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Abstract: Acute central nervous system (CNS) injury, encompassing traumatic brain injury (TBI) and
stroke, accounts for a significant burden of morbidity and mortality worldwide, largely attributable
to the development of cerebral oedema and elevated intracranial pressure (ICP). Despite this, clinical
treatments are limited and new therapies are urgently required to improve patient outcomes
and survival. Originally characterised in peripheral tissues, such as the skin and lungs as a
neurally-elicited inflammatory process that contributes to increased microvascular permeability
and tissue swelling, neurogenic inflammation has now been described in acute injury to the brain
where it may play a key role in the secondary injury cascades that evolve following both TBI and
stroke. In particular, release of the neuropeptides substance P (SP) and calcitonin gene-related
peptide (CGRP) appear to be critically involved. In particular, increased SP expression is observed
in perivascular tissue following acute CNS injury, with the magnitude of SP release being related
to both the frequency and degree of the insult. SP release is associated with profound blood-brain
barrier disruption and the subsequent development of vasogenic oedema, as well as neuronal injury
and poor functional outcomes. Inhibition of SP through use of a neurokinin 1 (NK1) antagonist is
highly beneficial following both TBI and ischaemic stroke in pre-clinical models. The role of CGRP
is more unclear, especially with respect to TBI, with both elevations and reductions in CGRP levels
reported following trauma. However, a beneficial role has been delineated in stroke, given its potent
vasodilatory effects. Thus, modulating neuropeptides represents a novel therapeutic target in the
treatment of cerebral oedema following acute CNS injury.

Keywords: substance P; calcitonin gene-related peptide; neuropeptides; neurogenic inflammation;
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1. Introduction

Acute central nervous system (CNS) injury, encompassing traumatic brain injury (TBI) and stroke,
is a leading cause of death and disability worldwide [1–3]. TBI is the leading cause of death in those
under 45 years of age, accounting for upwards of 10 million deaths and hospitalisations worldwide
each year [1,2]. Stroke affects in excess of 15 million people globally each year, of which six million
die, and five million are left permanently disabled [3]. For those who survive the initial injury, many
face long-term disability and dementia, requiring extensive rehabilitation and assistance with daily
living activities [2,4]. Indeed, there is an estimated 15 million people living with the sequelae of TBI
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and over 30 million stroke survivors with significant disabilities [1,4]. Thus, the socioeconomic burden
of acute CNS injury is immense, costing the global healthcare system in excess of US $200 billion
dollars each year, which does not even begin to account for the extensive cost to individuals quality of
life, caregivers and communities [5]. Thus, new treatments are urgently required to reduce patient
morbidity and mortality following acute CNS injury. Neurogenic inflammation has been proposed
as a novel target in treating acute CNS injury. This neutrally-elicited process is characterised by the
release of neuropeptides which induces vasodilation, increased microvascular permeability and tissue
swelling. Thus, this review will provide an overview of studies supporting a role for neurogenic
inflammation in increased blood-brain barrier (BBB) permeability, cerebral oedema formation and
development of functional deficits following acute CNS injury.

1.1. Traumatic Brain Injury

TBI results from acceleration/deceleration forces that produce rapid movement of the brain
within the skull, or from the head impacting with an object. The most common causes of TBI are motor
vehicle accidents, motorcycle and pedestrian injuries [6], with falls the most common cause in the
elderly population [7]. The resultant pattern of injury depends upon a number of factors including:
the nature of the initiating force, site of impact and the direction/magnitude of the impact. Injury
to brain tissue in TBI can be divided into two main categories: primary injury and secondary injury.
Primary injury occurs at the moment of injury and encompasses the shearing/tearing/stretching of
axons, known as axonal injury, in addition to lacerations, contusions and haemorrhages. Following
this is secondary injury, which is initiated by the primary insult and evolves over the hours, days to
weeks following the traumatic event and is well documented to exacerbate brain injury and worsen
outcome following TBI [8].

1.2. Stroke

Stroke results from an interruption in cerebral blood flow (CBF), most commonly due to the
permanent or transient occlusion of a cerebral artery [9]. This sudden and profound reduction in
CBF restricts the supply of vital oxygen and nutrients to the brain tissue, leading to ischaemia, cell
injury and ultimately cerebral infarction. Ischaemic stroke is the most common type, accounting
for approximately 85% of all strokes and typically occurs in the setting of atherothrombosis [10].
The remaining 15% are classified as haemorrhagic and arise due to the rupture of a cerebral artery [10].
The infarct that results from the cerebral ischaemia is comprised of two distinct regions: the core and
the penumbra. The infarct core represents an area of tissue that has succumbed to the ischaemia and
undergone rapid neuronal cell death [11]. Surrounding the core is the penumbral tissue, neurons in
this area are compromised by the reduction in CBF but are still viable. If ischaemia continues then
neurons within the penumbra may progress to become irreversibly damaged and undergo cell death,
thereby increasing infarct size. However, with adequate and timely reperfusion neuronal loss may
be reduced and functional outcome improved and therefore the penumbra is of the greatest clinical
interest, with the goal of thrombolysis therapy with tissue plasminogen activator (tPA) to salvage
penumbral tissue [12]. As in TBI, the injury that occurs following stroke can be divided into primary
and secondary injury components. Within minutes of cerebral ischaemia onset cell death occurs, this is
the primary injury, following which the secondary injury cascades are initiated, which lead to infarct
expansion and worsened outcomes following stroke [9].

2. Secondary Injury

Both TBI and stroke have a primary and secondary injury component and although the primary
injury mechanisms are somewhat different, there are many shared features of the secondary injury
cascades. Such secondary injury involves a cascade of injury pathways that exacerbate tissue damage
and worsen outcome including: inflammation, excitotoxicity, oxidative stress, loss of ion homeostasis
and increased BBB permeability, amongst many others [8,13,14]. Indeed, much of the death and
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disability associated with acute CNS injury is attributable to the development of secondary injury
processes that are initiated by the primary injury and evolve over time in the days to weeks following
the initial insult [15], in particular alterations in BBB permeability and the subsequent development of
life-threatening cerebral oedema and its associated complications.

3. The Blood-Brain Barrier

Injury to the BBB and alterations to BBB permeability are key secondary injury processes following
both TBI and stroke. The BBB is a highly specialised, semi-permeable barrier existing between the
brain and blood that serves to maintain homeostasis of the cerebral microenvironment by restricting
the passage of compounds and toxins into the CNS [16]. Structurally, the barrier comprises an array
of components including endothelial cells with tight junctions (TJ), adherens junctions, astrocytes,
pericytes, and the basement membrane [16]. Together, these components provide the structural
integrity required to enable the barrier to maintain fundamental roles including: supplying the brain
with essential nutrients such as oxygen and glucose, mediating the efflux of waste products, and
facilitating the movement of nutrients and plasma proteins [17].

Under normal physiological conditions, nutrients and plasma proteins cross the BBB via two
main transport mechanisms: paracellular transport and transcellular transport. Paracellular transport
involves the passage of small solutes (<800 Da) between endothelial cells, as facilitated by TJs [18].
Conversely, transcellular transport is used by large plasma proteins, such as albumin, to cross the
BBB by caveolae-mediated endocytosis. Vesicular trafficking of albumin occurs following budding
of caveolae into vesicles that migrate to the plasma membrane to fuse and release their contents [18].
Each of these transport mechanisms is central to the maintenance and function of the barrier. Caveolae
are flask-shaped plasma membrane invaginations are central in the vesicular trafficking of plasma
proteins and are abundant in endothelial cells of the BBB with cholesterol and caveolin-1 as significant
structural components [19]. Caveolin-1 is the integral protein essential for caveolae formation, as mice
with genetic ablation of caveolin-1 lack caveolae [20], and cannot endocytose albumin from the
vasculature [21].

3.1. Cellular Components of the BBB

Astrocytes are an integral cellular component that influence both the structure and function of the
BBB. Astrocytic end-feet envelope the endothelial cells, providing structural support and enhancing the
TJs in between [22]. Astrocytes are able to rapidly respond to pathological stimuli in their surrounding
environment and do so through conversion to a hypertrophic state and increased expression of
intermediate filaments, such as glial fibrillary acidic protein. Pericytes are the other key cellular
component, which have diverse functions including: regulation of capillary haemodynamics [23],
permeability of the BBB, clearance of toxic metabolites, angiogenesis and neuroinflammation [24].

3.2. Tight Junctions

Tight and adheren junctions form the junctional complexes that make up the BBB and are
comprised of a complex network of transmembrane and cytosolic proteins, that allow TJs to seal
and mediate the gate function of the BBB [25]. TJs are domains of occluded intercellular clefts,
comprised of the integral membrane proteins occludin [26], claudins [27], zona occludin-1 (ZO-1) [28],
and junctional adhesion molecules (JAMs) [29]. Occludin was the first TJ protein identified and is one
of the main TJ components [30]. It is comprised of 9 domains, with the second extracellular domain
having a pivotal role in occludin assembly and localisation into TJs [31]. This extracellular domain has
also been implicated in altering TJ permeability when occludin levels decline [32]. It was previously
suggested that occludin plays an important role in forming TJ-like structures [33], however TJ strands
still develop in the absence of occludin [34]. Moreover, the morphology of TJs and trans-epithelial
resistance in occludin-deficient mice do not differ from wild-type mice [34], suggesting that occludin is
dispensible for TJ formation.
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Claudins play a major role in both establishing and maintaining properties of the barrier [27,35].
Upon the discovery of claudin-1 and claudin-2, it was revealed that they, not occludin as previously
thought, were the major contributor to TJ strand formation [36]. Indeed, claudin-5-deficient mice
demonstrate a size-selective loosening of the BBB, whereby the movement of small molecules across
the barrier via paracellular transport is upregulated [35]. When Madin-Darby Canine Kidney Epithelial
(MDCK) cells, a commonly used cell line that models the epithelium, were transfected with claudin-1,
there was an increase in trans-epithelial resistance and a reduction in paracellular transport. This is in
contrast to what has been demonstrated in occludin-deficient mice, where no changes in transepithelial
resistance or paracellular transport were observed [34].

ZO-1 belongs to the family of membrane-associated guanylate kinase (MAGUK) proteins [37]
which binds to the actin cytoskeleton, stabilising the TJ and contributing to their function. ZO-1 is
also integral mediating paracellular permeability [38] with dissociation of ZO-1 leading to increased
BBB permeability [39]. In vitro studies have established roles for ZO-1 in endothelial cell-cell tension
and recruitment of TJ proteins [38,40,41]. These various components that comprise the BBB are tightly
regulated to ensure that integrity and functionality is maintained. Nevertheless, following acute CNS
injury, disruption to the structure and function of these barrier components results in profound changes
in BBB permeability.

4. BBB Disruption Following Acute CNS Injury

Despite differences in the nature of the primary injury, loss of BBB structural integrity and
heightened permeability are central features of both stroke and TBI pathogenesis. Nevertheless, in both
cases the degree and timing of BBB alterations are highly dependent upon the injury conditions/injury
model used. The exact mechanisms by which acute CNS injury disrupts the BBB in the setting of TBI
and stroke is debatable, however acute hypertension, hyperosmolar solutions classical inflammation,
enhanced para/transcellular transport and enhanced activity of matrix metalloproteinases (MMPs)
have all been implicated, amongst many others [42]. Such alterations in barrier permeability following
acute CNS injury arise due to loss or alterations in the function of key structural and functional
components [43], which has major implications for injury progression and outcome.

4.1. BBB Disruption Following TBI

Alterations in BBB permeability have been well-documented following TBI [44,45], with the exact
temporal profile of such changes highly variable depending upon the type of injury. For example,
diffuse TBI produces early permeability changes to the BBB [46], whereas focal injury may be associated
with a bi-phasic profile of BBB permeability changes [47]. Rodent TBI studies have demonstrated a
rapid increase of TGF-β1 expression in the injured cortex between 6 and 12 h following TBI [48].
Furthermore, in vitro studies using the hCMEC/D3 cell line supported a relationship between
increasing TGF-β1 levels and enhanced paracellular permeability following TBI, mediated through a
reduction in claudin-5 expression [49]. Delayed opening of the BBB following trauma has been
attributed to alterations in MMP expression and activity. In particular, MMP-9 expression was
significantly upregulated beginning at 4 h and persisting to 5 days post-TBI, while MMP-2 was
elevated at one, three and five days following rodent TBI [50]. Indeed, similar findings have been
observed in clinical TBI with levels of both MMP-2 and MMP-9 elevated in the serum of TBI patients
at 24 h compared to healthy controls [51]. Such elevations in MMP levels following TBI are significant
in that they precede breakdown of key TJ components and the basal lamina, in addition to stimulating
the recruitment and migration of inflammatory cells [52].

4.2. BBB Disruption Following Stroke

Disruption to the BBB following stroke is a well-documented feature of ischaemic injury however,
the timing and extent of such permeability changes vary according to the severity and duration of
the ischaemic insult. Nevertheless, it is accepted that stroke is associated with both early and late
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alterations in BBB permeability [52], with the first alteration in BBB permeability occuring within
hours of stroke onset, and the second occurring some 24–48 h later [53]. For example, experimental
stroke models have revealed that heightened barrier permeability observed at 4–12 h post-stroke
is attributable to elevations in caveolin-1 expression, driving changes in the transcellular pathway,
followed by later disruption at 24–48 h due to dysregulation of TJ proteins occludin, claudin-5,
and ZO-1, which initiates changes in the paracellular pathway [54,55]. Furthermore, increased activity
of the MMP system has also been implicated in post-stroke BBB permeability changes [52]. Specifically,
very early BBB permeability alterations have been attributed to the activity of MMP-2 which loosens
the tight junctions [56], whereas delayed permeability changes at 4 h–4 days post-stroke are linked to
profound MMP-9-mediated degradation of the basal lamina [57] and tight junction components [58,59].
Such findings are in keeping with that in clinical stroke with similar elevations in MMP levels observed
in patients with ischaemic stroke [60–63].

5. Consequences of BBB Breakdown: Cerebral Oedema and Elevated Intracranial Pressure

The profound alterations in BBB integrity following acute CNS injury are permissive to the
development of life-threatening complications such as cerebral oedema and elevated intracranial
pressure (ICP) [64]. Cerebral oedema is the abnormal and excessive accumulation of fluid within the
brain parenchyma [13] and the progression of cerebral oedema following cerebral infarction or trauma
exerts a mechanical force of oedematous tissue onto adjacent structures, coming at great neurological
expense to surrounding neurons [65,66].

5.1. Cerebral Oedema

Cerebral oedema can be broadly divided into two categories based on the integrity of the BBB and
site of fluid accumulation: cytotoxic oedema and vasogenic oedema (Figure 1) [13]. Cytotoxic oedema
occurs immediately following an insult to the brain tissue and is characterised by the intracellular
accumulation of fluid, particularly in the grey matter of the brain [13,67]. For example, following
ischaemic stroke, deprivation of oxygen and glucose to neuronal cells as a result of vascular obstruction
rapidly leads to a lack of ATP and results in irreversible cell death within minutes [67]. Similarly,
the bioenergetic crisis that ensues following TBI as a result of secondary injury processes leads to a
lack of ATP production. In both cases this leads to failure of the Na+/K+-ATPase pump, essential for
the maintenance of ion homeostasis [68]. Such failure results in an inability to maintain ionic gradients
across the membrane and leads to intracellular accumulation of sodium, creating an osmotic drive
for water to move from the extracellular compartment. Such intracellular fluid accumulation leads
to cellular swelling and ultimately cell rupture, which causes inflammation and collateral damage to
adjacent cells [69,70].

Vasogenic oedema occurs in the setting of BBB disruption, and unlike cytotoxic oedema which
occurs early following a CNS insult, typically peaks at approximately 3–5 days following the initial
insult [64,67]. Endothelial dysfunction, loss of TJ integrity and enhanced transcellular transport have
all been implicated in driving the abnormal extravasation of large molecules and plasma proteins,
whose movement across the barrier is normally tightly regulated under physiological conditions [71].
The movement of these molecules from the intravascular compartment to the extracellular space
alters the osmotic pressure, providing a driving force for the movement of water into the cerebral
parenchyma [67]. The excessive and persistent movement of fluid from the blood into the brain
results in the gross accumulation of water within the brain tissue, particularly within the white
mater structures, thereby increasing overall brain volume and therefore increasing ICP [13]. Given
that cytotoxic oedema involves only a compartmental shift of water from the extracellular to the
intracellular space, and thus does not contribute to an increase in overall brain volume [71], it is
vasogenic oedema that is the primary target when treating cerebral oedema.
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Figure 1. Development of cerebral oedema in acute central nervous system (CNS) injury. Note the
relative size of the cells within the brain tissue and surrounding volume of the extracellular space
under normal conditions and how this differs in both cytotoxic oedema and vasogenic oedema. Arrows
indicate compartmental movement of water.

5.2. Elevated Intracranial Pressure

An increase in total brain volume within the closed cavity of the skull as a result of vasogenic
oedema leads to a rise in ICP (Figure 2) [72]. The development of cerebral oedema and concomitant
rise in ICP is the leading cause of death in the first week following TBI and stroke, with the mortality
rate of malignant cerebral oedema approaching 80% and is also a predictor of poor outcome in
survivors [64,67,73].

Normal human ICP lies between 5 and 15 mmHg, and elevations in pressure upwards of 20 mmHg
are associated with poor brain perfusion and an increased risk of death and disability following acute
CNS injury [74,75]. The skull and underlying inelastic dura mater restrict the expansion of the brain
tissue, and as such, when the volume of one of the compartments is increased (brain tissue, arterial
blood, venous blood or cerebrospinal fluid) then this must be compensated for by a decrease in
one of the other compartments, otherwise pressure will rise [65]. Such compensatory measures are
only able to accommodate small increases in ICP. However, once compensatory mechanisms fail to
control ICP then pressure rises unabated, leading to compression of blood vessels within the brain
tissue, compromising tissue perfusion and leading to ischaemia, which further exacerbates cell injury
and brain tissue dysfunction [76]. In an attempt maintain blood supply to the swollen brain, mean
arterial blood pressure rises, leading to a further increase in ICP. Significantly elevated ICP opposes
cerebral blood flow, adversely restricting blood perfusion to the brain, resulting in global ischemia and
perpetuating tissue injury [65].

Persistently elevated ICP can force brain tissue to move down pressure gradients, in an attempt to
relieve pressure, known as brain herniation. When the brain tissue herniates, it can compress adjacent
structures causing dysfunction and blood vessels causing ischaemia, which further worsens tissue
injury and lead to permanent brain tissue damage [77]. Life-threatening brain herniation occurs when
the cerebellar tonsils herniate downwards through the foramen magnum, leading to compression of
vital cardiorespiratory centres within the brain stem [78]. This can lead to intermittent or complete
cessation of cardiorespiratory functions and subsequent death.
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Figure 2. Neurogenic inflammation in acute central nervous system (CNS) injury. Acute CNS injury
stimulates the release of neuropeptides, which lead to the development of neurogenic inflammation in
the CNS, characterised by vasodilation, increased blood-brain barrier (BBB) permeability and cerebral
oedema. Arrows indicate sequence of events following acute CNS injury.

6. Current Treatments for Cerebral Oedema Following Acute CNS Injury

At present, there are a number of different approaches to the management of elevated ICP
including head of bed elevation, transient hyperventilation, hypothermia, osmolar therapy (with
mannitol or hypertonic saline (HTS)), barbituates and decompresssive surgery [78], of which the
pharmacotherapies and surgical options will be discussed.

6.1. Osmolar Therapy

The most commonly used osmotic agents used to treat cerebral oedema and elevated ICP are
mannitol and HTS [79]. Their predominate mechanism of action is believed to be the creation of an
osmolar gradient which draws water from the brain, via rheological effects, into the intravascular space,
thereby reducing total brain volume [70]. However, neuroprotection at the cellular level by osmotic
agents has also been proposed, largely due to their ability to reduce oxidative stress and inflammation
via cytokine-mediated pathways [80]. These agents are used in the management of cerebral oedema
and elevated ICP despite a lack of high quality trails supporting their efficacy. Mannitol, an osmotic
diuretic agent, is a commonly used front line agent in the management of elevated ICP, as it can be
safely administered via a peripheral IV line [78]. Mannitol is frequently used in severely head injured
patients, especially upon early presentation of increased ICP. Indeed, the majority of studies on the
efficacy of mannitol therapy have been conducted in this cohort and generalised to other patient
cohorts and there is little evidence for its use in the management of stroke patients with elevated
ICP. The use of mannitol is contraindicated where there is clear evidence of BBB breakdown [81]
and repeated dosing may lead to mannitol accumulation within the brain parenchyma, reversing
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the osmotic drive and increasing intra-parenchymal fluid accumulation, further elevating ICP and
leading to neurological deterioration [70,82,83]. HTS is also used to manage elevated ICP. The dosing
frequency and strategy of administration vary but reductions in ICP appear to be independent of the
dosing regime. Despite this, treatment duration has not been adequately assessed and HTS treatment
may be of limited efficacy in stroke patients when extensive BBB breakdown is prevalent, and may
cause decreased platelet aggregation, prolonged coagulation and subsequent bleeding in addition to
neurological ion imbalances including hypochloremia and hyperkalemia [84,85]. Each of the osmolar
agents has its own inherent risks and complications, although HTS is associated with a reduced
risk of ICP treatment failure [79] and may be used preferentially to mannitol in some patients, for
example those with subarachnoid haemorrhage with vasopasm, where reduced volume depletion and
hypotension may further compromise cerebral perfusion [78]. Furthermore, HTS is not a diuretic agent,
which may be an advantage to mannitol in some patients. Regardless, both osmotherapies require
monitoring of electrolytes, osmolarity and volume throughout treatment. Thus, osmotic agent therapy
may be used a temporary measure to prevent acute brain stem compression until other measures
such as decompressive surgery or haemorrhage evacuation can be performed [86]. However, osmotic
agents do not target the mechanisms underlying abnormal fluid movement and accumulation within
the brain parenchyma, they simply aim to reverse the osmotic drive and pull the excess fluid out of the
brain tissue.

6.2. Barbituates

Barbiturates have been used to reduce ICP due to their ability to increase vascular tone,
reduce cerebral metabolism and inhibit free radical-mediated lipid peroxidation [87,88]. Despitethis,
barbiturate therapy does not interfere with the BBB disruption that underlies the genesis of cerebral
oedema, which worsens over time following injury. However, barbituates are typically only used after
other interventions have first been used, such as osmotic agents and sedation/mechanical ventilation
and may be used in head injured patients to “put the brain to sleep”, reducing cerebral metabolism
in an attempt to reduce further cerebral injury [78]. Indeed, barbiturate therapy is generally only
used in extreme clinical situations as its use is associated with unsustained therapeutic properties and
potential development of severe side effects, such as arterial hypotension and pulmonary failure [89,90].
Thus, the hypotensive effect of barbiturate therapy is likely to offset any reduction in ICP following
treatment [91], although the anti-seizure activity of barbiturate therapy is a positive side effect of
treatment [78].

6.3. Decompressive Craniectomy

Decompressive craniectomy (DC) aims to alleviate raised ICP through removal of part of the skull and
opening of the underlying dura overlying the swollen brain to allow the brain to swell freely and reduce
ICP [92]. The exact nature of the decompressive surgery and the location and amount of bone removed
depends upon the underlying cause of the elevated ICP. In the setting of stroke, for example, malignant
middle cerebral artery (MCA) infarction, typically a decompressive hemecraniectomy is performed where
the skull overlying a hemisphere of the brain is removed. Whereas in TBI, for example in the case of
diffuse axonal injury (DAI), large contusion or large intracranial haemorrhage, a bifrontal craniotomy is
typically performed [78]. This surgical procedure is a physical measure only and does not influence the
evolution of BBB structural/functional alterations or the genesis of cerebral oedema, which continue to
worsen over time following injury. Nevertheless, DC has been demonstrated to be a life-saving procedure
following both TBI and stroke [93,94], although this may be at the expense of increasing the number of
patients who are severely disabled and dependent for tasks of daily living [93]. Overall, the functional
outcome of the patient following decompressive surgery is ultimately determined by the severity of the
cerebral insult, for example the brain injury or stroke, and the rehabilitation of the patient, important
considerations for the patients neurosurgical team and family when making the decision to proceed with
DC or not [78]. Although DC reduces ICP by providing additional space for the oedematous brain to swell,
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timing of the procedure is a crucial factor in determining outcome with DC surgery performed later than
24 h post-ictus is associated with a heightened mortality rate. Indeed, DC is typically performed after less
invasive interventions such as osmotherapy, sedation and barbituates have been tried and ICP remains
elevated [78]. Thus, early identification of evolving cerebral oedema is crucial in maximising treatment
efficacy [95], as when DC is used only as a last resort after conservative physiological management and
pharmacotherapy have failed to produce meaningful reduction in ICP, outcomes are predictably poor [96].
Furthermore, DC surgery is highly invasive with many contraindications for its use, in addition to the risks
and potential complications including a higher mortality rate in those aged greater than 60 years of age
and an increased likelihood of moderate to severe disability following surgery [97,98]. This becomes an
issue of increasing concern, as stroke in particular is a disease associated with an ageing population, with
an incidence in excess of 68% in those aged greater than 60 years of age [99]. The correlation between age
and functional outcome remains an extremely important pre-treatment prognostic factor in deciding if
patients should undergo DC [95].

6.4. Improving the Treatment of Cerebral Oedema and Elevated ICP

The burden of morbidity and mortality associated with cerebral oedema and elevated ICP,
combined with and the inadequacy of current treatment interventions, emphasises that new treatment
approaches are urgently required. It is clear that what all of the current treatments for cerebral oedema
and elevated ICP have in common is that they do not target the underlying injury mechanisms which
lead to increased BBB permeability and subsequent development of cerebral oedema and elevated
ICP. There are currently no approved targeted treatments that interfere with these key injury processes
to halt or reduce the evolution of BBB dysfunction and cerebral oedema following acute CNS injury.
Indeed, to develop more effective treatments, it is essential to elucidate the processes underlying
BBB disruption following acute CNS injury to allow the underlying mechanisms of cerebral oedema
genesis to be targeted. Such an approach has the potential to markedly improve patient survival and
outcome given that it is directly targeting the injury mechanisms and not just simply treating the
symptoms of cerebral oedema and elevated ICP. Indeed, neurogenic inflammation, specifically the
release of neuropeptides such as substance P (SP), has recently been shown to be involved in BBB
permeability changes and development of cerebral oedema following acute CNS injury. Thus, directly
targeting neurogenic inflammation in acute CNS injury may be a novel treatment strategy to reduce
BBB permeability and in turn reduce the development of complications such as cerebral oedema and
elevated ICP. Such an approach may provide enhanced treatment efficacy and duration compared
with current treatment approaches.

7. Neurogenic Inflammation

The concept of neurogenic inflammation was first described in the peripheral nervous system (PNS),
where activated neurons of the dorsal root ganglia were observed to induce blood vessel vasodilation in
the lower extremities [100]. Following these early observations the definition of neurogenic inflammation
has evolved to encompass a painful local inflammatory response characterized by vasodilation, increased
vascular permeability, tissue swelling and mast cell degranulation [101]. In addition, there are tissue-specific
responses such as smooth muscle contraction in the bladder, bronchoconstriction in the airways and
ionotropic/chronotropic effects on the heart, amongst others [102]. Neurogenic inflammation may be
initiated by a wide variety of agents including prostanoids, leukotrienes, histamine and serotonin, in
addition to changes in the extracellular environment encompassing increased osmolarity, pH changes, heat,
inflammation and mechanical stimulation [103,104].

The neuropeptide family is central to the development of neurogenic inflammation and comprises
substance P (SP), calcitonin gene-related peptide (CGRP), neurokinin A (NKA), and neurokinin B (NKB),
amongst others [101]. These neuropeptides act as neuromodulators and neurotransmitters, in both
physiological and pathological processes [105]. In particular, SP is the most potent initiator of neurogenic
inflammation, with CGRP able to further potentiate the effects of SP [103].
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7.1. SP

SP is an 11 amino acid peptide member of the tackykinin peptide family that is produced from
alternate splicing of the preprotachykinin a gene [106–108]. SP is released from primary afferent
neurons, at both the central and peripheral nerve endings where it acts as a neurotransmitter.
Under normal conditions, SP is synthesised and stored within both peripheral and central
neurons [106,108,109], with activation or damage of these neurons resulting in the rapid release of
SP [103,106]. SP may also be released from non-neuronal cells, including inflammatory and endothelial
cells [106].

SP is widely distributed throughout both the CNS and PNS, localised in capsaicin-sensitive
neurons and released in response to Ca2+-dependent depolarisation of neurons via various stimuli
including, changes in pH, electrical stimulation and ligand binding, amongst others [103]. Within the
CNS, the greatest SP immunoreactivity has been demonstrated in the amygdala, nucleus caudatus,
putamen, globus pallidus, hypothalamus, substantia nigra and locus ceruleus [101,110]. Within the
PNS, SP is found throughout the enteric nervous system, respiratory tract, urinary system, lymphoid
organs, blood vessels and cellular components of the blood [101]. Indeed, SP-containing sensory
nerves surround virtually all blood vessels in the body, with cerebral arteries having a particularly
dense supply.

Following release, SP mediates its effects via high affinity binding to the neurokinin 1 (NK1)
tachykinin receptor, but may also bind with varying affinity to the NK2 and NK3 tachykinin receptors
depending upon receptor density/availability [111]. The NK receptors are members of the rhodopsin
family of 7-transmembrane G-protein coupled receptors, with the G-proteins associated with the
intracellular domain of the NK1 receptor responsible for the transduction of the SP signal. Stimulation
of intracellular G proteins results in increased expression of cAMP and a cascade of events leading to
regulation of ion channels, enzyme activity and changes in gene expression [111,112].

The NK1 tachykinin receptor is distributed throughout the CNS and is ubiquitously expressed
throughout the brain [110]. Stimulation of the NK1 tachykinin receptor by SP initiates a number
of biological processes including, vasodilation, smooth muscle contraction and relaxation, plasma
protein extravasation, airway contraction [113]. In addition, roles for SP have been documented in
nociception [114], learning and memory [115] and anxiety and depression [116]. SP has also been
implicated in a number of different pathologies including migraine, anxiety, inflammatory bowel
disease, and asthma, stroke [117–119] and TBI [46,120–122].

7.2. CGRP

CGRP is a 37 amino acid neuropeptide, co-expressed with neuropeptides such as SP in neuronal
tissue [123]. It has two isoforms α-CGRP and β-CGRP, with α-CGRP more abundant in both the
CNS [124] and PNS [125]. α-CGRP is formed from the alternative splicing of the calcitonin/CGRP
gene located on chromosome 11. In particular, CGRP is highly expressed in all vascular tissues, the
trigeminal ganglia and astroglial cells [126]. It is particularly active in the cerebral circulation [127]
where it is stored and released from sensory neurons [128]. Calcitonin receptor-like receptor (CLR)
is the receptor to which CGRP binds, comprised of two separate structures which come together,
the G protein coupled receptor and CLR which is an accessory protein identified as receptor activity
modifying protein (RAMP) [129]. The RAMP1 proteins are responsible for translocating the CLRs
to the plasma membranes so that the CGRP molecules can bind to them. The CLR-RAMP1 receptor
is expressed within the CNS endothelial cells. Upon binding to its receptor, CGRP activates the
CLR-RAMP1 leading to increased cAMP levels which in turn cause potent vasodilation and increased
blood flow [130,131], with such CGRP-mediated vessel dilation is located within the smooth muscle
layer. CGRP has a particularly strong effect on cerebrovascular expansion [132], and given that it is
co-stored and co-released with SP [103], it is involved in neurogenic inflammation and potentiating
the effects of SP [133]. Beyond regulation of vascular tone, CGRP is also involved in angiogenesis,
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pain signalling and the regulation of different behavioural processes including the stress response and
fear-related behaviours [133,134].

8. Neurogenic Inflammation in the CNS

Well documented in peripheral tissues [101], the concept of neurogenic inflammation as a response
to tissue injury has more recently been extended to include the CNS [117,121,135]. Intravenous
SP administration induces a significant increase in plasma extravasation in the dura mater, an
effect abolished NK1 tachykinin receptor antagonist pre-treatment [136]. Furthermore, activation
of NK1 tachykinin receptors on the vascular endothelium contributed to the development of cerebral
oedema [135]. Similarly, treatment with capsaicin elicited a neurogenic inflammatory response within
the dura mater [137]. Capsaicin-induced neuropeptide depletion was shown to provide protection from
neonatal hypoxia/ischaemia injury in rats, resulting in reduction in infarct volume and apoptosis, and
improved vascular dynamics, suggesting that neuropeptides were mediating such effects [138]. Indeed,
initial studies in capsaicin pre-treated animals, to deplete sensory neuropeptides, have revealed that
neuropeptide depletion prior to acute CNS injury is protective, with reductions in BBB permeability,
cerebral oedema and both motor and cognitive deficits [121,139]. These studies clearly indicated a
role for neuropeptides and neurogenic inflammation in these injury pathways. Subsequent studies
have now clearly delineated a role for neurogenic inflammation in the BBB dysfunction and genesis
of cerebral oedema observed following acute CNS injury [46,117–119,121,122]. In stroke, it is likely
that the early development of cytotoxic oedema and associated intracellular swelling causes increases
osmolality and nociceptor activation, in addition to the physical exertion of pressure on nerve fibres
adjacent to engorged neurons are the stimuli which leads to their stimulation by mechanical means.
Whereas in TBI, the mechanical shearing and laceration forces generated from movement of the brain
within the skull at the moment of injury leads to neuropeptide release.

8.1. SP in TBI

Increased SP immunoreactivity has been observed in both human post-mortem tissue [140] and rodent
TBI tissue [141]. Specifically, SP expression was increased at 5 h following rodent TBI in perivascular tissue
and was present along blood vessels within the parenchyma [46,141], with such increases still evident at
24 h and 3 days post-TBI [142]. The increased perivascular SP was co-localised to regions of significant EB
extravasation following TBI in rats, indicative of BBB disruption and vasogenic oedema [46]. Furthermore,
increased SP was associated with persistent functional deficits [46,120].

8.2. SP in Stroke

Following observations of SP is release from the rabbit carotid body in response to hypoxia [143],
suggesting that SP release is tissues response to hypoxia/ischemia, these findings have now been replicated
in cerebral ischaemia [117–119,139,144]. Overexpression of SP has been observed following stroke,
associated with an exacerbation of ischaemic tissue damage and poor neurological function [144]. Our
group has since further explored the role of neurogenic inflammation in cerebral ischaemia [117–119,139].
We have shown that at 24 h following stroke with reperfusion, SP immunoreactivity was increased in
penumbral tissue, but not within core tissue, of the infarcted hemisphere [117]. Such increases in SP
immunoreactivity were observed in conjunction with significant disruption of the BBB, as measured
by Evan’s Blue extravasation, in addition to profound cerebral oedema and persistent functional
deficits [117–119,139]. A similar SP has been observed clinically with elevated SP levels shown to be
present in the serum of patients with complete stroke or transient ischaemic attack (TIA) at 12–24 h
following stroke onset [145]. Serum SP levels were on average four-fold higher in stroke/TIA patients
comported with healthy controls at 12 h, which began to decline at 24 h following injury.

Taken together, these findings indicate that neurogenic inflammation, and in particular SP release,
is a feature of acute CNS injury that appears be central to changes in BBB permeability and subsequent
development of cerebral oedema, thereby providing a potential novel therapeutic target.



Int. J. Mol. Sci. 2017, 18, 1788 12 of 24

8.3. CGRP in TBI

CGRP has been implicated to be involved in the response to brain tissue damage [146] and various
alterations in CGRP levels have been reported following trauma [147–154]. Following focal TBI in newborn
piglets, a decrease in CGRP production was observed [147,148], a finding corroborated in focal murine TBI
reporting decreased CGRP levels from 3 to 14 days post-trauma [153]. However, in direct contrast, focal
rodent trauma lead to elevated plasma CGRP levels following trauma that peaked at 3 days and remained
elevated at 7 days post-TBI [150]. Furthermore, CGRP levels are significantly elevated in the brain stem at
7, 14 and 28 days following focal murine trauma [149]. However, there are also reports increased serum
levels of CGRP at 24 h, 3 h and 7 days following diffuse TBI [152], which was found to enhance fracture
healing [151]. Such differences in the CGRP response to trauma may reflect the different patterns of injury
between the various experimental trauma models, in addition to species-specific variations. Nevertheless,
it appears that CGRP plays a role in clinical TBI as increased serum levels of CGRP were observed at 2
days following TBI in a clinical cohort [154].

8.4. CGRP in Stroke

Given its role as a potent vasodilator, it is not surprising that CGRP has been investigated in the
setting of cerebral ischaemia as a potential neuroprotectant. Indeed, CGRP release increases under
stressful conditions or ischaemic tissue damage [146].

This is in contrast to reports of reduced local CGRP levels following murine stroke with
reperfusion, which is not conducive to the repair of damaged tissue [155]. However, leptin treatment
was shown to enhance CGRP expression and in turn reduce infarct volume and both neuronal apoptosis
and necrosis, whilst also improving regional CBF.

Furthermore, CGRP has been proposed as a modulator of post-stroke depression (PSD) following
observations that both cerebrospinal fluid (CSF) and hippocampal levels of CGRP were elevated in a rodent
PSD model [146]. Indeed, intracerebroventricular administration of CGRP enhanced PSD symptoms in
a dose-dependent manner, suggesting that PSD is mediated, at least in part, by CGRP. A similar pattern
has been observed in clinical depression with elevated CGRP levels recorded in the CSF of depressed
patients [156].

Such findings indicate that alterations in CGRP levels following TBI and stroke are more varied than
that of SP and are highly dependent upon the nature and severity of injury. Nevertheless, the increase in
CGRP levels observed in some studies may represent a protective response to improve CBF and maintain
tissue perfusion.

8.5. Neurogenic Inflammation and the BBB

It is clear that neurogenic inflammation increases BBB permeability and leads to downstream
complications such as cerebral oedema. However, the exact mechanisms by which neurogenic
inflammation, and specifically release of SP, leads to alterations in BBB permeability following acute
CNS injury are unclear. Although some studies that have reported SP/NK1-induced alterations in BBB
integrity and function. Application of SP to cerebral capillary endothelial cell cultures leads to a reduction
in the expression of TJ components ZO-1 and caludin-5 but immediately following this TJs are observed
to be intact [157]. In fact, it appears that SP may have its initial effects on transcellular transport across
the BBB, specifically by increasing transcytosis via the activation of caveolae-mediated transport. Indeed,
the NK1 tachykinin receptor is localised to caveolae within endothelial cells and upon stimulation can alter
its expression or location, suggesting that it plays a dynamic role in this environment [158,159]. In keeping
with this, SP-induced stimulation of the NK1 tachykinin receptor stimulates the relocation of protein kinase
C-α to caveolae, a process integral to the internalisation of caveolae and therefore transcellular transport
across the barrier [160].

However, the effects of SP on the BBB are not solely limited to alterations in permeability, with
activation of the NK1 tachykinin receptor by SP increasing the migration of leukocytes, such as monocytes
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and neutrophils, via chemotactic effects [161–163], increased endothelial cell expression of adhesion
molecules [164–167] and the exacerbation of local chemokine production [168]. Furthermore, SP applied to
cultures of cerebral endothelial cells led to a dose-dependent increase in intracellular adhesion molecule-1,
observed in conjunction with an increase in T cell adherence. Such findings suggest that increased SP
levels in the setting of neurogenic inflammation has the capacity to increase the infiltration of inflammatory
cells into the CNS tissue, in turn exacerbating the local neuroinflammatory response to acute CNS injury
through the production of free radicals, pro-inflammatory cytokines and proteases such as MMPs [169].
Taken together, evidence suggests that neurogenic inflammation plays a role in BBB permeability changes
but also has the capacity to perpetuate classical inflammation by enhancing immune cell trafficking into
the brain, both of which lead to injury worsening. Given the role of the SP/NK1 system in alterations to
BBB permeability and transport following acute CNS injury, modulating neurogenic inflammation may
represent a novel treatment target to interfere with this key injury cascade.

9. Targeting Neurogenic Inflammation Following Acute CNS Injury

Many groups have hypothesised that modulating neurogenic inflammation may have therapeutic
applications [116]. However, given the clear evidence that neurogenic inflammation is a feature of acute
CNS injury associated with increased BBB permeability, genesis of cerebral oedema and the development
of persistent functional deficits, it may represent a novel target for the treatment of cerebral oedema. NK1
tachykinin receptor antagonists are currently widely used clinically in patients undergoing chemotherapy
to combat treatment nausea and are well tolerated [170,171]. However, their potential utility in the
treatment of cerebral oedema following acute CNS injury has not been explored clinically.

9.1. NK1 Tachykinin Receptor Antagonists in TBI

Following observations that increased SP immunoreactivity was a feature of injury following
brain trauma, NK1 tachykinin receptor antagonists have since been explored as potential therapeutic
agents. Administration of the NK1 tachykinin receptor antagonist, N-acetyl-L-tryptophan (NAT),
at 30 min post-TBI significantly reduced BBB permeability and levels of cerebral oedema, in addition
to ameliorating functional deficits [46]. These findings have since been replicated, both in a focal TBI
model [15] and in female animals [172]. Indeed, the therapeutic window for NK1 tachykinin receptor
antagonist treatment is up to 12 h post-TBI, when a membrane-permeable form of the drug is used [120].
Beyond inhibition of neurogenic inflammation, the neuroprotective actions of SP blockade following
trauma appear to be mediated, at least in part, by microglial inhibition [173]. Although these findings
in rodent TBI models are extremely encouraging, given the extremely poor clinical translation from
bench to bedside it is essential that such observations be verified in a large animal species to confirm
efficacy before progressing to clinical assessment. Thus, we have since evaluated NK1 tachykinin
receptor antagonist treatment in an ovine model of TBI [174], demonstrating a significant reduction
ICP, with pressure returning to normal levels within 4 h of TBI.

9.2. NK1 Tachykinin Receptor Antagonists in Stroke

Given the similar nature of many secondary injury components following TBI and stroke,
in particular BBB permeability alterations and subsequent development of cerebral oedema, it is
not surprising that NK1 tachykinin receptor antagonist treatment has also proven beneficial following
stroke. Yu and colleagues were the first to demonstrate that the NK1 tachykinin receptor antagonist
SR-14033 reduced infarct volume and improved neurological function when measured at 24 h following
focal cerebral ischaemia [144]. Despite these initial positive results, no further studies were conducted.
Our group has since extensively characterised the effect of NK1 tachykinin receptor antagonist
treatment following stroke. We have shown that NK1 tachykinin receptor antagonist treatment at 4 h
post-stroke onset is associated with a significant reduction in BBB permeability and cerebral oedema,
as measured at 24 h [118]. Furthermore, this was associated with a recovery of behavioural function
to baseline levels within 4 days of stroke onset, although no effect on infarct volume was observed.
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Nevertheless, functional outcome is a more clinically useful measure of outcome. We have since
demonstrated that NK1 tachykinin receptor antagonist treatment is effective in mild to severe strokes,
with a therapeutic window of up to 8 h post-stroke for motor improvements and 12 h post-stroke
for sensory function improvements [15]. Furthermore, we have demonstrated that NK1 tachykinin
receptor antagonist treatment can safely and effectively be combined with thrombolysis with tPA [119].
NK1 tachykinin receptor antagonist treatment was not only more effective than either treatment alone,
limiting the effects of reperfusion injury by reducing tPA-induced BBB permeability changes and
intracerebral haemorrhage.

9.3. CGRP Agonists in Stroke

Given the potent vasodilatory actions of CGRP it is not surprising that it has been shown to have
neuroprotective actions in conditions of ischaemia [175–179]. Increased CGRP immunoreactivity showed
a positive correlation with tissue flap survival following ischaemia [175]. Despite this, investigations on
CGRP treatment following stroke remain limited. Early CGRP intervention following brain injury can
significantly reduce neuronal apoptosis and tissue damage whilst maintaining nerve regeneration [180].

CGRP induces dose-dependent increases in vasodilation post-ischaemia, enhancing reperfusion
and potentially contributing to penumbral rescue [179]. Indeed, CGRP pre-treatment reduced infarct
volume by 57% and significantly improved CBF in rodent stroke with reperfusion [181]. Furthermore,
CGRP administered at the onset of reperfusion produced a significant reduction in infarct volume, BBB
permeability and cerebral oedema following rodent stroke [178]. Such positive treatment effects were
observed in concert with a reduction in expression of the water channel aquaporin 4, ultrastructural
damage to endothelial cells and tight junction loss, suggesting that CGRP mediated stabilisation of the
BBB. Indeed, exogenous CGRP significantly increased CBF and protected neurons following cerebral
ischaemia [131]. CGRP has also proven beneficial in haemorrhagic stroke given its ability to counteract
vasoconstriction in human subarachnoid haemorrhage (SAH) [182].

CGRP is central to the mechanisms underlying remote preconditioning, with intracerbroventricular
morphine-induced remote preconditioning leading to increased CGRP release in a dose-dependent manner,
suggesting that CGRP release was part of the protective response that reduced lesion volume to protect
ischaemic brain tissue from ischaemia/reperfusion injury [183]. Such preconditioning effects are abolished
when a CGRP release inhibitor is administered [184]. Delayed adrenomedullin (a member of the CGRP
family) gene transfer 3 days following rodent stroke was associated with neuroprotection from the
ischaemic insult, as evidenced by a reduction in infarct volume and apoptotic cell death combined with
enhanced astrocyte migration [185].

There is a paucity of studies investigating the utility of CGRP agonists in TBI. However, given their
beneficial role following stroke in salvaging ischaemic tissue, it seems feasible that they may also be
effective following TBI, especially in the setting of injury progresses, cerebral oedema development and
compromised cerebral perfusion.

10. Conclusions

It is clear that neurogenic inflammation is involved in enhanced permeability of the BBB following
acute CNS injury and the subsequent development of cerebral oedema and poor outcomes. In particular,
SP is a key player in these processes with NK1 tachykinin receptor antagonist treatment extremely effective
in reducing BBB permeability, cerebral oedema and functional deficits in pre-clinical models of both TBI
and stroke. The role of CGRP following acute CNS injury is less clear, with marked differences observed
between injury models and severity. However, what is clear is that CGRP-induced vasodilation improves
outcome in the setting of stroke and there is evidence that it stabilizes the BBB. CGRP agonists should
be further explored for their potential utility in improving CBF and stabilising the BBB following acute
CNS injury.

Given the inability of current treatments to target the mechanisms of BBB alterations and genesis
of cerebral oedema that lead to elevations in ICP following acute CNS injury, modulation of neurogenic
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inflammation through the administration of an NK1 tachykinin receptor antagonist represents a novel
therapeutic target to treat cerebral oedema to both reduce mortality and improve outcome. Furthermore,
combination with a CGRP agonist may be an effective in modulating injury pathways in acute CNS injury.
Thus, targeting neurogenic inflammation may provide an alternate treatment strategy that is more specific
and efficacious than current pharmacotherapies used in the management of cerebral oedema and elevated
ICP, all without the risk of invasive surgery.
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