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@ PERSPECTIVE

Substance P and its tachykinin NK1
receptor: a novel neuroprotective

target for Parkinson’s disease

Parkinson’s disease (PD) is the most common motor neurode-
generative disorder affecting approximately 4 million people
worldwide. Although PD presents primarily with motor dys-
function, non-motor symptoms including cognitive decline,
mood disorders, reduced olfaction and constipation are also of-
ten present, with some of these non-motor symptoms even pre-
senting prior to the onset of motor symptoms. It is well known
that PD is largely caused by the gradual degeneration of dopa-
minergic neurons within the substantia nigra pars compacta
(SNc), along with the presence of protein aggregates called Lewy
bodies, which consist primarily of a-synuclein and are found
in the cytoplasm of surviving neurons. This ongoing cell loss
and Lewy body pathology is not confined to the SN, but is also
seen in other brain regions implicated in PD pathogenesis such
as the locus ceruleus. Nonetheless, the cause of cell death in PD
still remains somewhat elusive. Numerous secondary cell inju-
ry cascades have been linked to this progressive dopaminergic
cell death, including inflammation, blood brain barrier (BBB)
dysfunction, oxidative stress, glutamate excitotoxicity and mito-
chondrial dysfunction. Despite this, current PD treatment does
not protect dopaminergic neurons but rather provides symp-
tomatic benefit by replacing lost striatal dopamine (DA) either
directly or by preventing its breakdown. The “gold-standard”
treatment for PD is L-3,4-dihydroxyphenylalanine (L-DOPA),
the precursor to DA, combined with a peripheral dopa de-
carboxylase inhibitor such as benseraside. Since its inception
as a PD therapeutic over 50 years ago, L-DOPA has primarily
been administered in a pulsatile manner. This type of L-DOPA
delivery results in maladaptive changes to brain signaling path-
ways and expression of L-DOPA induced dyskinesia (LID), or
involuntary abnormal movements. Unfortunately, all patients
will develop LID at some stage throughout their treatment,
which they often find much more debilitating than the motor
symptoms they presented with at diagnosis. Current research
is thus focused on developing novel neuroprotective therapies
that aim to treat the underlying cause of the disease, as well
discovering possible adjunct therapies to L-DOPA that inhibit
the expression of LID without interfering with L-DOPA motor
improvement. Our recent studies have identified the neuropep-
tide substance P (SP) and its tachykinin NK1 receptor (NK1-R)
as novel neuroprotective targets for both ongoing dopaminer-
gic degeneration and mild to moderate LID. Thus treatment
with an NK1-R antagonist may provide a new PD therapeutic
that shows particular efficacy in the early stages of PD and LID
(Thornton and Vink, 2012; Thornton et al., 2014).

Substance P and NK1-R are widely expressed throughout the
peripheral and central nervous systems in primary sensory neu-
rons or C-fibers, as well as on endothelial cells and inflammatory
cells. They are expressed in particularly high levels within the
SNc where SP-containing striatal projection neurons synapse
with dopaminergic neurons to potentiate the release of striatal
DA, normal levels of which are required for proper motor func-
tion. It is the death of dopaminergic neurons and the subsequent
loss of dopaminergic drive in this system that results in the loss

of nigral SP expression seen post-mortem, and in experimental
models of PD where near total degeneration of dopaminergic
neurons occurs. This contrasts to early PD where remaining
dopamine neurons can maintain striatal DA levels. At this time,
nigral SP expression is unaffected or even increased. Indeed in
our studies, SP expression was elevated following treatment
with 6-hydroxydopamine (6-OHDA) in vitro, with a signifi-
cant correlation between SP levels and cell death (Thornton
et al., 2010). Similarly, SP expression was increased in rodents
following intratstriatal injections of 6-OHDA as early as day
3 in the striatum and substantia nigra, which was prior to the
onset of dopaminergic degeneration that began around day 7
post-lesion (Thornton and Vink, 2012). Moreover when intra-
striatal 6-OHDA injections were combined with endogenous
SP treatment, significantly greater dopaminergic degeneration
and further loss of motor function was seen compared to vehi-
cle treated animals. In contrast, combination treatment of an
NKI1-R antagonist with 6-OHDA prevented the increase in SP
seen at day 21 post-6-OHDA, and protected dopaminergic neu-
rons and improved motor function. These results suggest that
SP may be important in the early stages of PD pathogenesis.

This early increase of SP expression in PD may not only be
due to a greater release from striatal projection neurons to
maintain striatal DA levels, but may also be due to dopaminer-
gic degeneration initiating neurogenic inflammation, a neurally
elicited local inflammatory response. Neurogenic inflammation
occurs in the setting of injury or inflammation, both of which
are present in PD, and results in the release of SP and calcitonin
gene-related peptide (CGRP) from C-fibers surrounding blood
vessels. Calcitonin gene-related peptide, a potent vasodilator,
facilitates recruitment of inflammatory mediators, whereas SP
binds to NKI-R on endothelial cells of cerebral microvascu-
lature to increase BBB permeability. Normally, the structure
of the BBB confers low paracellular permeability because of
specialized endothelial cells with low pinocytotic activity, and
expression of interendothelial adheren and tight junctional
proteins such as cadherins, claudins, occludin and junctional
adhesion molecules. This structural arrangement ensures that
the passage of substances through the cerebral microvasculature
is highly controlled, which is vital to maintain neuronal homeo-
stasis (Hawkins and Davis, 2005). Consequently, dysfunction of
the BBB stimulates an unfavorable neuronal environment due
to the presence of normally excluded proteins, ions, toxins, met-
als and cells.

Increased permeability of the BBB has been observed in clin-
ical and animal models of PD with decreased expression of the
efflux transporter P-glycoprotein and increased extravasation
of the serum protein albumin being reported (Kortekaas et al.,
2005; Pisani et al., 2012). Whether these changes are due to in-
creased protein transport or loss of structural proteins like clau-
din-5 or occludin remains to be elucidated. Of interest for PD
pathogenesis is that the barrier is particularly weak surrounding
the cerebral microvasculature of the substantia nigra, with
dopaminergic neurons seeming to be more vulnerable to ex-
perimentally induced barrier dysfunction than other neuronal
populations (Rite et al., 2007). This may be due to the increased
basal level of oxidative stress in the SNc¢ from the formation of
reactive oxygen species (ROS) during normal DA metabolism,
as oxidative stress can in itself induce BBB dysfunction and has
been strongly linked to dopaminergic cell death. It is this abnor-
mally high level of oxidative stress in the substantia nigra that
has been attributed to the increased albumin to cerebrospinal
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Figure 1 Mechanisms by which SP-induced neurogenic inflammation is implicated in the pathogenesis of Parkinson’s disease.

SP is released from C-fibers surrounding substantia nigra cerebral microvasculature and from striatal projection neurons. SP binds to NK1-R on
endothelial cells to increase BBB permeability, or to microglia causing a release of pro-inflammtory cytokines and ROS/RNS. This is turn can fur-
ther increase BBB permeability, but also directly causes dopaminergic degeneration. The increase in BBB permeability allows T-lymphocyte infil-
tration, which promotes further activation of microglia and cytokine release. SP: Substance P; CGRP: calcitonin gene-related peptide; BBB: blood
brain barrier; NK1-R: tachykinin NK1 receptor; GABA: gamma-aminobutyric acid; DYN: dynorphin; TNF-a: tumour necrosis factor-a; IL1:
interleukin-1B; ROS: reactive oxygen species; RNS: reactive nitrogen species; SNc: substantia nigra pars compacta.

fluid ratio seen in the healthy elderly compared to the young
and healthy population. Therefore in PD, where age is the great-
est risk factor, the BBB may, in part, already to be functioning
incorrectly. This means that only minor changes to the cerebral
environment are required to induce further impairment of the
barrier and subsequent dopaminergic cell loss.

BBB dysfunction is also thought to contribute to LID by facil-
itating the uncontrolled entry of L-DOPA from the blood into
the brain parenchyma resulting in fluctuating endogenous DA
levels. Interestingly, administration of L-DOPA re-instates the
dopaminergic drive in the SP-DA positive feedback regulation,
increasing nigral SP expression back to normal levels. In doing
so, endogenous SP is once again available to induce barrier
breakdown. Indeed, L-DOPA treatment has been observed to
increase barrier permeability to albumin (Westin et al., 2006).
Apart from a direct ability to increase BBB permeability through
neurogenic inflammation, SP is also involved in angiogenesis.
Formation of new blood vessels with immature BBB properties
has been observed in experimental LID (Westin et al., 2006).
Due to the lack of an effective barrier on these vessels, L-DOPA
delivery to the brain is unregulated causing fluctuating endoge-
nous DA levels and LID. Confirmation that SP may be involved

1404

in the onset of LID was first reported in our studies where NK-
1R antagonist treatment prevented the onset of mild to moder-
ate LID (Thornton et al., 2014). Although the exact mechanism
of this protection was not studied, the reduced FosB levels
suggested regulation of the D1-mediated basal ganglia signaling
pathway and prevention of the maladaptive changes. This could
have been partially due to the NK1-R antagonist stabilizing the
barrier, resulting in regulated delivery of DA to striatal projec-
tions neurons (Thornton et al., 2014). This role for SP in the
onset of LID was recently confirmed by Yang et al. (2015), who
showed treatment with an NK1-R antagonist reduced LID in
6-OHDA lesioned rodents by preventing DA efflux and the sub-
sequent increase in secondary messenger systems, Arc and Penk
(Yang et al., 2015). Importantly, both studies confirmed that
administration of the NK1-R antagonist did not interfere with
L-DOPA induced improvement in motor function. This augurs
well for the use of NK1-R antagonists as a novel adjunct therapy
to L-DOPA in the treatment of PD.

Along with its effects on endothelial cells and BBB permeabil-
ity, SP can also directly interact with inflammatory cells by bind-
ing to NK1-R expressed on microglia, astrocytes and leukocytes
resulting in mast cell degranulation and cytokine production.
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Interestingly, histamine, which is released during mast cell
degranulation, has been associated with BBB breakdown and
the degeneration of dopaminergic neurons (Liu et al., 2007).
Inflammatory processes in PD are unfortunately self-perpetu-
ating with dying neurons activating the resident immune cells,
including microglia. In turn, microglia produce high levels of
ROS including superoxide, reactive nitrogen species (RNS) and
pro-inflammatory cytokines resulting in further degeneration
of dopaminergic neurons. This results in a vicious cycle of on-
going cell death and chronic inflammation. Indeed chronic acti-
vation of microglia has been visualized using positron emission
tomography in the midbrain of PD patients and is a consistent
feature in animal models of PD. Inflammatory processes are
exacerbated in PD by the infiltration of peripheral immune
cells such as T-lymphocytes, which are able to enter through the
dysfunctional barrier and release pro-inflammatory cytokines,
thereby further activating resident immune cells. Indeed, CD4"
and CD8" T-cells have been observed within the SN in both
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model of PD and at postmortem, with CD4" T cells linked to
MPTP-induced dopaminergic neurodegeneration (Brochard et
al., 2009). The release of pro-inflammatory factors from either
resident or peripheral immune cells may also directly increase
BBB permeability by changing the expression of tight junction
proteins (as reviewed by Hawkins and Davis, 2005) thereby
allowing further infiltration of unwanted substances that could
influence neurodegeneration. These results suggest that BBB
dysfunction and inflammation work in concert to exacerbate
ongoing dopaminergic cell death.

Our own studies examining the relationship between BBB
dysfunction and inflammatory processes in the 6-OHDA in-
trastriatal model of PD have confirmed their association with
dopaminergic cell death (Thornton and Vink, 2012). In these
studies, progressive dopaminergic degeneration was associated
with both albumin extravasation and increased numbers of
resident inflammatory cells, with both barrier disruption and
activated microglia peaking at day 14 post-lesion coincident
with significant dopaminergic degeneration. Treatment with an
NK1-R antagonist prevented the albumin extravasation, and
was accompanied by a reduction in inflammation. Although
peripheral immune cell infiltration was not directly measured
in this study, ED-1, a marker of phagocytotic cells including ac-
tivated microglia and peripheral blood-borne macrophages, was
assessed. NK1-R antagonist treatment did cause a reduction in
the number of nigral ED-1 positive cells, which could represent
a reduction in the direct activation of microglia and/or preven-
tion of peripheral blood-borne macrophage recruitment due to
restoration of BBB integrity.

In summary, SP-induced neurogenic inflammation may play
an important role in the pathogenesis of PD, including LID, by
increasing BBB permeability and subsequent peripheral immune
cell infiltration, as well as activation of resident immune cells
(Figure 1). These injury cascades not only directly contribute to
the ongoing neurodegeneration of dopaminergic neurons in PD
but can also exacerbate other secondary injury mechanisms such
as oxidative stress and mitochondrial dysfunction. Treatment
with an NKI1-R antagonist attenuated the progression of PD and
significantly reduced the onset of LID, presumably by inhibit-

ing multifactorial injury mechanisms involving SP and NK1-R.
Blocking the effects of SP with a NK1-R antagonist therefore
presents a potentially promising new avenue for neuroprotec-
tion in PD.
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