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Summary: Although a number of secondary injury factors are
known to contribute to the development of morphological in-
jury and functional deficits following traumatic brain injury,
accumulating evidence has suggested that neuropeptides,
and in particular substance P, may play a critical role. Sub-
stance P is released early following acute injury to the CNS
as part of a neurogenic inflammatory response. In so doing,
it facilitates an increase in the permeability of the blood—
brain barrier and the development of vasogenic edema. At
the cellular level, substance P has been shown to directly
result in neuronal cell death; functionally, substance P has

been implicated in learning and memory, mood and anxiety,
stress mechanisms, emotion-processing, migraine, emesis,
pain, and seizures, all of which may be adversely affected
after brain injury. Inhibition of post-traumatic substance P
activity, either by preventing release or by antagonism of the
neurokinin-1 receptor, has consistently resulted in a pro-
found decrease in development of edema and marked im-
provements in functional outcome. This review summarizes
the current evidence supporting a role for substance P in
acute brain injury. Key Words: Neurotrauma, inflammation,
edema, substance P, tachykinins.

INTRODUCTION

Traumatic brain injury (TBI) is the leading cause of
death and disability in people under 40 years of age in
developed countries.! Although the costs for treatment,
rehabilitation, and care of such individuals is measured
in billion of dollars annually, no effective treatment cur-
rently exists. Brain injury results in the development of
neurologic deficits through two main mechanisms, com-
prising primary and secondary events. Primary events are
made up of the mechanical processes that occur at the
time of the trauma, including tissue shearing, laceration,
and stretching of nerve fibers.” Preventive measures such
as helmets, airbags, and seatbelts are the only interven-
tions that can prevent or attenuate these primary events.
In contrast, secondary injury evolves over minutes to
days and even months after the initial event and is made
up of delayed biochemical and physiological factors that
are initiated by the primary event. These secondary in-
jury factors are thought to account for much of the mor-
bidity following brain injury,® and their delayed nature
presents opportunities for interventional pharmacology
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to prevent further injury and improve outcome. Accord-
ingly, a significant research effort has been directed at
identifying secondary injury factors and then developing
novel therapies that may attenuate, or even prevent, their
action.

Secondary injury factors identified to date include re-
lease of neurotransmitters (such as excitatory amino ac-
ids), ion changes, calpain activation, oxidative stress,
blood—brain barrier (BBB) disruption, edema, and bioen-
ergetic failure.? Of these, profound edema has been
clearly associated with mortality following severe TBI,
as well as in the development of significant morbidity in
up to 50% of surviving TBI patients.* It is widely ac-
cepted that the development of edema has adverse con-
sequences on outcome through effects on intracranial
pressure (ICP).> Current protocols for the management
of elevated ICP include induction of hyperventilation or
hypothermia, pharmacological regimens such as admin-
istration of diuretics or hyperosmotic agents, or surgical
procedures such as drainage of CSF and decompressive
craniectomy.® Unfortunately, these interventions have
essentially been inadequate, largely because they target
the end-product of edema formation and not the funda-
mental issue of what specific mechanisms are associated
with its development. Recent studies have suggested that
neuropeptides, and in particular substance P (SP), may
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play a critical role in edema formation through actions at
the level of the BBB.”® This alternative mechanistic
approach to the management of post-traumatic edema
and elevated ICP potentially offers a number of exciting
opportunities.

KININS AND SUBSTANCE P

Substance P is a member of the tachykinin family of
kinins. Kinins are a group of peptide mediators that have
proinflammatory actions, some of which are mediated
via the vasculature where they cause vasodilation and
increased vascular permeability. The tachykinins, includ-
ing SP, calcitonin gene-related peptide (CGRP), and neu-
rokinin A, share specific amino acid sequences that allow
them to be sorted into the tachykinin family. This family
of compounds represents one of the largest peptide fam-
ilies described in animals.” Substance P was first identi-
fied as a crude extract with potent hypotensive and
smooth muscle contractile properties isolated from
equine brain.'® It was identified in high concentrations in
the dorsal root of the spinal cord, leading to the proposal
that it is a neuronal sensory transmitter associated with
pain transmission.'" Today, it is accepted that SP is
released from both central and peripheral endings of
sensory neurons and functions as a neurotransmitter.'?
Its release, along with that of the other tachykinins, pro-
duces effects via tachykinin receptors, thereby playing a
significant role in the neural component of inflammation
known as neurogenic inflammation (discussed in the next
section).

The other distinct family of kinins, the bradykinins, is
formed from the cleavage of the plasma globulin kinino-
gen, by plasma and tissue proteases known as kallikreins.
The active peptides formed by this proteolytic cleavage
are bradykinin and kallidin (lysyl bradykinin), and these
kinins produce their effects through two subtypes of
bradykinin receptors, B, and B,. Bradykinin receptor
antagonists have been shown to improve neurological
outcome following TBI,'® even when administered up
to 4 h post trauma. This neuroprotection is thought to
be mediated, in part, by attenuating production of
inducible nitric oxide synthase (iNOS) and prostaglan-
din E2,'* as well as edema formation'® and increases
in ICP.">'® An anti-inflammatory component has also
been suggested,'” as well as inhibitory effects on re-
active oxygen species generation.'® There is also ev-
idence, however, to suggest that bradykinin itself may
have glial cell-mediated neuroprotective and anti-in-
flammatory effects in the CNS, induced via attenua-
tion of cytokine release from activated microglia, as
well as by upregulation of neurotrophic factor produc-
tion in astrocytes.'?
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FIG. 1. Schematic of neurogenic inflammation demonstrating
how the release of neuropeptides, and particularly of substance
P, is associated with the development of vascular permeability
and edema formation. CGRP = calcitonin gene-related peptide;
NK = neurokinin receptor; TRPVR = transient receptor potential
vanilloid receptor.

NEUROGENIC INFLAMMATION

Originally described as vasodilation of lower limb
vessels following stimulation of the dorsal root gan-
glia,?® the concept of neurogenic inflammation (FIG. 1)
has evolved to encompass vasodilation, plasma extrava-
sation, and neuronal hypersensitivity caused by the re-
lease of neuropeptides from sensory neurons.?' Several
neuropeptides have been implicated in this process, with
CGRP identified as being associated with the vasodila-
tion of arterioles and SP being thought to enhance
plasma protein extravasation as well as leukocyte adhe-
sion to endothelial cells in postcapillary venules.** Ce-
rebral blood vessels are surrounded by a dense supply of
sensory neurons, as are virtually all blood vessels of the
body, and these fibers contain both CGRP and SP. Any
release of the neuropeptides around the cerebral vascu-
lature would initiate neurogenic inflammation, a concept
supported by the fact that neuropeptides are a therapeutic
target to reduce vascular permeability in migraine.?* Fol-
lowing TBI, both enhanced vascular permeability of the
BBB and cerebral vasodilation would potentially con-
tribute to an increase in ICP.

Peptide-containing primary sensory neurons are charac-
terized by their unique sensitivity to capsaicin, the pungent
ingredient found in capsicum peppers.>* The transient re-
ceptor potential vanilloid receptor-1 (TRPVR1) is the site
of binding by capsaicin,® and this receptor has been
identified as a nonselective cation channel whose endog-
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enous stimulants include heat (>43°C) and protons (FIG.
1). Some primary sensory neurons are selectively stim-
ulated by capsaicin; at higher concentrations, capsaicin
kills these neurons, blocking the genesis of subsequent
neurogenic inflammatory responses.”* These neurons are
defined as capsaicin-sensitive, because of the specific
excitatory—desensitization effect of capsaicin.*®

EDEMA

A number of excellent reviews focusing on edema
have been recently published,”’*® and the present dis-
cussion will focus on how neurogenic inflammation may
contribute to the development of edema and elevated ICP
following TBI. The association between profound edema
formation and adverse outcomes following TBI has been
recognized for quite some time,’ although the specific
mechanisms associated with such cerebral edema forma-
tion remain largely unknown. Two major forms of edema
have been described. Vasogenic edema is caused by the
accumulation of extracellular fluid initiated via break-
down of the BBB and the diffusion of water down the
osmotic gradient created by the influx of plasma proteins
into the tissue. Cytotoxic, or cellular, edema is the shift
of fluid from the extracellular compartment to the intra-
cellular compartment, usually in response to an osmotic
gradient created by the influx of ions into the cell. No-
tably, the shift of water from one compartment to another
(extracellular to intracellular) does not result in any in-
crease in brain water content, but rather a shift in its
distribution. Without additional brain water content, in-
creases in ICP would not be expected. In contrast, fluid
derived from the vascular compartment (vasogenic
edema) would result in additional brain water volume
and would therefore manifest as an increase in ICP.

Recent evidence suggests that, although the BBB is
permeable to larger molecules (plasma proteins) for only
4 to 6 h after TBI, it remains permeable to smaller
molecules for at least 4 days after trauma.”® Thus, in-
creased BBB permeability would be permissive for va-
sogenic edema formation for at least 4 days after trauma,
coincident with the time frame of maximal edema for-
mation after clinical TBI. Although cytotoxic edema is
thought to be the predominant form of edema over this
period,®® the movement of water across a permeable
BBB would still be necessary to drive any net increase in
brain water content, and therefore any increase in ICP.
Moreover, any vasogenic edema would actually be per-
missive for cytotoxic edema formation.>!

An increase in ICP may lead to a decrease in tissue
perfusion, localized hypoxia and ischemia, further cyto-
toxic or vasogenic edema formation, and, in severe cases,
brain herniation and death. It is therefore of paramount
importance that the development of edema is inhibited
following TBI. Although a number of studies have in-

Neurotherapeutics, Vol. 7, No. 1, 2010

vestigated the role of classical inflammation in edema
formation following TBI,*>*? to date few studies have
examined the role of neurogenic inflammation. Nimmo
et al.” were among the first to do so, by demonstrating
that chronic administration of capsaicin prior to TBI
significantly attenuated BBB opening, edema formation,
and the development of both motor and cognitive defi-
cits. Chronic capsaicin administration is thought to tran-
siently deplete sensory neuropeptides through persistent
activation of the vanilloid receptor and continued release
of the neuropeptides until the point of depletion. These
authors’ also demonstrated that induction of injury dur-
ing the active phase of neurogenic inflammation (imme-
diately after capsaicin treatment) resulted in a 100%
mortality, suggesting that ongoing neurogenic inflamma-
tion at the time of TBI is highly deleterious to outcome.

Although the Nimmo et al.” study clearly demon-
strated a role for neurogenic inflammation in TBI, the
identification of which neuropeptide is primarily in-
volved in increased BBB permeability and edema for-
mation was not established. The identification of SP as
the key neuropeptide in this process was subsequently
reported by Donkin et al.® On the basis of previous work
demonstrating that capsaicin sensitivity in peripheral
edema was most closely associated with SP,3*736 these
authors demonstrated that TBI results in elevated
perivascular SP immunoreactivity, which is associated
with enhanced vascular permeability and subsequent
edema formation. Such increases in perivascular SP im-
munoreactivity were also reported by the same investi-
gators in a separate study of mild concussive head in-
jury,” with the authors suggesting that the observed
increase in SP may be associated with the mild cognitive
deficits observed at this severity of injury.

These experimental findings were confirmed in subse-
quent studies in human TBI,*® examining SP immuno-
reactivity in patients who had sustained traumatic head
injuries, had died within 1 week, and had undergone
post-mortem and detailed neuropathological examina-
tion. The neuropathological examination demonstrated a
heterogeneous mixture of different cellular lesions in-
cluding contusions and acute subdural hematomas. Ele-
vated SP immunoreactivity was shown in cortical micro-
vasculature®® and was localized to perivascular neurons
(FIG. 2), suggesting that injury to the neuron may result
in localized release of the neuropeptide and an associated
increase in BBB permeability and edema formation. Al-
though SP has been recognized as primarily associated
with increased vascular permeability, SP is stored and
coreleased from sensory nerve endings with CGRP, a
potent endogenous vasodilator that potentiates edema
formation when in the presence of mediators of increased
vascular permeability, such as SP.”* Thus, their com-
bined release would facilitate a profound edema re-
sponse. It is therefore reasonable to propose that antag-
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FIG. 2. Example of colocalization of substance P with neuronal PGP 9.5 in a human cortical venule demonstrating that substance P
is associated with perivascular neurons: (A) neuronal PGP 9.5, red; (B) substance P, green; and (C) their colocalization, yellow. In this
study, patients had sustained head injuries, had died within 1 week, and had undergone post-mortem and detailed neuropathological
examination demonstrating a heterogeneous mixture of different cellular lesions, including contusions and acute subdural hematomas.
The cerebral cortex was sampled directly beneath existing acute subdural hematomas or in proximity to contusions. Scale bar: 20 pm.

onists acting on SP receptors, and in particular the
neurokinin-1 (NK,) receptor,”” may be beneficial in the
management of post-traumatic edema formation and el-
evated ICP.

ACUTE CNS INJURY

Relatively few studies have demonstrated that neuro-
genic inflammation plays a role in TBI, although a num-
ber of reports have supported a role for SP in other forms
of acute CNS injury. Significant increases in SP have
been demonstrated following peripheral nerve injury,*’
traumatic spinal cord injury,** and, more recently, in vitro
studies of brain endothelium stimulation.*> In ischemia,
enhanced SP immunoreactivity has been shown in the ce-
rebral venous endothelium as well as in GABAergic inter-
neurons around regions of infarction.** Our own studies
of transient brain ischemia have shown elevated perivas-
cular SP immunoreactivity in injured tissue, which was
associated with a significant increase in BBB permeabil-
ity and edema formation.*> Notably, the change in perivas-
cular SP immunoreactivity was observed only in tran-
sient ischemia and not in permanent ischemia, suggesting
that reperfusion is necessary to induce neurogenic in-
flammation after ischemia.

Nonetheless, serum levels of SP measured in humans
following both transient ischemic attack and complete
stroke have been found to be significantly elevated, com-
pared with controls,*® although one cannot exclude the
possibility that some reperfusion may have occurred in
those patients classified as complete stroke. Receptor
binding sites for SP have also been shown to increase on
glia after neuronal injury,*’ suggesting that the neu-
ropeptide may regulate the glial response to injury. Sub-
sequent studies have confirmed that SP receptors are
expressed on astrocytes after injury and may therefore be
linked to their transformation to reactive astrocytes;*®
this increase was not observed in undamaged areas. Fi-

nally, high levels of SP in CNS tissue have also been
shown to directly result in neuronal nonapoptotic pro-
grammed cell death*® and have been implicated in learn-
ing and memory, mood and anxiety, stress mechanisms,
and emotion processing, as well as in the pathophysiol-
ogy of epilepsy.”*"

NK; RECEPTOR ANTAGONISTS

The concept that tachykinin receptor antagonists may
have therapeutic applications has been suggested over a
number of years by various research groups. The idea
was first raised in 1979 in relation to the effects of SP
agonists in the guinea pig ileum.’” In 1981, Folkers et
al.”>® proposed a chemical design of SP antagonists. En-
gberg et al.>* then developed the first synthetic peptide
antagonist for use in the CNS, before the first nonpeptide
SP antagonist was developed 10 years later by Snider
et al.>® in the form of CP-96,345, a potent and highly
selective antagonist of the NK, receptor. The next ge-
neration of NK, antagonists were the highly potent N-
acetyl-L-tryptophan benzyl esters,’® which were subse-
quently used as a starting point to identify high-affinity
SP receptor antagonists with improved in vivo activity. In
vivo, the efficacy of SP antagonists has now been dem-
onstrated in the treatment of experimental depression and
emesis.”’ Indeed, the NK, receptor antagonists were able
to decrease experimental anxiety’® and depression with
fewer side effects than other drugs used for this purpose.’
This observation has now been translated to the clinical
arena, with the SP antagonist MK-0869 being success-
fully used in the treatment of clinical depression and
anxiety.”® NK, receptor antagonists have also been tested
in dental pain, osteoarthritis, neuropathic pain and mi-
graine; however, no analgesic effects have been reported
to date.*’

In terms of acute CNS injury, few studies using NK,
receptor antagonists have been reported, although those
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that have appeared support a central role for SP in injury
pathogenesis. Donkin et al.® demonstrated in a rodent
model of diffuse TBI that administration of the NK,
antagonist, N-acetyl-L-tryptophan, at 30 min after trauma
induction resulted in a marked attenuation of BBB per-
meability and subsequent edema formation over the en-
suing 5 h. This attenuation was associated with a signif-
icant improvement in both motor and cognitive outcome
in the animals as recorded over the first week after injury.
Notably, the NK, antagonist also increased brain free
Mg?* concentration after trauma,®® implying that some
of the observed neuroprotection conferred by the NK,
antagonist may be mediated by Mg*".

Magnesium has been reported to be an important sec-
ondary injury factor following TBI. Decline in Mg** has
been associated with adverse outcomes, and administra-
tion of Mg2+ salts improves cellular, biochemical, and
functional outcomes after TBL.®'"® In a rodent focal
ischemia model, the NK, receptor antagonist SR140333
also significantly reduced infarct volume, implying that
SP might play a role in exacerbating ischemic damage.®*
Turner and Vink® subsequently demonstrated in a rat
transient middle cerebral artery occlusion model that
NK, receptor antagonists given at 4 h after induction of
ischemia can reduce BBB permeability and brain edema.
There was also an associated improvement in functional
deficits as measured using a battery of neurological out-
come tests, although no reduction in lesion volume was
reported. Whether this indicates that SP antagonists
might be beneficial to functional outcome by enhancing
synaptic connectivity around the lesion is the subject of
further investigation. Thus, SP has been reported to play
a critical role in acute injuries to the CNS, be they
traumatic or ischemic, with the NK, antagonists demon-
strating utility for reduction in BBB permeability, edema
formation, lesion volumes as well as improvement in
functional outcome.

Studies in other organs also support the beneficial
effects of the NK, antagonists reported following injury
to the CNS. For example, post-ischemic blockade of
tachykinin receptors following ischemia and reperfusion
of the superior mesenteric artery in the rat have been
shown to inhibit vascular permeability, neutrophil re-
cruitment, intestinal hemorrhage and neutropenia.®® Sim-
ilarly, SP antagonists reduce post-ischemic myocardial
injury in rats with dietary Mg deficiency,®” with the
authors suggesting that SP may play an early critical role
in inflammatory or prooxidant responses following isch-
emia. This finding is of particular interest to TBI, in that
traumatic injury has been shown to produce sustained
decline in intracellular free Mg " concentration,®® and it
is possible that the detrimental effects of Mg”* defi-
ciency or decline may be mediated, in part, by the in-
creases in SP. In guinea pig skin, administration of the
NK, receptor antagonist RP 67580 was shown to atten-
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uate SP induced edema formation and white blood cell
accumulation.®® Finally, in vitro studies of endothelial
injury have demonstrated that NK, antagonists neutralize
increased BBB permeability, attenuate upregulation of
MHC-II molecules, reduce expression of ICAM-1, and pre-
vent associated cell morphological changes.*®

Alongside studies with the NK, antagonists, which have
been useful in establishing a role for SP and neurogenic
inflammation in brain injury, an alternative approach to
inhibition of central neurogenic inflammation is neuropep-
tide depletion. This can be accomplished by chronic prein-
jury administration of the vanilloid receptor agonist capsa-
icin, which stimulates the release of neuropeptides from the
sensory nerve terminals (FIG. 1). Repeated administration
of the compound ultimately results in the depletion of the
presynaptic stores of neuropeptides and thus an inhibi-
tion of neurogenic inflammation.’® Using this approach,
Nimmo et al.” demonstrated that neuropeptide-depletion
prior to induction of TBI attenuated post-traumatic BBB
permeability and vasogenic edema formation, and re-
sulted in an improvement in motor and cognitive func-
tion after TBI. Although the findings were not of direct
therapeutic relevance, the authors concluded that inhibi-
tion of neurogenic inflammation could present a novel
approach to the treatment of TBI.

CONCLUSION

The role of classical inflammation in acute brain injury
has been appreciated for quite some time, but until re-
cently there has been little recognition of the potential
role that neurogenic inflammation may play in the sec-
ondary injury process associated with TBI. Given the
dense supply of sensory nerve fibers that surround cere-
bral blood vessels, it is perhaps not surprising that these
fibers facilitate an active neurogenic response to injury.
The result is an increase in perivascular SP that, along
with other neuropeptides, facilitates increased vascular
permeability, vasodilation, and edema formation. Nota-
bly, inhibition of the post-traumatic neurogenic inflam-
mation through either inhibition of neuropeptide release
or by administration of a NK, receptor antagonist, pre-
vents BBB opening and inhibits edema formation. This
attenuation of neurogenic inflammation is associated
with an improvement in functional outcome, including
both motor and cognitive parameters. Because NK, an-
tagonists have also been shown to positively affect anx-
iety and depression, stress mechanisms, emotion-pro-
cessing, emesis, and seizures, all of which are commonly
encountered after TBI, these compounds offer a novel
and exciting prospect for use in acute brain injury.
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