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For my Ph.D. research topic, I isolated endogenous morphine-like analgesic dipeptide, kyotorphin, which mediates
Met-enkephalin release, and discovered kyotorphin synthetase, a putative receptor and antagonist. Furthermore, I suc-
ceeded in purifying u-opioid receptor and functional reconstitution with purified G proteins. After receiving my full
professor position at Nagasaki University in 1996, I worked on two topics of research, molecular mechanisms of chronic
pain through lysophosphatidic acid (LPA) and identification and characterization of neuroprotective protein, pro-
thymosin «. In a series of studies, we have shown that LPA signaling defines the molecular mechanisms of neuropathic
pain and fibromyalgia in terms of development and maintenance. Above all, the discovery of feed-forward system in
LPA production and pain memory may contribute to better understanding of chronic pain and future analgesic drug dis-
covery. Regarding prothymosin «, we first discovered it as neuronal necrosis-inhibitory molecule through two independ-
ent mechanisms, such as toll-like receptor and F,/F; ATPase, both which protect neurons through indirect mechanisms.
Prothymosin « is released by non-classical and non-vesicular mechanisms on various stresses, such as ischemia, starva-
tion, and heat-shock. Thus it may be called a new type of neuroprotective damage-associated molecular patterns
(DAMPs) /Alarmins. Heterozygotic mice showed a defect in memory-learning and neurogenesis as well as anxiogenic
behaviors. Small peptide, P6Q derived from prothymosin « retains neuroprotective actions, which include blockade of
cerebral hemorrhage caused by late treatment with tissue plasminogen activator in the stroke model in mice.
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Fig. 1. Epigenetic Silencing of Na,1.8 and MOP Gene Expression following Peripheral Nerve Injury, and the Discovery of mS-11 to

Block This Negative Regulation

This schematic figure describes the molecular based mechanism underlying epigenetic silencing of gene expression of voltage-dependent sodium channel Na,1.8
and u opioid receptor (MOP) . It is known that gene silencing is closely related to the deacetylation of histone, which makes the chromatin closed form, followed by
suppression of transcription factor (TF) access. It is known that Na,1.8 gene has repressor elements NRSEs (or REs) both in exon and intron, while MOP gene has
an NRSE at the transcription start point. Following partial sciatic nerve injury, the gene expression of neuron restrictive silencer factor (NRSF/REST) is upregulat-
ed for more than 2 weeks, resulting in suppression of Na,1.8 and MOP gene expression in small (C) fiber neurons in the dorsal root ganglion (DRG). In this
mechanism, NRSF first binds to NRSE, and recruits co-repressors Sin3 and CoREST, followed by further binding to histone deacetylase HDAC1/2, which in turn
causes histone deacetylation and makes chromatin closed form. The gene silencing followed by histone deacetylation may include the histone methylation of H3K9
and demethylation of H3K. The authors have attempted to treat this type abnormal pain by use of HDAC inhibitors and newly discovered compound mS-11, which

inhibits the protein-protein interaction between mSin3 and NRSF.
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Fig. 2. A Hypothetical Mechanism of LPA -receptor-mediated Abnormal Pain, Hypoesthesia and Hyperalgesia/Allodynia following

Peripheral Nerve Injury

After peripheral nerve injury, mice show hyperalgesia to the stimuli of Ad-or AfS-fibers, possibly through LPA-mediated demyelination and following sprout-
ing, which in turn may form abnormal pain synapse at the spinal dorsal horn. The Ca,a2d1 upregulation in A-fiber neurons in DRG may also contribute to the
hyperalgesia (not shown in the figure) . On the other hand, mice show hypoesthesia to the stimuli of C-fibers, possibly through the neurite retraction of substance P
(SP) neurons. The silencing of Na,1.8 and MOP gene may be also involved in abnormal pain behaviors.
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Fig. 3. Feed-forward System of LPA Production Underlying
Neuropathic Pain following Peripheral Nerve Injury

Peripheral nerve injury causes intense non-physiological pain signals to
the spinal dorsal horn neurons, which activate not only cytosolic phospholi-
pase A, (cPLA,), but also Ca-insensitive phospholipase A, (iPLA,), result-
ing in the production of enough amounts of lysophosphatidyl choline
(LPC) . High amounts of LPC may form micelle, which is excreted from the
cell. Autotaxin (ATX, lysophospholipase D) converts secreted LPC to LPA.
LPA activates microglia and produces interleukin-14, which in turn activates
neuron and stimulates ¢cPLA, and iPLA,. Thus, the initial intense non-
physiological activation of spinal dorsal horn neurons by nerve injury, but
not inflammation may lead to a feed-forward LPA production, and possibly
to a cause of chronic pain. The produced abundant LPA goes back to dorsal
root fibers and DRG, where LPA,-mediated demyelination underlying al-
lodynia and upregulation of Ca,02d1 and ephrin Bl underlying hyperalgesia
occur. These mechanisms contribute to the functional feed-forward system
of pain transmission. On the other hand, LPA has an action of BDNF
production in microglia through an activation of P2X, receptor by secreted
ATP. As BDNF is known to decrease neuronal plasma membrane KCC2 lev-
els and increase cytosolic C1~ ion levels, resulting in a conversion of GABA 5
receptor function from inhibitory to excitatory one. All these mechanisms
may play roles in the development of neuropathic pain. Astrocyte activation,
on the other hand, may be also involved in the neuropathic pain, but the role
is not wellevidenced at least in the early (development) stage of neuropathic
pain.
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Fig. 4. Repeated Treatments with LPA;;; Receptor An-
tagonist Cure the Established Chronic Pain and Erase the
Pain Memory

Repeated treatments with LPA/; receptor antagonist Ki14625 (30 mg/
kg, i.p.) from day 7 to day 13 (twice daily) after the partial sciatic nerve liga-
tion (pSNL) gradually reverse the basal pain threshold to the normal level in
the thermal nociception test, and the reversal lasts at least for another week
even after the cessation of antagonist treatments. Hl : pSNL alone, A :

Kil4625 + pSNL. *p < 0.05, vs. pSNL alone. The studies using pharmaco-

logical tools (Mac-1-saporin: microglia toxin; L-a-aminoazipate: astrocyte

toxin) suggest that microglia play a role in the production of LPA, which in
turn activates astrocytes and induces hyperalgesia through a production of
chemokines.
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Fig. 5. Generalized Pain-related Feed-forward System

In centralized/nociplastic pain models, which are represented by
fibromyalgia-like generalized pain model, LPA signal-mediated central pain
memory including central sensitization is first produced by intense peripheral
(muscle injury or autonomic disturbance) or central (emotional) stress.
Central pain memory subsequently drives peripheral immune or sympathetic
signals, which in turn maintain or reinforce the central pain memory. It may
be called ‘Generalized pain-related feed-forward system’.
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Fig. 6.

Two Independent Candidates for Prothymosin « Receptors

Prothymosin o (ProTa) is released from cultured primary cortical neurons under the serum-free starving condition, and inhibits the rapid necrosis mechanism
through an activation of Gj/,-coupled receptor, PLC and PKCpII, followed by the externalization of glucose transporter (GLUT1/4), which allows the glucose in-
flux and subsequent necrosis inhibition via the rescue of intracellular contents of ATP. ProT« also causes the delayed apoptotic mechanism through a similar down-
stream signaling, followed by induction of PKC-mediated Bax expression and caspase 3 activation. As caspase 3 is known to degrade poly (ADP-ribose) polymerase
(PARP), which consumes abundant ATP for the purpose of restoration from the stress-induced DNA damage, the ProTa-induced apoptosis-inducing mechanism
may also contribute to an inhibition of rapid necrosis. In in vivo retinal ischemia-reperfusion system, on the other hand, ProT« inhibits not only necrosis, but also
apoptosis, possibly through an action of neurotrophic factors, since ProTa increases the level of BDNF in an ischemic condition-dependent manner. The machin-
eries of ProTa-induced BDNF production remain elusive. One of possibilities may be related to the beneficial actions of ProT« to activated microglia through
TLR4. The identification of G;/,-coupled ProTa receptor remains to be determined. Recent study reveals that ProTa binds to plasma membrane bound Fy/F,
ATPase and increases extracellular ATP. As it is expected Fo/F, ATPase digests ATP and produces ADP, Gj/,-coupled ADP receptor P2Y,,/;3 may be an indirect
receptor for ProTa. Alternatively, G;/-coupled A, receptor for further metabolite adenosine, may be another candidate. Thus, it is suggested that extracellularly
secreted ProTa may have two independent receptor systems underlying beneficial actions in the central nervous system.
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Fig. 7. ProTa Selectively Activates Cytoprotective TLR4-
TRIF System

In the retinal ischemia-reperfusion model in mice, the intravitreal (i.vt.)
preconditioning treatment with ProTa protects the retinal cells in terms of
morphology and function, and this beneficial action is abolished in mice
deficient of TLR4 and TRIF, but not MyD88 gene. The i.vt. administration
of ProTa induces several anti-inflammatory mediator genes downstream to
TLR4-TRIF-IRF3 cascade, but not inflammatory mediator genes down-
stream to TLR4-MyD88-NFxB cascade in the retina. The i.vt. precondition-
ing treatment with ProTa blocks the retinal ischemia-reperfusion-induced ex-
pression of inflammatory mediator genes. These actions are in a good con-
trast to the case with lipopolysaccharide (LPS) actions, which are the induc-
tion of inflammatory mediator gene expression or blockade of ischemic
damage-induced expression of these genes by i.vt. administration or i.vt.
preconditioning treatment prior to ischemia-reperfusion with LPS, respec-
tively.

ProTa/TLT4/MD2 complex

LPS/TLT4/MD2 complex

PDB ID: 3FXI

Fig. 8. Predicted Structure of ProTa/TLR4/MD2 Complex

The predicted structure of ProTa/TLR4/MD2 complex was calculated
by use of crystal structure of LPS/TLR4/MD2 complex (PDB ID: 3FXD). In
this model, it looks that ProT«a binds to TLR4 as well as MD2, unlike the
case with LPS, which binds to MD2.
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