could be regulated
by MMPs [118]. The diverse biochemical properties of VEGFA isoforms and their post-
translational enzymatic processing may play key roles in the fine-tuned regulation of
biological activity of this growth factor.

The two major receptors that VEGFA binds to are receptor tyrosine kinases VEGFR1 (also
known as Flt1) and VEGFR2 or KDR/Flk1 [113, 119]. Interestingly, soluble VEGFR1 and
-2, which may act as endogenous competitive inhibitors of their ligand, have also been
discovered [120, 121]. The intracerebroventricular administration of adenoviral vector
encoding soluble VEGFR1 was shown to significantly reduce the permeability of the BBB,
the extent of cerebral edema, and the magnitude of neuronal loss in a rat model of cerebral
ischemia [122].

In the normal brain, VEGFA is expressed in the cells positioned close to the cerebrospinal
fluid (CSF) space, such as astrocytes located under the ependyma and the pial-glial lining
[77]. It is also highly expressed by the choroid plexus epithelium. Furthermore, VEGFA is
constitutively expressed in neurons in various brain regions, including the cerebral cortex
and hippocampus. It has been proposed that the choroid plexus-derived VEGFA plays an
important role in inducing the fenestrated phenotype of choroidal microvessels [123].
However, other factors must also play a part in this putative VEGFA action on the choroidal
microvessels, as the neuronally produced VAGFA apparently does not have a similar effect
on the BBB. In animal models, neurotrauma has been shown to result in a rapid (within 2–4
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hours post-TBI) upregulation of VEGFA synthesis in astrocytes and to some extent (and
also with some delay) in the cerebrovascular endothelium [77]. Consistent with these
findings, an increase in astrocytic expression of VEGFA was demonstrated in specimens of
brain tissue obtained from TBI patients [124]. In addition to brain parenchymal cells,
VEGFA is expressed by invading neutrophils [77]. It appears that upon its release, VEGFA
is, at least in part, deposited within the ECM, possibly through the binding to HSPGs, from
where this growth factor may be gradually released during the early phase post-injury.

In primary cultures of brain and retinal endothelial cells, the VEGFA-induced increase in the
paracellular permeability of endothelial monolayers was found to be associated with the
redistribution and downregulation of expression of tight junction protein occludin, which
was phosphorylated on Ser490 and then ubiquitinated [125, 126]. In addition, upon the
exposure to VEGFA, the tight junction-associated protein ZO1, which is normally expressed
along the cell boundaries, becomes clustered in patchy aggregates in the cytoplasm of
endothelial cells. The VEGFA-induced downregulation of expression of another tight
junction protein CLDN5 in brain endothelial cell cultures was also reported, and the
microinjection of VEGFA into a mouse cerebral cortex was shown to result in the disruption
of normal pattern of immunostaining for occludin and CLDN5, and the opening of the BBB
[127]. The VEGFA-dependent increase in the permeability of brain endothelial cells is
mediated by VEGFR1, and not VEGFR2, and requires the activation of the PI3K/Akt
signaling cascade [128]. Studies involving primary cultures of human peripheral vascular
endothelial cells have also demonstrated that VEGFA causes the ROS-dependent tyrosine
phosphorylation of the components of the adherens junction complexes, such as VE-
cadherin, β-catenin, plakoglobin, and p120 [129, 130].

BBB and post-traumatic neuroinflammation

Increasing evidence indicates that the brain inflammatory response to injury is a major part
of the pathophysiology of TBI, especially when the injury is complicated by contusions and
hemorrhages. Shortly after trauma, there is a surge in production of proinflammatory
cytokines, such as TNF-α and IL-1β, by brain parenchymal cells, followed by increased
synthesis of chemokines and expression of cell adhesion molecules on the surface of the
cerebrovascular endothelium, which eventually leads to the influx of inflammatory cells
from the blood into the brain. In animal studies, neutrophil invasion has been observed
within hours after injury, whereas monocytes/macrophages infiltrate the traumatized
parenchyma within days post-TBI [131, 132]. There is also evidence for the influx of
peripheral inflammatory cells into the injured brain parenchyma of TBI patients [133]. The
mechanical disruption of the vascular walls, which may occur after the impact, causes the
extravasation of red blood cells, but is not accompanied by any significant influx of
leukocytes [8]. It is because the recruitment of leukocytes to the injured brain parenchyma
requires a coordinated upregulation or induction of expression on the brain endothelium of
cell adhesion molecules, which then interact with their counterparts expressed on the surface
of white blood cells. This occurs in conjunction with an increase in the production of
chemokines that attract inflammatory cells and regulate the process of their migration across
the endothelial barrier [134]. Another reason for the limited initial post-injury migration of
white blood cells across the damaged vascular walls is that the mechanical disruption of
integrity of brain vasculature rapidly activates the coagulation cascade [9, 10], which results
in a significant reduction in blood flow within the pericontusional brain tissue [12, 13]. The
time frame of influx of inflammatory cells into the injured brain suggests that there is a
potentially extended window of opportunity (compared for example to that available for
targeting glutamate excitotoxicity) for therapeutic intervention directed against post-
traumatic neuroinflammation. In preclinical studies involving rodent models of TBI, a
reduction in the magnitude of post-traumatic influx of inflammatory cells, a decrease in the
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extent of post-traumatic loss of neural tissue, or an improvement in recovery after injury has
been reported after treatment with monoclonal antibodies to CD11b/CD18 and CD11d/
CD18 integrins or to ICAM1 [135–138]. On the other hand, studies of ICAM1 and ICAM1/
P-selectin knockout mice have shown no difference in brain neutrophil accumulation or
histopathological brain tissue damage when compared to wild-type animals, although the
reduction in post-traumatic brain edema was found in ICAM1/P-selectin–deficient mice
compared to control group [139, 140]. These latter studies not only underscore the
complexity, but also a certain degree of redundancy, of the pathophysiological mechanisms
underlying neuroinflammation. This suggests that combination therapies (for instance,
directed against both chemokines and cell adhesion molecules [141]) must be applied to
effectively target the multiple pathological processes associated with post-traumatic brain
inflammatory response.

Signals initiating post-traumatic inflammation

The pathophysiological roles of proinflammatory cytokines, chemokines, and immune cells
in post-traumatic neuroinflammation have been intensely studied, but much less effort has
been directed to identify the molecules that initiate this pathological process. Although these
early post-traumatic events would be difficult to target therapeutically, it is nevertheless
important to understand how the neuroinflammatory cascade originates. As we discussed
above, the disruption of vascular integrity resulting from injury forces creates the conditions
for blood-borne factors to enter the brain parenchyma. Among such factors, thrombin has
been shown to stimulate the microglial synthesis of proinflammatory mediators, including
various cytokines and the chemokine CXCL1 [31]. The cellular damage causes the release
of a number of endogenous factors, collectively called DAMPs, such as RNA, DNA, heat
shock proteins, and HMGB1, a DNA-binding protein, which are the ligands for TLRs [142].
Binding of DAMPs to TLRs causes the activation of the nuclear factor-κB (NF-κB) and
MAPK signaling cascades, leading to increased synthesis of proinflammatory cytokines and
chemokines [142]. Several members of the TLR family have been shown to be expressed on
the cerebrovascular endothelium, as well as on astrocytes and microglia [143, 144]. Other
endogenous factors that may also play a part in initiating neuroinflammation are nucleotides,
such ATP, UTP, or their analogues, released from brain parenchymal cells after injury [142].
They bind to P2 purinoceptors, leading to increased production of proinflammatory
mediators in a manner similar to that observed in response to the activation of TLRs. There
are two classes of P2 receptors—P2Y metabotropic receptors, which belong to the
superfamily of GPCRs, and ionotropic P2X receptors [145]. There is functional evidence
that P2Y2 receptor is expressed on brain endothelium [146]. The members of both the P2Y
and P2X families of P2 receptors were shown to be expressed on astrocytes and microglia
[147], and specifically, P2Y2 and P2Y4 were found to be highly expressed on astrocyte end-
feet making a close contact with the cerebrovascular endothelium [148].

Mechanical stress caused by the initial injury forces may also affect the gene expression in
individual parenchymal cells. It has been demonstrated in astrocyte cell cultures that the
exposure of these glial cells to mechanical deformation results in a rapid increase in [Ca2+]i
and in the cytoplasmic levels of inositol trisphosphate, which is followed by a substantial
increase in the synthesis of endothelin-1 [149]. Astrocytes subjected to mechanical stress
and exposed to proinflammatory cytokine IL-1β with one-hour delay were found to produce
increased amounts of MMP9 [150]. This increase in astrocytic MMP9 synthesis was
dependent on the activation of the ERK signaling pathway.

The effect of proinflammatory cytokines on BBB function

Studies of rodent models of TBI have shown that the synthesis of proinflammatory
cytokines, such as TNF-α and IL-1β, is rapidly upregulated in the injured cortex and
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subcortical structures, including the hippocampus and thalamus. In the injured cortex, the
high levels of message for TNF-α are observed as early as one hour after TBI, followed by a
rather precipitous decline in expression of this cytokine [151, 152]. In comparison, the
message for IL-1β increases gradually to reach a peak at 6–8 hours post-TBI and then
decreases quite abruptly at one day after injury [152, 153]. Both TNF-α and IL-1β are
produced as precursor proteins, and the analysis of cortical levels of biologically active
forms of these cytokines showed that they peak between 3 and 8 hours after TBI [154].
Proinflammatory cytokines have multiple effects on the function of the BBB. Cell culture
experiments involving rat and bovine brain endothelial cells have demonstrated that both
TNF-α and IL-1β can increase the permeability of endothelial monolayers [155, 156].
Transgenic mice, in which the overexpression of the human IL1B gene was driven by the
glial fibrillary acidic protein promoter, have also been found to have a leaky BBB [157].
More detailed studies of TNF-α action on vascular endothelium conducted in primary
cultures of human peripheral vascular endothelial cells have shown that TNF-α promotes the
formation of actin stress fibers, followed by cell retraction and formation of intercellular
gaps [158]. The formation of intercellular gaps was found to be mediated by Rho and
myosin light chain kinase. The TNF-α dependent increase in the permeability of the
endothelial barrier may also, at least in part, be mediated by ROS [159]. Furthermore, it is
worth noting that TNF-α has the ability to downregulate the expression of the tight junction
protein occludin [160].

Although proinflammatory cytokines may have an effect on the BBB permeability in the
injured brain, it is their ability to induce chemokine synthesis and induce or increase the
expression of cell adhesion molecules on the surface of the cerebrovascular endothelium that
play critical roles in progression of post-traumatic neuroinflammation. The post-traumatic
production of chemokines will be discussed below, whereas here we will analyze the effect
of proinflammatory cytokines on the endothelial expression of cell adhesion molecules.
Using the primary cultures of human brain endothelial cells, several groups have
demonstrated that the exposure to TNF-α or IL-1β results in a significant increase in
expression of E-selectin, ICAM1, and vascular cell adhesion molecule-1 (VCAM1) on the
surface of endothelial cells [161–164]. The mechanisms underlying the transcriptional
regulation of expression of these adhesion molecules are complex and involve the activation
of various signal transduction pathways, including the NF-κB and JNK signaling cascades
[165]. Consistent with in vitro observations, animal studies have shown a rapid induction of
endothelial expression of E-selectin and an increase in expression of ICAM1 after injury,
although, surprisingly, no change in endothelial expression of VCAM1 was reported [137,
166, 167]. It is also important to note that the clinical studies of patients with TBI have
demonstrated a positive correlation between the CSF or serum levels of soluble ICAM1 and
the severity of injury and neurological outcome [168, 169].

Post-traumatic production of chemokines: a role of the gliovascular unit

There is an increasing interest in chemokines as potential therapeutic targets in
inflammatory diseases [141]. Studies of rodent models of cerebral ischemia and TBI
involving anti-chemokine intervention or the use of mice deficient in CXCR2 and CCR2
chemokine receptors have demonstrated a significant reduction in the magnitude of influx of
inflammatory cells and the formation of edema, decreased loss of neural tissue, and an
improvement in functional recovery when compared to untreated or wild-type animals,
respectively [170–174]. In contrast, the adenovirus-mediated overexpression of the rat Cxcl2

gene in a mouse brain was found to cause a massive recruitment of neutrophils and an
increase in the permeability of the BBB [175]. Similarly, transgenic mice overexpressing the
murine Ccl2 gene driven by the myelin basic protein promoter showed significant
accumulation of mononuclear cells within the perivascular spaces, meninges, and the
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choroid plexus stroma [176]. These transgenic mice, when subjected to the permanent
occlusion of the middle cerebral artery, also had larger brain infarct volumes when
compared to control animals [177].

In the injured brain, at least at the early stage after the impact, chemokines appear to be
predominantly synthesized by the cerebrovascular endothelium and astrocytes [178];
however, later on, invading neutrophils and monocytes may also contribute to chemokine
production in the traumatized brain parenchyma [179, 180]. Interestingly, the
immunohistochemical analysis of injured rat brains showed that the immunoreactive
products for neutrophil chemoattractants, such as CXCL1 and CXCL2, and for the major
monocyte chemoattractant CCL2 are associated with microvessels, whereas only anti-CCL2
antibody stained astrocytes (Fig. 2). This contrasts with the results from cell culture
experiments, in which both the cerebrovascular endothelium and astrocytes were found to
produce CXC and CC chemokines in response to proinflammatory cytokines [178, 181].
Similar to the peripheral vascular endothelium [182], the brain endothelium has the ability to
transport chemokines, such as CCL2, in the abluminal-to-luminal direction, which is the
receptor- and caveolae-mediated process [183]. This means that not only the endothelium-
derived chemokines, but also those produced by other brain parenchymal cells or invading
leukocytes, could be presented on the luminal surface of cerebrovascular endothelium.
Chemokines bind to glycosaminoglycans expressed on the surface of endothelial cells
forming the haptotactic or immobilized chemokine gradients that direct the recruitment of
inflammatory cells [182].

An intriguing new discovery is the ability of neuropeptides, such as arginine vasopressin
(AVP), to act synergistically with proinflammatory cytokines to amplify the post-traumatic
production of CXC and CC chemokines [178]. These synergistic interactions between
cytokines and AVP occur in the cerebrovascular endothelium and astrocytes, and are
mediated by the JNK signal transduction pathway. Neurotrauma results in increased AVP
synthesis not only in the hypothalamus, where the paraventricular and supraoptic nuclei are
the major source of peripheral AVP, but also in perivascular macrophages and the
cerebrovascular endothelium in the injured brain parenchyma [184]. Studies of AVP-
deficient Brattleboro rats have demonstrated a significant reduction in post-traumatic
production of neutrophil and monocyte chemoattractants, the magnitude of influx of
inflammatory cells, and the extent of loss of neural tissue when compared to wild-type
animals [178].

It is important to note that chemokines not only play a key role in post-traumatic recruitment
of leukocytes, but may also change the permeability of the BBB. There is evidence that
CCL2 increases the permeability of the BBB, leading to the formation of vasogenic edema
[185]. Experiments involving the primary cultures of murine brain endothelial cells have
shown that CCL2 increases the paracellular permeability of endothelial monolayers by
inducing the formation of actin stress fibers and causing the redistribution of tight junction
proteins occludin and CLDN5, as well as the tight junction-associated proteins ZO1 and
ZO2 [186]. These CCL2 actions are mediated by the Rho signaling cascade.

Post-traumatic invasion of inflammatory cells

Several studies [173, 174, 178, 187] of rodent models of TBI have demonstrated that there is
an association between the magnitude of post-traumatic influx of neutrophils and
monocytes, and the formation of edema and the extent of brain tissue damage. However,
some studies [188, 189], have reported different results. These discrepancies may, at least in
part, be related to the experimental design. For example, Uhl et al. [188] used a microtubule
inhibitor vinblastine to induce neutropenia in rats. However, vinblastine has been shown to
significantly stimulate the activity of JNK [190], the MAPK playing an important role in
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augmenting the brain inflammatory response to injury [178]. In the study by Whalen et al.
[189], the permeability of the BBB to albumin was compared between neutropenic and
control rats at 4 hours after TBI. However, as the authors showed in the same paper, the
extent of influx of neutrophils into the inured brain parenchyma of control animals was
insignificant at 4 hours post-TBI. Further studies will be needed to clarify the discrepancies
in the published reports.

Neutrophils are highly toxic to neurons, especially those stressed by hypoxia and glucose
deprivation [191, 192]. There is also a large body of evidence indicating that neutrophils can
increase the permeability of the endothelial barrier [193]. These inflammatory cells not only
have the ability to produce proinflammatory cytokines, such as TNF-α, and generate large
amounts of ROS, but they also carry various proteolytic enzymes, including neutrophil
elastase (ELANE) and MMP9 [193]. In in vivo studies [194], intracerebral injection of
ELANE has been shown to increase the permeability of the BBB and produce multifocal
perivascular and intraparenchymal hemorrhages. More recent work [195] has demonstrated
that both pharmacological inhibition of ELANE activity and genetic deletion of the Elane

gene in a mouse model of transient middle cerebral artery occlusion reduced the
permeability of the BBB, the extent of formation of cerebral edema, and the magnitude of
post-ischemic neuronal death. Similar results were obtained in Mmp9−/− mice or in
chimeras, in which bone marrow from MMP9-deficient mice was transplanted into wild-
type animals [196]. These findings suggest that neutrophil-derived proteases play a part in
post-traumatic disruption of the BBB, although it remains unclear whether they are released
from adherent or transmigrating cells. It is also important to note that, as discussed above,
neutrophils may increase the permeability of the BBB by releasing VEGFA, which likely
occurs when these inflammatory cells invade the traumatized brain parenchyma [77].

Although after injury, leukocytes largely migrate across the brain parenchymal
microvessels, there are some areas of the brain, which, at least in rodent models of TBI, are
particularly active with regard to influx of inflammatory cells from the blood into the CNS
[77, 166]. These are the pericontusional leptomeninges and the subarachnoid CSF space
near the injury site, as well as the cistern of velum interpositum, a slit-shaped space above
the third ventricle with highly vascularized pia mater (Fig. 3). Not coincidentally, these are
also the areas where the mechanical disruption of vascular integrity and the extravasation of
plasma proteins and red blood cells frequently occur [8]. However, it is not only the
mechanical stress caused by the impact that triggers the cascade of events culminating in
massive influx of inflammatory cells in these vulnerable brain regions. Rather, it is the
functional differences between the brain parenchymal and pial microvessels that may be
responsible for this phenomenon. Indeed, peripheral administration of TNF-α or LPS in
mice has been shown to induce a strong expression of cell adhesion molecule P-selectin on
the endothelial surface of pial microvessels, but much weaker expression on brain
parenchymal microvessels [197]. Consistent with this finding, the intraparenchymal
injection of IL-1β caused acute myelomonocytic cell recruitment to meninges without
leukocyte influx at the site of injection [198]. The reasons for these functional differences
between these two types of microvessels are not known, but may be related, at least in part,
to the differences in anatomy. Pial microvessels lack the perivascular ensheathment of
astrocyte end-feet that is normally present in parenchymal microvessels [199]. Interestingly,
the influx of inflammatory cells across the BBB residing in pial microvessels has also been
observed in experimental autoimmune encephalomyelitis, an animal model of multiple
sclerosis [200, 201].

The role of the blood-CSF barrier (BCSFB) in post-traumatic influx of leukocytes

The BBB is the major route for inflammatory cells to invade the injured brain. However, it
has been recently recognized that the BCSFB also plays a role in this pathophysiological
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process [152, 202]. The BCSFB primarily resides in the choroid plexus, a highly
vascularized tissue located in all four cerebral ventricles, but it also includes the arachnoid
membrane. Unlike the BBB, the BCSFB is formed by tight junctions connecting adjacent
cells in a single layer of cuboidal epithelium enclosing the leaky choroidal blood
microvessels [203]. Similar to other types of epithelial cells, the choroid plexus epithelium
has the ability to produce CXC and CC chemokines when stimulated with proinflammatory
cytokines, and a rapid increase in choroidal synthesis of CXCL1–3 and CCL2 was observed
in response to neurotrauma [152, 202]. Studies of primary cultures of rat choroid plexus
epithelial cells demonstrated that the chemokines are secreted both apically (toward the
CSF) and basolaterally (toward the choroidal stroma or blood) from the choroidal
epithelium, which is a prerequisite for leukocyte migration across epithelial barriers. There
is also electron microscopic evidence for trafficking of neutrophils and monocytes
(sometimes in tandem) across the BCSFB [152, 202]. Confocal microscopic studies suggest
that the inflammatory cells can migrate to traumatized brain parenchyma from the CSF
space (see Fig. 3B); however, it remains to be determined where and how they invade the
brain parenchyma after crossing the BCSFB.

TBI and the transport systems at the BBB

Na+-K+-2Cl− cotransporter and Na+/H+ exchanger

Preclinical studies involving rodent models of traumatic and ischemic brain injury suggest
that targeting certain ion transporters associated with the cerebrovascular endothelium may
be therapeutically beneficial. The Na+-K+-2Cl− cotransporter isoform 1 (NKCC1; also
known as BSC2 or SLC12A2) and the Na+/H+ exchanger isoform 1 (NHE1 or SLC9A1) and
NHE2 (SLC9A2) are expressed at the luminal surface of brain endothelium [204, 205].
Being located at the BBB, both NKCC1 and NHE1/2 may play a part in the formation of
post-traumatic vasogenic edema by functioning in vectorial transport of Na+ from the blood
into the CNS [206]. NKCC1 and NHE1 are also the major regulators of the cell volume
[206], and may therefore play important roles in promoting post-traumatic swelling of brain
endothelium [51]. The pharmacological inhibition of activity of NKCC1 in rat models of
TBI and cerebral ischemia was found to significantly reduce the formation of brain edema
and decrease the extent of post-traumatic and post-ischemic loss of neural tissue [204, 207].
Similarly, the use of a highly selective inhibitor of Na+/H+ exchange was reported to
decrease the brain water content and attenuate brain tissue damage in ischemic rats [208].
Interestingly, both NKCC1 and Na+/H+ exchange activities in brain endothelial cells are
stimulated by AVP [205, 209]. Furthermore, in the cerebrovascular endothelium, AVP
increases the levels of expression and phosphorylation of NKCC1 [209, 210]. These results
are consistent with previously discussed observations that AVP promotes the formation of
post-traumatic brain edema and exacerbates the loss of neural tissue in the injured brain
[178]. In this context, it is also important to note that TBI is associated with a rapid
upregulation of expression of AVPR1A receptors on astrocytes and, with some delay, on the
cerebrovascular endothelium in the traumatized brain parenchyma [211].

ATP-binding cassette transporter C8 (ABCC8)

ABCC8, also known as sulfonylurea receptor 1 (SUR1), is an atypical ATP-binding cassette
protein, which has no identified transport function [212, 213]. Instead, it acts as a regulatory
subunit of ATP-sensitive K+ channels best known for their role in the control of insulin
secretion from pancreatic β-cells. It has also been demonstrated that SUR1 regulates the
activity of Ca2+-activated, ATP-sensitive nonselective cation (NCCa-ATP) channel [214].
This SUR1-regulated NCCa-ATP channel was found to be activated by ATP depletion and to
conduct inorganic monovalent cations, while being impermeable to Ca2+ and Mg2+ [215].
Given its functional properties and based on the results obtained in a rodent model of spinal
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cord injury [215, 216], it has been proposed that TRPM4, a member of the mammalian
transient receptor potential superfamily of nonselective cation channels, represents the pore-
forming subunit of the SUR1-regulated NCCa-ATP channel. Unlike NKCC1 and NHE1 and
-2, both ABCC8 and TRPM4 are not constitutively expressed in the cerebrovascular
endothelium, but their expression is upregulated in response to various forms of CNS injury,
including spinal cord injury, cerebral ischemia, and SAH [216–219]. In vitro studies have
also shown that the expression of ABCC8 in brain endothelium is increased after exposure
to proinflammatory cytokine TNF-α [219]. Simard and colleagues have postulated that
sustained opening of SUR1-regulated TRPM4 channel causes the swelling of the
cerebrovascular endothelium, and eventually leads to death of endothelial cells,
disintegration of vascular integrity, and progressive secondary hemorrhage in the injured
CNS [220]. Consistent with this hypothesis, an antidiabetic drug glibenclamide, a potent
blocker of SUR1-regulated TRPM4 channel, has been shown to significantly reduce the
formation of edema and loss of neural tissue, and to improve functional outcome in diverse
forms of CNS injury [217, 218, 221, 222]. It has also been proposed that NKCC1 and
SUR1-regulated TRPM4 channel act synergistically in the injured CNS, and that
combination therapy directed against these two targets should be more efficacious than a
single-target approach [220].

ATP-binding cassette transporter A1 (ABCA1)

Neurotrauma is thought to be one of the risk factors for the development of Alzheimer’s
disease [223]. A post-mortem analysis of brains of TBI patients has demonstrated the
deposition of amyloid-β (Aβ) peptides in 30% of examined individuals [224]. The deposits
of Aβ in the injured brain are found within 24 hours after the impact [225], and studies of a
mouse model of TBI have shown that the genetic ablation of β-secretase or pharmacological
inhibition of activity of γ-secretase, the two enzymes required for production of Aβ from its
amyloid precursor protein, reduces the extent of neuronal loss and improves functional
recovery after injury [226]. More recent studies have also demonstrated that the
pharmacological upregulation of expression of ABCA1 by a liver X receptor agonist
decreases the levels of Aβ in the injured brain, reduces the post-traumatic brain tissue
damage, and improves functional outcome after injury [227].

ABCA1 functions as a cholesterol efflux pump. It is expressed in brain parenchymal cells
[228], including the cerebrovascular endothelium [229, 230], and its brain endothelial
expression levels can be pharmacologically upregulated by agonists of liver X receptors
[229]. The experiments conducted in Abca1−/− mice have shown that ABCA1 acts as a
cholesterol efflux transporter at the BBB [230], but, unlike the BBB-associated low-density
lipoprotein receptor-related protein 1 [231], it does not transport Aβ peptides from the brain
into the blood [232]. This suggests the indirect effect of ABCA1 on Aβ deposition in the
CNS. Although the upregulation of ABCA1 expression reduces the Aβ levels in the injured
brain [227], it is presently unclear as to whether the brain endothelium-associated ABCA1
plays a role in this regulation of Aβ deposition. Targeted disruption of the Abca1 gene in the
cerebrovascular endothelium may help answer this question.

ATP-binding cassette transporter B1 (ABCB1)

The bioavailability of neuroprotective drugs to the brain depends, among other factors, on
the activity of xenobiotic efflux transporters residing at the BBB [233]. The molecular
mechanisms underlying the regulation of expression/activity of these transporters have not
been fully characterized. However, a number of factors playing a role in this regulation,
including proinflammatory mediators and ROS (both produced in the injured brain), have
been identified [234, 235]. It has recently been demonstrated [236] that ischemic brain
injury is associated with a significant upregulation of cerebrovascular expression of ABCB1,
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a member of the superfamily of ATP-binding cassette transporters, also known as multidrug
resistance protein 1 or P-glycoprotein. In a mouse model of cerebral ischemia, the
pharmacological inhibition of ABCB1 activity or genetic deletion of the Abcb1a/Abcb1b

genes increased the brain levels and enhanced the efficacy of neuroprotective drugs known
to be the substrates for ABCB1 [236]. These results suggest that the improved efficacy of
neuroprotective treatment in brain injury may be achieved by concomitant targeting the
xenobiotic efflux transporters at the BBB.

When discussing the role of ABCB1 in brain injury it is also worth noting that a well-known
substrate and inhibitor of ABCB1, cyclosporine A (CsA), has demonstrated a significant
neuroprotective effect in experimental TBI [237–239]. The rationale for using CsA for
neuroprotective treatment in TBI was the ability of this immunosuppressant to potently
inhibit the Ca2+-induced permeability transition in mitochondria [240], a hallmark of
mitochondrial dysfunction observed in TBI [241]. CsA has moved to initial clinical trials for
TBI and some encouraging therapeutic effects were observed [241]. However, certain
concerns about its clinical applicability, such as insufficient brain penetration (likely related
to the fact that CsA is an ABCB1 substrate) and variable effectiveness in inhibiting the
mitochondrial permeability transition, were also raised [241].

BBB as a target for therapeutic intervention in TBI

As has been presented above, previous research has established the integral and expansive
role of the BBB/gliovascular unit in the pathological processes of TBI. However, despite
teasing out many of the cellular and molecular aspects of the injury cascade, few
investigations have considered the BBB as a target for therapeutic intervention. There is a
strong rationale to do so. The weakness of many laboratory and clinical studies in TBI is that
targeting an isolated molecule or pathological mechanism with a therapy ignores the
complexity of pathophysiological processes associated with TBI. Focusing on just one
mediator/mechanism of injury, for example the increased production of ROS, omits many
other processes that contribute to the pathology of TBI. The logical response to this problem
has been to move to combination therapies that could target multiple complementary
pathways and/or pathological processes in TBI [242]. Another problem with previous
strategies has been the crucial aspect of time and the secondary injury processes. As noted
above, the release of glutamate and the production of ROS, proinflammatory cytokines, and
other mediators of injury may be increased at various time points after TBI, with possible
harmful or beneficial effects depending on the timing. Therefore, therapeutic agents must be
delivered at the appropriate time after injury. In clinical trials of TBI, the window of
opportunity must match the reality of when the patient is available for intervention. Thus,
pathological processes that are activated within minutes of TBI may not be good targets for
post-injury intervention.

Therapies targeting the BBB to restore its normal function after injury may represent another
solution to these dilemmas. Normally functioning BBB is key to restore brain homeostasis
and to create an optimal microenvironment for neuronal repair. It may also allow for more
reliable delivery of neuroprotective drugs. The evidence presented above suggests that
particularly with neuroinflammation, there may be a longer time window during which the
restoration of normal BBB function would be effective. Candidate therapies may for
example be directed to reduce the expression of cell adhesion molecules and/or interfere
with signaling of chemokines presented on the luminal surface of brain endothelium. There
has been some progress made to selectively target the cerebrovascular endothelium and not
the endothelium of peripheral blood vessels [243], which would reduce the risk of
interference with the peripheral immune system.
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Strategies to therapeutically engage the BBB in neuronal repair processes after TBI could
also have many beneficial downstream effects. Future investigations might determine how
to effectively harness the cerebrovascular endothelium to produce neuroprotective growth
factors that can act on nearby neurons. This would be a new approach based on the evidence
that neurotrophic factors, such as brain-derived neurotrophic factor and artemin/neublastin,
endogenously produced by the cerebrovascular endothelium, can potentially have beneficial
effect on functional recovery after injury [244, 245]. This approach would also be devoid of
the problems associated with delivering exogenous neuroprotectants across the BBB.
However, just at it was never very likely that a drug targeting a specific mechanism would
have huge therapeutic benefits in the outcome from TBI, it is unlikely that a single growth
factor produced by the brain endothelium will be the “silver bullet” in brain recovery from
TBI. As the understanding of the complex cellular and molecular interactions within the
gliovascular unit grows, it is likely that more opportunities for interventions that are directed
at the BBB will arise.
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Figure 1.

Schematic representation of the blood-brain barrier (BBB)/gliovascular unit in the injured
brain. The BBB is formed by the brain endothelial cells connected by tight junctions (TJs).
However, astrocytes, whose end-feet make an intimate contact with the cerebrovascular
endothelium, are critical for normal function of the BBB. Microglial processes are also
closely associated with the brain endothelium in 4–13% of cerebral microvessels, and glial
and endothelial cells functionally interact with each other in a paracrine manner. Brain
parenchymal cells are normally shielded from periphery by the BBB. However, the
disruption of vascular integrity occurring after neurotrauma allows blood-borne factors, such
as albumin and fibrinogen, as well as thrombin, which is cleaved from prothrombin by
Factor Xa, to enter the brain. Fibrinogen, after its conversion to fibrin, acts on microglia,
causing the rearrangement of microglial cytoskeleton and increased phagocytosis. Thrombin
predominantly acts on microglia, stimulating their proliferation and inducing the production
of nitric oxide (NO). It also increases the microglial synthesis of proinflammatory
mediators, such as tumor necrosis factor-α (TNF-α) and interleukin (IL)-6 and -12. In
addition, thrombin may target the cerebrovascular endothelium and increase the
permeability of the BBB. Similar to thrombin, albumin promotes the proliferation of
microglial cells and increases the production of NO and proinflammatory mediators, such as
IL-1β. Albumin also acts on astrocytes by binding to transforming growth factor-β (TGF-β)
receptor II, which may play a role in post-traumatic cortical epileptogenesis. Among the
putative factors contributing to post-traumatic dysfunction of the BBB are glutamate,
reactive oxygen species (ROS), matrix metalloproteinases (MMPs), proinflammatory
cytokines TNF-α and IL-1β, and vascular endothelial growth factor A (VEGFA). After
injury, glutamate is released from various parenchymal cells and from invading neutrophils
(polymorphonuclear leukocytes; PMN). It increases the permeability of the BBB and has
been shown to promote apoptosis of brain endothelial cells, although this latter action of
glutamate has been questioned. ROS not only increase the permeability of brain
endothelium, but also play an important role in promoting post-traumatic invasion of
inflammatory cells by, for example, upregulating the endothelial expression of cell adhesion
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molecules, such as intercellular adhesion molecule-1 (ICAM1). MMPs are produced by
multiple types of parenchymal cells and can also be released from invading leukocytes.
MMPs disrupt the integrity of the BBB by attacking basal lamina proteins and degrading
tight junctions. TNF-α and IL-1β increase the permeability of the BBB, but, more
importantly, they also play a key role in progression of post-traumatic neuroinflammation.
These cytokines increase the endothelial expression of cell adhesion molecules, such as E-
selectin, ICAM1, and vascular cell adhesion molecule-1 (VCAM1). They also induce the
endothelial and astrocytic production of CXC and CC chemokines, including CXCL1, -2,
and CCL2, which attract circulating inflammatory cells and facilitate their migration across
the BBB. Astrocyte-derived CCL2 can be transported across the cerebrovascular
endothelium and then presented on its luminal surface. This chemokine can also increase the
permeability of the BBB. VEGFA increases the permeability of brain endothelium by
changing the distribution and downregulating the expression of tight junction proteins. After
injury, VEGFA is predominantly produced by astrocytes, but is also carried by invading
neutrophils. The major source of TGF-β is the aggregating platelets, but TGF-β is also
produced by microglia and, to a lesser extent, by astrocytes. TGF-β has been shown to
increase the permeability of the cerebrovascular endothelium; however, other investigators
postulated that this growth factor has an opposite effect on the BBB, which is to enhance
and maintain the barrier properties of brain endothelium. Invading neutrophils exert an
adverse effect on BBB function. These inflammatory cells not only produce
proinflammatory cytokines, such as TNF-α, and generate large amounts of ROS, but they
also release various proteolytic enzymes, including MMP9 and neutrophil elastase.
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Figure 2.

Production of CXC and CC chemokines by the cerebrovascular endothelium and astrocytes
in a rat model of traumatic brain injury (TBI). A The immunoreactive product for neutrophil
chemoattractant CXCL1 (arrows) associated with a microvessel in the traumatized brain
parenchyma at 6 hours post-TBI. Double immunostaining with anti-CXCL1 antibody and an
antibody to RECA-1, a marker for vascular endothelium, is shown. Similar results were
obtained for CXCL2 and CCL2, a major chemoattractant for monocytes. This distinct
pattern of immunopositive staining for CXC and CC chemokines was not associated with
pericytes, perivascular macrophages, or smooth muscle cells, suggesting that these
chemokines are produced by the brain endothelium. B Double immunostaining with anti-
CXCL1 antibody and an antibody to TGN38, a Golgi marker, demonstrates that the CXCL1-
immunoreactive product in cerebral microvessels (outlined) is predominantly associated
with the Golgi complex (arrows). The localization of CXC and CC chemokines to the Golgi
complex is consistent with increased synthesis of these secreted proteins occurring after
injury. C Post-traumatic expression of CCL2 in astrocytes. Double immunostaining with
anti-CCL2 antibody and an antibody to glial fibrillary acidic protein (GFAP), an astrocyte
marker, is shown. Neither CXCL1 nor CXCL2 were expressed in astrocytes after injury. D
CCL2 expressed in a cortical astrocyte at 6 hours post-TBI co-localizes with the Golgi
complex. E Astrocytic expression of CCL2 at 24 hours after TBI. Note that at this time after
injury, the CCL2-immunopositive product is predominantly localized extracellularly along
astrocyte processes (arrows). This pattern of CCL2-immunopositive staining likely reflects
the binding of this chemokine to heparan sulfate proteoglycans expressed on the surface of
astrocytic cells and/or within the extracellular matrix. Scale bars: panels A–C, 10 μm; panels
D, E 5 μm. Reprinted with permission from [178].
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Figure 3.

Migration of neutrophils across pial microvessels in a rat model of traumatic brain injury
(TBI). Upon invasion of traumatized brain parenchyma, neutrophils release vascular
endothelial growth factor A (VEGFA). The VEGFA-immunoreactive product appears as
haloes surrounding neutrophils, which likely represent the growth factor sequestered within
the extracellular matrix due to the VEGFA binding to heparan sulfate proteoglycans. A The
cerebral cortex adjacent to the post-traumatic lesion at 8 hours post-TBI. Double
immunostaining with anti-VEGFA antibody and an antibody to CD11b, a subunit of integrin
receptor expressed on neutrophils, monocytes/macrophages, and microglia, is shown. Note
that neutrophils not only invade the traumatized cortex after crossing the blood-brain barrier
(BBB) in brain parenchymal microvessels, but also accumulate in the subarachnoid space
(SAS) after crossing the BBB in pial microvessels. B A higher magnification view of
selected area from panel A. This confocal microscopy image shows neutrophils
accumulating in the SAS, from where these inflammatory cells appear to invade the brain
parenchyma. An arrow points at a neutrophil that is in the initial stage of crossing the pial/
glial lining of the cerebral cortex and starts releasing VEGFA. Note that other neutrophils
accumulating in the SAS that are located further from the cortical surface clearly carry
preformed VEGFA, but do not release it. C A coronal brain section cut at the level of the
hippocampus and stained with anti-VEGFA and anti-CD11b antibodies. The rat was
sacrificed at 24 hours after TBI. Similar to their accumulation in the SAS, neutrophils enter
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the cistern of velum interpositum (CVI), a slit-shaped space above the third ventricle with
highly vascularized pia mater, from where these leukocytes also appear to invade the injured
brain parenchyma. Scale bars: panels A, C, 100 μm; panel B, 10 μm. Reprinted with
permission from [77].
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