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Abstract: Src family kinases (SFK) are a group of non-receptor tyrosine kinases which play a pivo-
tal role in cellular responses and oncogenesis. Accumulating evidence suggest that SFK also act as
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a key component in signalling pathways of the central nervous system (CNS) in both physiological
and pathological conditions. Despite the crucial role of SFK in signal transduction of the CNS, the
relationship between SFK and molecules implicated in pain has been relatively unexplored. This ar-
ticle briefly reviews the recent advances uncovering the interplay of SFK with diverse membrane
proteins and intracellular proteins in the CNS and the importance of SFK in the pathophysiology of

DO migraine and neuropathic pain. Mechanisms underlying the role of SFK in these conditions and po-
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tential clinical applications of SFK inhibitors in neurological diseases are also summarised. We pro-

pose that SFK are the convergent point of signalling pathways in migraine and neuropathic pain
and may constitute a promising therapeutic target for these diseases.
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1. INTRODUCTION
1.1. Overview of SFK Characteristics

Src family kinases (SFK) are a group of non-receptor ty-
rosine kinases which play a pivotal role in cellular respons-
es. Src were the first identified member of the family. In
1911, a tumor-causing virus called Rous sarcoma virus from
the chicken was discovered by Peyton Rous [1] and the onco-
gene in the virus is called v-Src [2]. The cellular homologue
of v-Src was later identified and known as c-Src or Src,
which was the first identified proto-oncogene [2]. After the
discovery of Src, eight members of SFK (Blk, Fyn, Lyn,
Lck,Yes, Hek, Fgr and Yrk) have been found and their ex-
pression levels differ according to tissues types [3]. SFK
share a conserved structure which is composed of four do-
mains: a unique domain varying between family members
(SH4), Src Homology 3 (SH3), Src Homology 2 (SH2), ki-
nase domain (SH1) as well as a C-terminal regulatory seg-
ment [4]. From the N-terminus, the second amino acid is co-
translationally myristoylated, which is functioned by target-
ing membrane and transducing signals. The third amino acid
is generally post-translationally palmitoylated, which is used
for subcellular trafficking of SFK [4], with the exception of
Src and Blk that are non-palmitoylated SFK [5]. Thus, differ-
ent SFK members may serve specific functions as palmitoy-
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lation of SFK is critical for SFK localization and trafficking,
which implicates distinct trafficking pathways. The activa-
tion loop of SFK is located on the kinase domain with a
keyphosphorylation site, tyrosine 416, and another impor-
tant phosphorylation site is tyrosine 527 located at the C-ter-
minus, which are numbered according to chicken Src num-
bering [6]. Phosphorylation at either of the two sites confers
distinct functions for SFK. Full catalytic activity of SFK re-
quires autophosphorylation at tyrosine 416, in which way
SFK can achieve a more active conformation with higher ac-
cessibility to the substrate-binding site and more proper posi-
tion of catalytic residues for phosphate transfer [7]; whilst
phosphorylation at tyrosine 527 by kinases such as C-termi-
nal Src kinase (Csk) inhibits SFK activity [8] via SH2 do-
main docking onto the phosphorylated tyrosine 527 and
forming the assembled state with SH3 [7]. Therefore, phos-
phorylation status of the tyrosine 416 and tyrosine 527 sites
becomes a key indicator of the participation of SFK in vari-
ous conditions.

SFK are located downstream of a variety of membrane
receptors, gap junctions and cation channels to modulate in-
tracellular signals driving cell development via phosphorylat-
ing tyrosine residues of other proteins. These kinases have
been extensively studied in the field of oncology, and they
were originally recognised as products of proto-oncogenes,
whose overexpression, mutation and dysregulation in cells
can promote the hallmarks of oncogenesis [9]. In the central
nervous system (CNS), six members of SFK (Src, Fyn, Lyn,
Lck, Yes and Yrk) have been found [10-14] and they are pre-
sent in differentiated neurons [11] and glia including astro-
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cytes [15], microglial cells [16], and oligodendrocytes [17].
SFK are involved in regulating the development and activity
of both neuron and glia, neuroplasticity and signal transduc-
tion [18, 19], suggesting a comprehensive regulatory role of
SFK in the CNS. Nevertheless, more information on SFK ex-
pression in the neurons and glia of specific brain regions
such as the amygdala have been rarely reported. Further
work on answering these fundamental questions will pave
the way for studies of SFK activity in various diseases. De-
spite this, increasing evidence support SFK acting as a key
component in signalling pathways of the CNS in both physi-
ological and pathological conditions, including neurodegen-
erative diseases, pain, stroke, epilepsy and psychiatric disor-
ders. For a full review of SFK-related pathogenesis in neu-
rodegenerative diseases, including Alzheimer’s disease
(AD) and Parkinson’s disease (PD), the readers are referred
to previous publications [20, 21]. Pathogenesis of certain
psychiatric disorders is also associated with SFK-mediated
pathways, a typical example of which is schizophrenia [22].
In this article, we review the recent findings concerning the
crosstalk between SFK and multiple proteins in the CNS and
the role of SFK in the pathophysiology of migraine and neu-
ropathic pain. The current progress on potential clinical ap-
plications of SFK inhibitors in neurological disorders is also
discussed.

1.2. SFK Regulate Multiple Proteins in the CNS

SFK are well-known for their ability to interact, either di-
rectly or indirectly, with a large range of membrane proteins
and intracellular proteins (Table 1), indicating their active
roles in regulating these proteins and transmitting signalling
from them.

2. SFK REGULATE EXCITATORY GLUTAMATE RE-
CEPTORS

Among all the molecules which SFK are able to interact
with in the brain, the well-studied proteins are ionotropic glu-
mate receptors, including N-methyl-D-aspartate (NMDA) re-
ceptors that are consisted of two mandatory NR1 subunits
and two modulatory subunits of NR2A-D and/or NR3A-B,
and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors that are composed of four subunits Glu-
A1-4 [40]. These receptors permit the flow of cation ions, in-
cluding K', Na“ and Ca’" through their channels and are
highly associated with synaptic plasticity, cognition and be-
haviour [40].

Robust evidence show that SFK are able to interact with
and mediate both NR2A- and NR2B-containing NMDA re-
ceptor function and signalling [41, 42]. SFK are found to
link NMDA receptors to pannexin-1 (Panx1) hemi-gap junc-
tion protein during anoxia [43], excitotoxicity [29] and mi-
graine [44]. NMDA receptors couple SFK to Panx1 to form
a signalling complex by which SFK phosphorylate Panx1 at
tyrosine 308 site to mediate the Panx1 channel activity, lead-
ing to constant neuronal depolarizations and excitotoxicity
[29]. Our recent study also shows that the coupling of SFK
and Panx1 as a complex is regulated by NR2A-containing re-
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ceptors in a rat migraine aura model, suggesting that SFK
play an important role in transmitting NR2A signalling in mi-
graine aura pathogenesis [44]. Besides NR2A, SFK also reg-
ulate NR2B activity. In Fyn-knockout mice, the tyrosine
phosphorylation level of NR2B is lower than that of wild-
type mice [41] and PP2, a specific SFK inhibitor, reduces en-
dogenous phosphorylation of NR2B [45]. Fyn can be scaf-
folded to NR2B by the scaffolding protein, receptor for acti-
vated C kinase 1 (RACK1), under normal conditions, while
upon acute exposure to ethanol, RACKI is released from
Fyn-NR2B complex, resulting in phosphorylation of NR2B
mediated by Fyn and thus the activity of NMDA receptors is
amplified [46]. Besides Fyn, Src also constitutes a part of
the NMDA receptor complex to regulate NMDA receptor ac-
tivity via NADPH dehydrogenase subunit 2 (ND2) in the
postsynaptic density of the brain [47]. Uncoupling Src from
the NMDA receptor complex by a peptide Src40-58 inhibits
Src-upregulated NMDA receptor activity in cultured hippo-
campal neurons [47]. In the amygdala, the inhibitory peptide
Tat-Src40-58 prevents NR2B phosphorylation and NR2B
surface expression, regulating NMDA receptor trafficking
and synaptic plasticity [48]. Furthermore, a component of
the NMDA receptor complex, PTPa, which is a receptor-
type protein tyrosine phosphatase (PTP), can activate SFK
by dephosphorylating the inhibitory phosphorylated tyrosine
527 residues of SFK [23]. Intracellular application of PTPa
potentiates miniature excitatory postsynaptic currents mediat-
ed by NMDA receptors in rat hippocampal neurons, whilst
deactivation of SFK by PP2 inhibits this potentiation,
suggesting that PTPa-induced enhancement of NMDA recep-
tor function is mediated by SFK [25]. Therefore, SFK are
proposed to be a hub for the regulation of NMDA receptors
[23], implicating a crucial role of SFK in NMDA receptor-re-
lated activities and diseases.

Another type of excitatory glutamate receptors, AMPA
receptors, have also been found to be regulated by SFK. In
neurons, the tyrosine 876 site on the C terminus of GluA2
subunits is phosphorylated by SFK, including Src, Fyn and
Lyn. This SFK-mediated phosphorylation on the tyrosine
876 site of the GluA2 subunits is tightly associated with AM-
PA receptor membrane trafficking and synaptic plasticity
[24]. On the one hand, SFK-mediated phosphorylation on
the tyrosine 876 site contributes to agonist-dependent inter-
nalisation of AMPA receptors; On the other hand, it favors
the retention of AMPA receptors in synapses in basal states,
suppressing long-term depression (LTD) and promoting sy-
naptic upscaling [24, 49-51]. Recently, SFK are identified al-
so to phosphorylate the tyrosine 881 site of GluA3 subunits
of AMPA receptors in cortical neurons, but its function re-
mains to be studied [51]. Besides, tyrosine phosphorylation
of the C terminus of GluA1 subunits of AMPA receptors by
Fyn, but not Src, protects the subunits from calpain-mediat-
ed truncation, a mechanism in the regulation of synaptic plas-
ticity, which contributes to the preservation of the integrity
of AMPA receptors [52]. Furthermore, Fyn modulates AM-
PA receptor expression in a non-transcriptionally manner in
rodent neocortical neurons [53]. In this study, an SFK-selec-
tive protein tyrosine kinase (PTK) inhibitor reduces neu-
rotrophin brain-derived neurotrophic factor (BDNF)-enhan-
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Table 1. SFK play an important role in signal transduction of the CNS via regulating multiple membrane proteins and intracellular

proteins.

Protein Modification of the Protein Outcome after SFK Activation Key References
NMDAR Phosphorylation Upregulation of NMDAR activity and memls)irjrrlle translocation, affecting synaptic transmis- 23]
AMPAR Phosphorylation Regulation of AMPAR membrane trafficking and synaptic transmission [24]

PTPa N/A Upregulation of NMDAR activity [25]

PSD-95 Phosphorylation Activation of NMDAR [26]

PSD-93 N/A Increase in NR2B phosphorylation [27]
GABA,R Phosphorylation Upregulation of GABA,R activity and synaptic inhibition [28]

Panx1 Phosphorylation Panx1 channel activation [29]

P2X.R N/A Upregulation of P2X,R activity [30]
5-HT,,R N/A Inhibition of 5-HT,, R activity [31]
5-HT,,R N/A Increase in 5-HT,, R-mediated glutamate responses induced by 5-HT [32]

Phosphorylation Increase in phosphorylation on Y260 :i;;ci céfY oi:l Cs;llasunits of Na+,K+-ATPase in LLC-PK1 [33]

Na',K'-ATPase N/A Increase in Na+,K+-ATPase-mediated glutamatergic neurotransmission [34]
N/A Increase in Na',K'-ATPase-mediated neuroinflammatory responses [35]

PKCs Phosphorylation Increase in PKC§-mediated neuroinflammatory responses [36]
TLR4 Phosphorylation Increase in TLR4-mediated neuroinflammatory responses [37]
S100B N/A Increase in S100B-mediated proliferation, migration and undifferentiation of astrocytes [38]
P2X,R N/A Upregulation of P2X R expression [39]

Abbreviations: NMDAR, N-methyl-D-aspartate receptor; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; PTPa, a receptor-type protein tyrosine phos-
phatase; PSD-95, postsynaptic density protein 95; PSD-93, postsynaptic density protein 93; GABA,R, y-aminobutyric acid type-A receptor; Panx1, pannexin-1; P2X R, purinergic re-
ceptors P2X,; 5-HT R, 5-hydroxytryptamine receptor subtype 1A; 5-HT,,R, 5-hydroxytryptamine receptor subtype 2A; Na+,K+-ATPase, sodium—potassium adenosine triphospha-
tase; PKC9, protein kinase C §; TLR4, toll-like receptor 4; S100B, S100 calcium-binding protein B; P2X,R, purinergic receptors P2X,. N/A, not applicable.

ced AMPA receptor level, and the decreased AMPA recep-
tor protein level after exposure to BDNF is also found in the
neocortex of Fyn-knockout mice. Since BDNF is able to acti-
vate Fyn in an in vitro kinase assay, the authors conclude
that BDNF-activated Fyn signalling plays an important role
in upregulating AMPA receptor expression [53]. Fyn also
transmits intracellular signalling from AMPA receptors by
physically interacting with AMPA receptors and being acti-
vated upon stimulation of the receptors, leading to activation
of the mitogen-activated protein kinase (MAPK) pathway
and increased expression of BDNF [54]. The activation of
SFK by AMPA receptors is modulated by nitric oxide (NO)
pathway, which is critical for excitatory retinal nerve cell
death [55]. Taken together, the ability of SFK, mainly Src,
Fyn and Lyn, in regulating AMPA receptor activities, sup-
ports an important role of SFK in synaptic transmission and
plasticity.

SFK are known to also mediate the scaffolding proteins -
postsynaptic density protein 95 (PSD-95) and postsynaptic
density protein 93 (PSD-93) within the glutamate receptor
complex. PSD-95 and PSD-93 are members of the mem-
brane-associated guanylate kinases that mediate the cluster-
ing of receptors and ion channels, including NMDA recep-
tors, AMPA receptors, voltage-gated ion channels, and other
associated signalling proteins by forming a multimeric scaf-
fold at postsynaptic sites [56]. An increase in the phosphory-
lation level of PSD-95 by SFK is detected after brain is-
chemia and reperfusion in rat hippocampus, which con-
tributes to the overexcitation of NMDA receptors [26]. In ad-

dition, after transient brain ischemia, interactions among Sr-
¢/Fyn, a1C subunits of L-type voltage-gated calcium chan-
nels and PSD-95 rapidly increase, forming an alC-PS-
D-95-Src/Fyn complex [57]. This complex facilitates SFK-
mediated tyrosine phosphorylation on al1C, upregulating the
activity of the calcium channels in the post-ischemic hippo-
campus [57]. PSD-93, on the other hand, is shown to upregu-
late the interaction between Fyn and NR2B subunits of NM-
DA receptors as well as Fyn-mediated phosphorylation of
NR2B; This is evidenced by that knockout of PSD-93 down-
regulates the Fyn-mediated NR2B phosphorylation, which
contributes to the neuroprotective ability against ischemic
brain injury in mice [27]. Taken together, SFK play a crucial
role in synaptic transmission and plasticity via regulating
glutamate receptor complex; despite this, the downstream
signalling of this SFK-mediated glutamate receptor func-
tions and responses still await to be understood in order to
manifest possible mechanisms for glutamate receptor-related
diseases.

2.1. SFK Regulate Inhibitory GABA, Receptors

y-aminobutyric acid type-A (GABA,) receptors are Cl'-s-
elective heteropentameric ionotropic receptors whose activa-
tion causes fast synaptic inhibition [58]. These receptors are
highly associated with cognition and behaviour, and their
functions are tightly regulated mainly via phosphorylation
[58]. In neurons, they can be phosphorylated by not only a
number of serine or threonine protein kinases but also Src
[28]. The primary phosphorylation sites of GABA, recep-
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tors by Src are tyrosine 365 and tyrosine 367 within the intra-
cellular domain of y2 subunits of GABA, receptors, and this
phosphorylation raises the possibility of the channel opening
[28], thus enhancing GABA, receptor function. It is report-
ed that Src, but not Fyn and Yes, binds directly to the intra-
cellular domains of § and y2 subunits of GABA, receptors,
supporting the Src-mediated mechanism for regulation of
GABA, receptor function [59]. However, later evidence
shows that Fyn also binds to GABA, receptors, but in a
phosphorylation-dependent manner as Fyn contributes to ty-
rosine phosphorylation of their y2 subunits [60]. In addition
to inhibitory signal transmission, phosphorylation at tyrosine
365 and tyrosine 367 of y2 subunits of GABA, receptors by
SFK also contributes to impairment of spatial memory for-
mation [61]. These evidence demonstrate the participation
of SFK in mediating y2 subunits of GABA, receptors in sy-
naptic inhibition, which yet needs further elucidation in
terms of how this SFK-mediated GABA, receptor function
may contribute to the receptor-related diseases.

2.2. SFK Regulate P2X, Receptor-Panx1 Complex

Purinergic receptors P2X are ATP-gated cation channel
families. One of the most studied subtypes is the P2X, recep-
tor that is able to form large molecule-permeable pores on
cell membranes upon activation [62]. P2X, receptors are spe-
cial among their family members because they can form a
large pore with Panx1 by physical association for permea-
tion of larger molecules in addition to the typical formation
of an ion channel [63]. The P2X, receptor-Panx1 complex is
crucial for ATP signalling, apoptic cell death and inflamma-
tion [63, 64]; however, how this complex functions is large-
ly unknown. A recent study shows that this complex is in-
volved in the regulation of cortical susceptibility to cortical
spreading depression (CSD), a causative event of migraine
aura, and CSD-associated neuroinflammation in rodents
[65]. In this study, albeit lack of direct evidence, it is specu-
lated that SFK may be the intermediate protein linking P2X,
receptors to Panx1 as a complex to regulate the above pro-
cesses. The involvement of SFK in the P2X; receptor-Panx1
complex signalling is also supported by that Panx1 currents
and membrane permeabilization induced by activation of
P2X, receptors can be decreased by both an SFK inhibitor
and an exogenous peptide TAT-P2X7 that targets the SFK-
related COOH terminus of P2X, receptors to reduce activat-
ed SFK bound to P2X, receptors [66]. These authors also
find that activation of P2X, receptors induces SFK activa-
tion, which again can be attenuated by interfering with the
P2X, receptor-SFK interaction via the peptide TAT-P2X7.
This study delineates that SFK are implicated in the signal
transduction between P2X; receptors and Panx1, which de-
termines the Panx1 activity and the membrane pore permea-
bilization, despite the fact that the identity of the SFK subs-
trate is unknown. Further investigation on whether SFK may
directly modify the P2X, receptor-Panx1 complex is needed.
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2.3. SFK Regulate 5-HT Receptors

5-hydroxytryptamine (5-HT, also known as serotonin) re-
ceptors are known to mediate various neural activities and
vascular tone. Specific subtypes of the receptors are the tar-
get of multiple drugs treating neurological disorders, includ-
ing migraine, PD, anxiety and depression [67]. 5-HT recep-
tors are a group of G-protein-coupled receptors (GPCRs),
the latter of which are known to actively interact with SFK
[68]. Direct association of SFK with GPCRs activates SFK,
whereas SFK activity is essential in mediating GPCRs traf-
ficking, which affects cell proliferation, cell cytoskeletal
rearrangement and neurotransmission [68]. Given that SFK
are also involved in diverse signalling pathways, the inter-
play between SFK and 5-HT receptors can take place in a
number of more complex contexts.

SFK are involved in the regulation of serotonergic inhibi-
tion via specific subtypes of 5-HT receptors. The activity of
5-HT,, receptors resulting in inhibitory current can be ampli-
fied in the pyramidal neurons of mice prefrontal cortex treat-
ed with the SFK inhibitor PP2, indicating an inhibitory ef-
fect of SFK on 5-HT,, receptor response [31]. SFK activa-
tion is also known to provide a pivotal mechanistic explana-
tion for 5-HT-mediated vasoconstriction via 5-HT,, recep-
tors in rat aorta [69] and rat mesenteric artery [70]. Upon ex-
posure to 5-HT, SFK are activated and inhibition of SFK al-
most completely abolishes 5-HT-induced contraction in rat
aorta, the process of which is mediated by the interplay be-
tween SFK and 5-HT,, receptors [69]. In the same study,
Src, but not other subtypes, is confirmed to play a role in me-
diating this 5-HT,, receptor-mediated contractile response
based on the pharmacological evidence from the SFK inhibi-
tor PP2 that suggest only the half-maximal inhibitory con-
centration (IC;,) of PP2 for Src affects the contraction [69].
The authors validate the existence of an interaction between
Src and 5-HT,, receptors by the findings that 5-HT,, recep-
tors co-localize with Src and associate with Src as a sig-
nalling complex in HEK 293T cells. A later study reinforces
the SFK-mediated mechanism of 5-HT-dependent vasocon-
striction [71]. Moreover, a recent study discovers that the in-
terplay between SFK and 5-HT,, receptors modulates 5-HT-
enhanced glutamate responses and NR2A phosphorylation
in the trigeminal motor nucleus of rat brainstem slices [32].
Additionally, in a study of AD, 5-HT, receptor activation up-
regulates the activity of a-secretase that results in less forma-
tion of pathogenic amyloid-f (AB) peptide and this is regulat-
ed by G protein and SFK-dependent pathway [72]. These
evidence reveal the mode of SFK activity in 5-HT receptor-
mediated signalling, yet how SFK interact with these 5-HT
receptors and the role of such interaction in certain neurolog-
ical diseases remain largely unknown.

2.4. SFK Regulate Na', K'-ATPase

Sodium—potassium adenosine triphosphatase (Na',K'-
ATPase) is an ion pump that actively transports three Na"
and two K" across the membrane via consuming ATP [73].
This molecular machine maintains resting membrane poten-
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tial and cellular volume by regulating ionic concentrations,
including Na" and K, and provides a Na" gradient, which is
the driving force for transport of glucose, amino acids and
other nutrients into the cell via secondary transporters [73].
In addition to pumping ions, Na',K'-ATPase is also engaged
in signal transduction via its dynamic interaction with multi-
ple proteins. Na',K'-ATPase and its associated proteins are
assembled to be a signalosome that integrates signals impor-
tant for cell physiological and pathological processes [74].
An important partner for Na",K'-ATPase to conduct signal
transduction is SFK.

A large body of research has contributed to the discov-
ery that the al subunit of Na’",K'-ATPase/SFK complex con-
stitutes a functional receptor for its ligands such as cardioton-
ic steroids (CTS) to activate downstream protein kinase cas-
cades that can regulate reactive oxygen species (ROS) pro-
duction and Ca”" oscillation, which ultimately affects cell dif-
ferentiation and growth [75]. This complex enables Na',K'-
ATPase, to regulate the function of SFK directly. SFK activi-
ty is inhibited by Na',K'-ATPase in this complex whereas
ouabain, a type of CTS as well as a Na",K'-ATPase inhibi-
tor, activates the associated SFK by freeing the kinase do-
main of SFK from Na',K'-ATPase and recruits more SFK to
bind to the complex, initiating signalling cascades [76]. SFK
also regulate Na',K'-ATPase activity via the direct interac-
tion. A SFK inhibitor PP1 inhibits Na',K'-ATPase current in
cortical neurons, which is further shown to be mediated by
specific SFK subtypes, Lyn and Yes, but not Fyn [77]. In
this study, Lyn is identified to directly associate with the a3
subunit of Na',K™-ATPase and possibly elevates its phospho-
rylation [77]. Moreover, tyrosine 260 of the al subunit of
Na",K'-ATPase is a SFK-specific binding and phosphoryla-
tion site, which is required for Na’",K'-ATPase/SFK sig-
nalling [33], but whether and how this SFK-mediated phos-
phorylation of Na',K"-ATPase affects activities in the CNS
remains unknown.

In the CNS, the Na',K'-ATPase/SFK complex exerts
multiple functions. In rat brain, this complex is essential in
regulating glutamate transporter function and glutamatergic
neurotransmission by coupling to glutamate transporters and
forming a macromolecular signalosome [34]. Besides,
Na',K'-ATPase has a close relationship with NMDA recep-
tors, which is mediated by SFK. This is supported by that in-
hibition of Na",K'-ATPase potentiates NMDA-evoked cur-
rents in rat hippocampal CA1 pyramidal neurons and SFK
modulate this process [78]. Additionally, the Na',K'-AT-
Pase inhibitor ouabain induces NF«kB activation and upregu-
lation of proinflammatory cytokine mRNA levels via NM-
DA receptor-SFK-MAPK pathways in rat cerebellar cells
[35]. The Na'",K'-ATPase/SFK signalling also plays a role in
developing neuronal injury [79], neuropathic pain [80] and
ammonia-induced astrocyte swelling [81]. Therefore, target-
ing this signalling pathway by relevant compounds may pro-
vide therapeutic potential for treating these neurological ab-
normalities. Future efforts should be made to better unders-
tand the interaction between specific Na',K'-ATPase iso-
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form and SFK and the downstream signalling events in the
context of related neurological diseases.

3. SFK REGULATE GLIA-ASSOCIATED NEUROIN-
FLAMMATION

Neuroinflammation is an emergent property of many neu-
rological disorders, including AD, PD, migraine and chronic
pain [82]. The primary players in neuroinflammation are acti-
vated glial cells, including microglia and astrocytes, which
release inflammatory soup containing IL-1p, IL-6 and TN-
F-a [83]. Phosphorylation and dephosphorylation of SFK by
enzymes such as protein tyrosine phosphatase 1B [84] have
profound effects on many downstream signalling pathways,
leading to the activation of microglia and astrocytes, which
in turn releases inflammatory cytokines, exacerbating dam-
age to the surrounding cells.

Microglia activation is heavily dependent on SFK phos-
phorylation. In primary microglial cultures, Src is found to
be both necessary and sufficient for microglia activation
[85]. In another study, using murine microglial cells and a
AD transgenic mouse model, blocking SFK by dasatinib rev-
erses the effect of AB-induced activation of microglia and
TNF-a release both in vitro and in the hippocampus and tem-
poral cortex in vivo, suggesting AB-induced microgliosis is
SFK-dependent [86]. Src is also recognised to be important
in neuroinflammation in a PD model as one potential anti-in-
flammatory medication extracted from a Chinese herb with
the code name, FLZ, is found to suppress Src activity and
the downstream inflammatory signalling cascade in mouse
microglial BV, cells, thereby preventing neurodegeneration
[87]. Moreover, Fyn can phosphorylate protein kinase C 6
(PKC9d) and drive NFkB pathway to facilitate the production
of IL-6, IL-12 and TNF-a in microglial cells [36]. Interest-
ingly, this study identifies upregulated transcription and ex-
pression of Fyn during chronic inflammation and that Fyn
(-/-) mice exhibit attenuated neuroinflammatory responses,
uncovering the role of Fyn as a critical upstream mediator in
microglial neuroinflammation [36].

Astrocyte activation is another characteristic of the in-
flamed brain. By using FynT constitutively active and FynT
kinase-dead mutants, Lee ef al. report that FynT isoform ac-
tivity enhances proinflammatory cytokines and chemokines
levels induced by TNF-a in astrocytes via phosphorylating
protein kinase C & (PKCd) and activating NFkB [88]. Fur-
thermore, astrocytic inflammatory responses led by alcohol
intake is mediated by SFK [37]. More specifically, chronic
ethanol induces the phosphorylation of Toll-like receptor 4
(TLR4) and SFK and their physical interaction in astrocytes,
leading to activation of cyclooxygenase (COX-2) and secre-
tion of prostaglandin E2 (PGE2) [37]. In addition to astrocyt-
ic inflammation, SFK also play a role in S100 calcium bind-
ing protein B (S100B)-mediated morphology and migration
of astrocytes [38]. SFK display higher activity in the pres-
ence of S100B and directly interact with S100B in astrocyto-
ma cell line GL15, which instigates downstream P13K path-
ways, thereafter modulating astrocytic phenotype [38]. Tak-
en together, the ascertained pivotal activity of SFK in medi-
ating glia-associated inflammatory responses makes these ki-
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nases a potential therapeutic target to ameliorate the in-
flamed brain, which might hamper neuroinflammation-relat-
ed neurological disorders.

In summary, the participation of SFK in regulating the
functions and activities of various proteins in the CNS indi-
cate that SFK are a key point for the convergence of diverse
signalling pathways, which sheds light on SFK-centered mo-
dulation of CNS function under physiological and pathologi-
cal conditions. Further studies of the crosstalk between SFK
and their identified or new interactive targets are still re-
quired in order to obtain a more comprehensive picture of
SFK signalling in the brain.

4. SFK IN MIGRAINE

Migraine is a disabling neurovascular disorder character-
ized by recurrent unilateral headache, which is often accom-
panied by other neurological symptoms. It has been widely
understood that the pathophysiology of migraine contains a
neuroimmune interaction between the trigeminovascular
pathway and neuroinflammatory responses, leading to pe-
ripheral and central sensitization, yet the molecular mech-
anism of migraine still remains largely unknown [89].

Albeit there is no direct evidence linking SFK with mi-
graine, the emergent role of SFK in experimental models of
migraine and the association of SFK with targets implicated
in migraine pathogenesis strongly suggest that SFK play an
important role in migraine pathophysiology. Most notably,
SFK activity is required for propagation of CSD [90], a tran-
sient propagating excitation wave followed by depression of
neurons and glia that can result in activation of trigeminovas-
cular system and migraine with aura [91]. In this study, SFK
phosphorylation at tyrosine 416 site is elevated after induc-
tion of a single CSD in rats, whereas inhibition of SFK activ-
ity by perfusing PP2 into the rat contralateral cerebroventri-
cle decreases the SFK phosphorylation level induced by
CSD and also cortical susceptibility to CSD [90]. Consistent
with this, another study by Chen ef al. also shows that CSD
frequency is decreased by intraperitoneal administration of
PP2 [65]. These data support the importance of SFK activity
in the mechanism of migraine aura. The critical role of SFK
in migraine pathophysiology is further evidenced by a recent
study using a chronic migraine model induced by repeated
perfusion of inflammatory soup to the dura of rats [92]. This
study shows that deactivation of SFK after intracerebroven-
tricular injection of PP2 alleviates mechanical allodynia, and
reduces NR2B phosphorylation and PSD-95 expression,
which subsequently affect synaptic plasticity and central sen-
sitization that is essential for maintenance of migraine hea-
dache [92]. Intesteringly, in a mice model of familial hemi-
plegic migraine type 2 (FHM2) with mutated Na",K'-AT-
Pase a2 isoform, SFK are largely activated in the middle
cerebral arteries, which initiates downstream signalling cas-
cade, leading to increased sensitization of the arteries to in-
tracellular Ca>" and arterial contraction [93]. This Na',K'-
ATPase/SFK signalling is the causative mechanism for the
brain perfusion abnormalities of FHM2 characterised by ini-
tial vasospasm and hypoperfusion followed by vasodilation
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and hyperperfusion [94], supporting SFK-modulated signal
transduction in migraine pathophysiology. Collectively, the
involvement of SFK activity in regulating cortical suscepti-
bility to CSD, mechanical allodynia and trigeminovascular
activation support that SFK activity plays a key role in mi-
graine pathogenesis via both central and peripheral actions.

Although SFK signalling pathways in migraines still re-
main elusive, increasing evidence has suggested that SFK ac-
tivity plays a part in mediating the release and expression of
calcitonin gene-related proteins (CGRP) that is a well-
known target for migraine therapy [95] and prevention [96].
Pretreatment of PP2, but not its negative analog PP3, blocks
the nerve growth factor (NGF)-promoted CGRP release
evoked by capsaicin in sensory neuron culture from rat dor-
sal root ganglia [97]. The facts that NGF mediates SFK acti-
vation-dependent activities and SFK contribute to sensitiz-
ing sensory neurons [98] reinforces the role of SFK in the
pathway of NGF-promoted CGRP release. Notably, in the
trigeminal nucleus caudalis of the aforementioned rat chron-
ic migraine model, SFK inhibition by PP2 reduces CGRP ex-
pression, indicating that SFK are involved in regulating
CGRP level and central sensitization [92]. However, the
mechanism underlying SFK-regulated CGRP release and ex-
pression in migraine conditions remain unknown. Future
studies on the pathways of SFK-mediated CGRP level in the
central and peripheral systems may improve our understand-
ing of the pathogenesis of migraine. Besides the ability of
SFK to mediate CGRP release and expression, our recent
study shows that SFK can mediate CSD-induced Panx1 acti-
vation [44]. SFK-Panx1 coupling is promoted after a single
CSD, and SFK inhibition by PP2 attenuates the CSD-in-
duced neuronal Panx1 activation in rat ipsilateral cortices;
conversely, disrupting SFK-Panx1 interaction by an interfer-
ing peptide TAT-Panx308 reduces cortical susceptibility to
CSD in mouse brain slices [44]. Given that Panx1 megachan-
nel opening induced by CSD promotes proinflammatory re-
sponses which triggers trigeminovascular activation and mi-
graine-like behaviour in mice [99], it is reasonable to pro-
pose a key role of SFK-dependent Panx1 activation in mi-
graine aura pathogenesis, by which the CSD-induced neu-
roinflammatory responses and trigeminovascular activation
are initiated [44]. Furthermore, increasing evidence suggest
that a crosstalk may exist between SFK and NMDA recep-
tors upstream of Panxl in migraine aura. Inhibition of
NR2A-containg NMDA receptors by the antagonist, NVP-
AAMO77 (NVP) decreases SFK phosphorylation level in-
duced by CSD in rats and SFK activation by the activator
pYEEI is found to reverse the reduced susceptibility to CSD
caused by NR2A inhibition in mouse brain slices [90]. Con-
sistently, NR2A inhibition reduces the elevation of ipsilater-
al cortical SFK-Panx1 interaction, Panx1 activation induced
by CSD and cortical susceptibility to CSD in rats [44]. It is
well-known that NMDA receptors and their major subunits,
NR2A and NR2B, play crucial roles in regulating cortical
susceptibility to CSD [100-102] and, as discussed above,
SFK activation is not only required for CSD propagation
[90] but also for promoting Panx1 activation leading to neu-
roinflammatory responses [99]. Therefore, we have propo-
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Fig. (1). Schemic representation of the proposed SFK-converged signalling pathways in migraine pathogenesis, including NMDA receptor,
P2X, receptor and Na’,K'-ATPase signallings that have identified relationships with SFK in migraine models (red arrows). The SFK-trans-
mitted signallings lead to changes in cortical susceptibility to CSD, CGRP release, neuroinflammation and trigeminovascular activation
(black arrows). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

sed that NR2A/SFK/Panx1 signalling may play an important
role in migraine pathogenesis, indicating that drugs that tar-
get this pathway might constitute an effective strategy for mi-
graine prophylaxis [44]. It is likely that SFK facilitate neu-
roinflammation and nociception via coupling to Panx1, but
this possibility remains to be further clarified.

As mentioned in the above sections, SFK also interact di-
rectly or indirectly with several other proteins especially
GABA, receptors, P2X, receptors and 5-HT receptors, all of
which proteins are involved in migraine pathophysiology.
Of these, 5-HT receptors, especially 5-HT, g, receptors,
are the known targets for current migraine-specific treat-
ments [103, 104], whilst GABA, receptors and P2X, recep-
tors are promising targets for migraine prevention [65, 105,
106]. However, how SFK mediate their signalling pathways
in migraine are lacking, which requires further investigation.

Collectively, we propose that SFK work as a convergent
point of multiple signalling pathways, especially NMDA re-
ceptor, P2X, receptor and Na',K-ATPase signallings, in mi-
graine pathophysiology (Fig. 1). Future investigations are re-
quired to consolidate this proposal.

5. SFK IN NEUROPATHIC PAIN

Neuropathic pain is a type of chronic pain and is caused
by lesions of neurons or diseases affecting the somatosenso-
ry nervous system [107]. The pathophysiology of this pain
state encompasses sensitization of peripheral and central ner-
vous system, intense neuroinflammation produced by neu-
roimmune-glia interactions across the pain pathway, and sub-
stantial molecular changes in ion channels, neurotransmit-
ters and their receptors [107].

A vast amount of research corroborates that SFK-mediat-
ed signallings are implicated in the neuropathic pain pro-
cess. As mentioned above, activation of non-neuronal cells,
including microglia [85] and astrocytes [88], is heavily de-
pendent on SFK activity, which facilitates expression and se-
cretion of pro-inflammatory factors. Similarly, activation of
SFK in spinal microglia contributes to mechanical hypersen-
sitivity after nerve injury [108] and formalin-induced persis-
tent pain [109]. In the rat spinal dorsal horn, SFK are activat-
ed in hyperactive microglia after nerve injury rather than in
neurons or astrocytes, and their activation promotes mechani-
cal hypersensitivity through SFK/ERK signalling cascade
[108], whereas SFK/p38-MAPK signalling pathway is in-
volved in late-stage mechanical hypersensitivity post-formal-
in-induced pain [109]. Specific SFK subtypes have been
identified to play a role in neuropathic pain. Lyn predomi-
nantly expresses in spinal microglial cells and is crucial for
nerve injury-induced neuropathic pain [39]. This is demons-
trated in Lyn knockout mice, which exhibit disabled upregu-
lation of ionotropic ATP receptor subtype, purinergic P2X,
receptors and striking decrease in tactile allodynia, a hall-
mark of neuropathic pain, after nerve injury [39]. Additional-
ly, nectin-1/Src signalling is also involved in neuropathic
pain process [110]. Nectin-1 level is enhanced in rats after
chronic constrictive injury and glial cell-derived neurotroph-
ic factor (GDNF) downregulates the phosphorylation level
of Src, a downstream target of nectin-1, which displays an
analgesic effect on the neuropathic pain resulted from the
nerve injury [110]. Furthermore, SFK have been proposed to
have a determinant role in the pain-associated hyperalgesia,
as evidenced by that intradermal injection of the SFK activa-
tor peptide pYEEI decreases nociceptive threshold and in-
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duces mechanical hyperalgesia in rats [111]. Consistently, in-
hibition of SFK activity attenuates hyperalgesia in rat pain
models induced by complete Freund adjuvant (CFA) [112],
EphrinB2-Fc [113], GDNF [114] and formalin [109].

Noxious stimuli
Nerve injury

NMDA receptor

P2X, receptor

Hyperalgesia Allodynia

N/

E -

Fig. (2). Schemic representation of the proposed SFK-converged
signalling pathways in neuropathic pain including NMDA receptor
and P2X, receptor signallings that are known to be mediated by
SFK in neuropathic pain models (blue arrows). The SFK-transmitt-
ed signallings lead to hyperalgesia and allodynia (black arrows). (4
higher resolution / colour version of this figure is available in the
electronic copy of the article).

The crosstalk between SFK and NMDA receptors in neu-
ropathic pain has been well characterised. Tyrosine phospho-
rylation of the NR2B subunits of NMDA receptors at tyro-
sine 1472 by SFK in spinal dorsal horn contributes to neuro-
pathic pain, as shown by that inhibition of SFK activity by
PTP or its inhibitor PP2 reduces SFK-enhanced NR2B phos-
phorylation as well as NMDA-increased NR2B synaptic con-
centration by promoting NR2B endocytosis, eventually ame-
liorating pain hypersensitivity and behaviour in rodents
[115, 116]. As aforementioned, among the 6 subtypes of
SFK in the CNS, mainly Src and Fyn regulate NMDA recep-
tor activity and function, which also applies to pain models.
Knockout of Fyn in mice with neuropathic pain maintains
the paw withdrawal threshold similar to that of wild-type
mice [117]. In the spinal dorsal horn of these Fyn” mice,
NR2B phosphorylation at the tyrosine 1472 site in the post-
synaptic density is abolished, and neuronal nitric oxide syn-
thase (nNOS) activity is largely decreased, suggesting the
crucial role of Fyn in the pathogenesis of neuropathic pain
[117]. In terms of Fyn activity in pain sensitization, a consti-
tutively active Fyn mutant, Fyn(Y528F), expressed in the
spinal dorsal horn of intact mice, but not a catalytically inac-
tive Fyn mutant, Fyn(K296M), evokes mechanical allodynia
and thermal hyperalgesia, and raises the contents of NR2B-
containing NMDA receptors and GluA1-containing AMPA
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receptors at synaptosomal membrane fraction [118]. Further-
more, prior expression of the Fyn inactive mutant
Fyn(K296M) in mice exhibits an analgesic action by attenu-
ating CFA-induced pain, as well as NR2B and GluAl levels
[118]. Fyn-dependent potentiation of NMDA receptor cur-
rents can be gated by BDNF, which disinhibits synaptic
transmission within lamina I spinal neurons and facilitates
the progression of spinal neuropathic pain [119]. In the previ-
ous section, we summarised that SFK regulate NMDA recep-
tor function via direct interaction. A recent interesting study
shows that disrupting the binding of Src to the NMDA recep-
tor complex by a peptide Src40-49Tat suppresses neuropath-
ic and inflammatory pain behaviours in rodents [120]. This
finding might indicate a possibly efficacious treatment of
pain with better safety profile than using NMDA receptor
blockers, as the latter can bring in deleterious side effects by
suppressing the physiological function of NMDA receptors
[121, 122]. Taken together, it can be concluded that SFK, es-
pecially Src, Fyn and Lyn, play an essential role in the mech-
anism and progression of neuropathic pain in animal mod-
els. We propose that the deactivation of SFK might be a
promising strategy in alleviating neuropathic pain through in-
terfering SFK-mediated transduction of NMDA receptor and
P2X, receptor signallings (Fig. 2). The developed SFK in-
hibitors targeting different subtypes might be considered for
pre-clinical study in neuropathic pain models.

6. SFK INHIBITORS IN CLINICAL APPLICATIONS
FOR NEUROLOGICAL DISEASES

SFK have long been targeted in treating cancer with a
number of developed SFK inhibitors for the ability of SFK
to promote tumour development [123]. Four potent SFK/-
multikinase inhibitors - dasatinib, bosutinib, ponatinib and
vandetanib have been approved by the Food and Drug Ad-
ministration (FDA) and applied clinically in cancer treat-
ment [124]. Interestingly, studies of SFK in the context of
neurological diseases have also been transformed from
bench to bedside, which acknowledges the pivotal role of
SFK in the abnormalities of the brain. From the clinical
studies of SFK inhibitors, several advantages of the drug can
be clearly recognised. SFK inhibitors are generally safe with-
out adverse effects. Among all the developed SFK inhibi-
tors, saracatinib, an inhibitor of SFK and Abl family of ki-
nases [125], has received raised attention in its potential ap-
plication in the treatment of the neurodegenerative diseases
[21, 126]. In the previous clinical studies of saracatinib in
cancer treatment, it exhibited well-tolerance in humans but
was discontinued for this application due to its unsatisfacto-
ry efficacy in Phase II trials [127-131]. Subsequently, this
drug was investigated as a potential medication for AD since
Fyn has been targeted as a therapeutic intervention in AD,
and saracatinib effectively blocks Fyn activity [132]. A
Phase Ib multiple ascending dose study of saracatinib con-
firmed the safety and well tolerability of saracatinib in AD
patients [133]. However, it was again discontinued for AD
treatment as a larger Phase Ila trial suggested that it had no
statistically significant effect on observed AD-associated
pathological changes [134]. Saracatinib is currently undergo-
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ing a Phase I clinical study (NCT03661125) for PD psycho-
sis. Another tyrosine kinase inhibitor masitinib that targets a
variety of tyrosine kinases, including Src, Fyn and Lyn
shows satisfactory safety profile and efficacy in patients
with amyotrophic lateral sclerosis (ALS) when used in com-
bination with an FDA-approved ALS medication called Ri-
lutek in a Phase II trials [135]. The same results are seen
with masitinib alone in patients with multiple sclerosis (MS)
[136] and AD [137]. Phase III trials of masitinib for the
above indications (NCT01433497, NCT03127267, NC-
T01872598) are therefore being carried on in order to sup-
port masitinib to be an innovative treatment in these diseas-
es. SFK inhibitors are generally delivered by the oral route
of administration. This makes them convenient and economi-
cal for the patients during the course of treatment. Notably,
SFK inhibitors show great potential to penetrate CNS via
oral delivery. Saracatinib exhibits substantial CNS penetra-
tion with oral dose at 100-125 mg in the above-mentioned
Phase Ib study [133]. The earliest FDA-approved SFK in-
hibitor dasatinib is also able to cross the blood-brain barrier
to the CNS in mice and patients, the level of which in the
cerebrospinal fluid (CSF) of patients corresponds to the anti-
tumour activity observed in the CNS [138]. The ability of
CNS penetration of the drug can be essential in its efficacy
for the treatment of some neurological disorders if its intend-
ed targets are located in the brain.

These features of SFK inhibitors support SFK to be a
promising therapeutic target. Nevertheless, the potential
caveats of SFK inhibitors should be considered. SFK family
members might have distinct functions in various neurologi-
cal abnormalities. Since current SFK inhibitors target sever-
al subtypes, it is important to understand the roles of these
targeted SFK members in a certain disorder in order to apply
specific SFK inhibitors as a feasible treatment. Additionally,
the ubiquitous expression of SFK in diverse tissues and the
multi-kinase inhibitory property of some SFK inhibitors
(e.g., Masitinib) might increase the risk for off-target ef-
fects. These might cause undesirable side effects and reduce
the efficacy of the drug. Development of highly selective
SFK inhibitors is thus necessary to address these issues. In
fact, another direction for clinical applications of SFK inhibi-
tors is combination therapy with other medications. As men-
tioned above, the combination therapy using masitinib and
Rilutek for ALS has been developed [135] and continued for
the Phase III trial. Interestingly, dasatinib attenuates Ap-as-
sociated microgliosis in mice model of AD [86], and a com-
bination treatment using dasatinib and quercetin for AD is
currently investigated in a clinical trial (NCT04063124).
The combination of an approved drug for a certain disorder
with an SFK inhibitor might produce optimal effects and be
a useful strategy in the management of the diseases. Further-
more, peptides targeting SFK-interacting sites of membrane
receptors have been developed and tested in pre-clinical
studies. These peptides are Src40-49Tat and TAT-Panx308,
which are introduced in the previous sections of this review.
In rodents, both peptides show neuroprotective effects: Sr-
c40-49Tat reduces pain behaviour [120], while TAT-
Panx308 alleviates brain damage caused by stroke [29]. Po-
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tential clinical applications of these peptides should be con-
sidered as they might be served as an improved therapeutic
strategy by targeting SFK-mediated receptor function and
signalling, compared to receptor antagonists that often inhib-
it important basal functions and cause adverse events.

CONCLUSION

Evidences at present are sufficient to establish the impor-
tant role of SFK in the development of migraine and neuro-
pathic pain through transmitting signalling of multiple mem-
brane proteins and intracellular proteins, including NMDA
receptors and P2X receptors that are crucial for these diseas-
es. The safety profile and CNS-penetrating ability of SFK in-
hibitors make it promising for their clinical applications in
neurodegenerative diseases and possibly in more neurologi-
cal diseases, including migraine and neuropathic pain. Fu-
ture pre-clinical and clinical studies might be considered for
applying SFK inhibitors in alleviating these pain states. Nov-
el therapeutic strategies relevant to SFK, including combina-
tion therapy with other medications and targeting SFK sig-
nalling might provide new insights into the clinical potential
of SFK inhibitors.
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