MOLECULAR

Review PAIN

Molecular Pain

Volume 16: 1-6

© The Author(s) 2020

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/17448069209286 19
journals.sagepub.com/home/mpx

©SAGE

Role of fragile X mental retardation protein
in chronic pain

Xiangyang Mei'* ®, Yixin Yang'*, Jinsong Zhao', Yongjie Wang?,
QiLiang Chen?, Xiang Qian®, Xiangyao Li*® and Zhiying Feng'

Abstract

Chronic pain has detrimental effects on one’s quality of life. However, its treatment options are very limited, and its
underlying pathogenesis remains unclear. Recent research has suggested that fragile X mental retardation protein is involved
in the development of chronic pain, making it a potential target for prevention and treatment. The current review of
literature will examine the function of fragile X mental retardation protein and its associated pathways, through which
we hope to gain insight into how fragile X mental retardation protein may contribute to nociceptive sensitization and chronic

pain.
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Introduction

Chronic pain, defined as “pain that persists or recurs for
more than three months,” can have a wide range of eti-
ologies, such as inflammation, nerve injury, cancer, post-
trauma, and post-surgery.' It is a prevalent condition
with an enormous cost to the society and profound
socioeconomic impacts.> * On an individual level, chron-
ic pain sufferers report poor quality of life, increased
tendency for substance abuse, and a higher incidence
of mental disorders, such as anxiety and depression.”

Despite now being recognized as a major group of
diseases by the World Health Organization,®’
treatments for chronic pain are still limited.
Pharmacological agents, such as opioids and anticonvul-
sants, are effective for temporary pain relief, but have
many undesirable side effects and their efficacy dimin-
ishes with long-term use.* '® While central nociceptive
sensitization is considered as a major contributing
factor to the development and the maintenance of
chronic pain,'' '3 the lack of detailed mechanistic under-
standing of how sensitization occurs has remained a
major barrier for developing new pharmacological
treatment.

Fragile X mental retardation protein (FMRP),
encoded by fragile X mental retardation 1 (Fmrl)

gene, has been implicated in pathogenesis of chronic
pain. Mutation in Fmrl gene is thought to lead to
Fragile X syndromes (FXS), a spectrum of clinical con-
ditions characterized by self-injurious behavior and
abnormal pain processing.'"*'® Fmrl knock-out (KO)
mice show decreased nociceptive behaviors, which sug-
gests FMRP playing a vital role in the pathogenesis of
abnormal pain states.'*
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In this review, we will examine the molecular function
of FMRP and its role in the development of chronic
pain.

The molecular functions of FMRP

FMRP has many functions in the nervous system with a
complex protein architecture (Figure 1).'7 Specifically,
the K homology (KH) domains and glycinearginine
box (RGG) of FMRP are protein-binding regions that
have direct and indirect role in neuronal synaptic
plasticity.'®

Localization studies have found FMRP expressed in
dorsal root ganglia (DRG), trigeminal ganglia (TG), as
well as in primary afferent neurons in rats."” It is found
to be most concentrated in the neuronal soma and den-
drites.?>?! The loss of FMRP causes the dysregulation of
synaptic protein synthesis, resulting in abnormal synap-
tic connectivity.'®

Molecularly, FMRP regulates RNA translation
through interacting with various post-transcriptional
factors or the messenger RNA (mRNA) structure
itself.!”-?>> For example, it can modulate mRNA alter-
native splicing through binding with alternative-splicing-
associated RNA-binding protein.!” Alteration of this
interaction results in abnormal mRNA expression in
hippocampal neurons.”* FMRP has also been shown
to complex with the G-quadruplex structure within the
coding or non-coding regions of mRNAs, through which
it helps regulate translocation and translation of
mRNAs in neurons.?

FMRP also plays an important role in signaling path-
ways that impact synaptic morphology and network
plasticity. Khayachi et al. provided evidence to support
FMRP’s involvement in the small ubiquitin-like modifier
(SUMO) pathway in the brain.”® They showed metabo-
tropic glutamate receptors (mGluRs)-induced sumoyla-
tion of FMRP is important in regulating maturation and
elimination of dendritic spines.”® Furthermore, FMRP is
necessary for the expression of diacylglycerol kinase
kappa (DGKk), an important component of the diacyl-
glycerol and phosphatidic acid signaling pathways.?’
The absence of FMRP in neurons eliminates group 1
mGluR-dependent DGKx activity and reduces its
expression of Dgkx. This subsequently leads to abnor-
mal lipid signaling in dendritic spines.?’ Lastly, work by

3 1963

113 126 202 216 280

Guo et al. demonstrated that FMRP interacts directly
with transcriptional regulators (e.g., taurine-upregulated
gene 1-Ski-related novel protein N complex) and regu-
lates axonal development.”®

These studies provide compelling evidences of FMRP
being essential for RNA translation and trafficking, syn-
aptic signaling, and network plasticity of the nervous
system.

FMRP in chronic pain

Fmrl mutation- and FMRP defect-related conditions,
such as FXS, are associated with fibromyalgia and
peripheral neuropathy.” Rodriguez-Revenga et al.
found that 24.4% of the female with Fmrl mutation
complained of chronic muscle pain in 398 Spanish
FXS families.™

FMRP has been implicated in the development of
chronic pain. It is important in regulating synaptic plas-
ticity in the anterior cingulate cortex, a region that is
strongly implicated in pain perception and modula-
tion.>!32 Moreover, the deficits of FMRP in Fmrl KO
mice leads to abnormal gamma aminobutyric acid
(GABA) metabolism, downregulated «2, fl, and ¢
GABA receptors expression, and impaired GABAergic
transmission in a number of pain-relevant circuits, such
as seen in hippocampus.’*** Given the critical role of
GABAergic circuits in chronic pain, FMRP may be a
major neuronal modulator in the nociceptive circuit.*>*

One of the hallmark characteristics of FXS is that
patients often display self-injurious behaviors, which
suggests abnormal pain perception. Price et al. demon-
strated reduced response to neuropathic pain in Fmrl
KO mice, and it is mediated by group 1 mGIluR
(mGlIuR1/5) and mammalian target of rapamycin
(mTOR).'* Unlike in the wild-type (WT) animals, intra-
thecal or peripheral injection of mGIuR1/5 agonist in
Fmrl KO mice fails to develop hyperalgesia.
Nociceptive behaviors induced by formalin and
mGluR1/5 agonist can be inhibited by mTOR inhibitor,
rapamycin, in WT mice, but not in Fmrl KO mice.'*
Collectively, this indicates that mTOR signaling path-
way is defected in Fmrl KO animals, and that FMRP
is an important mediator for mGluR1/5 and mTOR-
dependent nociceptive sensitization.
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Figure I. The protein architecture of FMRP. The highly modular architecture of FMRP includes two AG domains, three KH domains,
and unstructured regions containing NES, RGG, and C-terminal domains.'” KH: K homology; AG: Agenet; RGG: glycinearginine box;

NES: nuclear export sequences.
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Lastly, recent evidence showed that interleukin 6
(IL-6) can stimulate nociceptive sensitization in DRG
and TG neuronal axons,’” while nociceptive sensitiza-
tion induced by IL-6 was significantly reduced in Fmrl
KO mice.*® This suggests that FMRP is essential in the
downstream effects of nociception signaling mediated
by IL-6.

The potential mechanisms of FMRP
regulating chronic pain

lon channels and neuronal excitability

Studies on animal models of FXS have shown that
FMRP plays an important role in influencing neuronal
excitability by regulating mRNA expression of specific
ion channels, and interacting with channel subunits and
altering channel mechanics.

Potassium channels appear to be heavily influenced
by FMRP. It was demonstrated to bind to voltage-
gated potassium channels mRNAs, such as Kv 3.1 and
Kv 4.2, and regulate channel expression in the dendritic
compartments of neurons.” Brown et al. showed that
FMRP interacts directly with sodium-activated potassi-
um (Slack) channel, which activates the channel and
induces persistent change in firing patterns in neurons.*’
FMRP also interacts directly with the auxiliary 4 sub-
unit of calcium-activated potassium (BK) channels,
thereby increases the calcium-dependent activation of
BK channels on the presynaptic terminal in hippocam-
pal CA3 pyramidal neurons. This interaction alters the
presynaptic action potential duration and calcium sig-
naling, which subsequently changes the mechanics of
neurotransmitter release.*'

FMRP also influences calcium channel metabolism in
nociception pathways. By targeting membrane voltage-
gated calcium (CaV) channel for proteasomal degrada-
tion, FMRP alters presynaptic CaV channel density and
leads to a reduction of membrane current in DRG.
Moreover, given the important role of presynaptic
CaV channels in neurotransmission, it is thus not sur-
prising to see an FMRP-induced reduction of presynap-
tic CaV channels can lead to a decrease in vesicle
exocytosis and neurotransmitter release in both DRG
and hippocampal neurons.*

This body of work thus collectively supports the
notion that changes in ion channel activity and plasma
membrane potential mediated by FMRP play a vital role
in nociceptive sensitization.*’

The mGluRs signaling pathways

mGluRs are involved in glutamatergic neurotransmis-
sions as well as synaptic development and activity-
dependent synaptic plasticity.*> They are widely

expressed throughout the nociceptive pathways and
influence the transmission of nociceptive signals.** For
example, Xie et al. demonstrated that hyperalgesia
induced by chemotherapy drug, paclitaxel, is mediated
by increased presynaptic expression and activity of
mGluRS5 in rat DRG and spinal cord.*’

Zhang et al. showed that increased amplitude of pri-
mary glutamate excitatory post-synaptic currents in
spinal nerve ligation rats, and this phenomenon is medi-
ated by group 3 mGluRs (mGluR4/6/7/8).4¢

Group 1 mGluR-induced synaptic plasticity requires
FRMP. Yang et al. demonstrated that group 1 mGIluR
activation increases neural network activity by activating
an FMRP-depending signaling pathway. This pathway
downregulates a translation inhibitor, murine double
minute-2 (Mdm?2), which subsequently induces protein
translation.*’

Activation of the c-Jun N-terminal kinase (JNK)
pathway has been implicated in the development and
maintenance of chronic pain,48 and FMRP plays an
important role in JNK-mediated protein synthesis after
mGIuR activation.*’ In a mouse model, mGluR activa-
tion induces an increase in FMRP level, and the subse-
quent increase in JNK activity. This is not seen in Fmrl
KO mice. Furthermore, the loss of FMRP in Fmrl KO
animals leads to a reduction in JNK activity and a
decrease in post-synaptic protein expression. This is con-
sistent with the earlier study that showed mGluR-
dependent gene transcription is regulated by JNK
activity.*’

The mammalian target of rapamycin (mTOR)
signaling pathways

mTOR, a serine/threonine protein kinase, is essential for
regulating protein synthesis,’>>' and recent work sug-
gests that dysfunction of mTOR and its associated path-
ways can lead to abnormal pain states. Studies that
employed neuropathic and inflammatory pain models
in rats have shown similar increase in the expression of
mTOR in the spinal cord. Intrathecal administration of
a mTOR inhibitor, rapamycin, significantly reduces
mechanical and thermal hyperalgesia in these
animals.”>>

FMRP is an important modulator for mTOR.
Sharma et al. found that the activity of phosphorylated
mTOR (active form) is increased in hippocampal CAl
synapses in Fmrl KO mice, and that the mGluR-
induced long-term depression in these animals is also
enhanced.*® This finding is consistent with the work by
Price et al. as discussed above.'* Together, these studies
imply that FMRP plays a vital role in nociception sen-
sitization, and it is at least in part mediated by the
mTOR signaling pathway.
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Conclusions and perspectives

FMRP deficiency, caused by Fmrl mutation, can affect
pain perception, as seen in FXS patients. However, the
precise mechanism through which FMRP modulates
pain remains unclear. FMRP has long been known as
an important modulator for RNA translation and trans-
location as well as for a number of signaling pathways in
neurons. Recent studies have demonstrated that FMRP
can influence nociception processing and sensitization
via various means, such as altering ion channel expres-
sions and activities, and modulating the mTOR and the
mGluRs signaling pathways. Therefore, the current
review provides important insights into how Fmrl
gene and FMRP may contribute to nociceptive sensiti-
zation in chronic pain.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This research was supported by a grant from Projects
of medical and health technology program of Zhejiang, China
(WKIJ-ZJ-2025).

ORCID iDs

Xiangyang Mei (® https://orcid.org/0000-0001-9576-932X
Xiangyao Li (® https://orcid.org/0000-0002-4793-0550
Zhiying Feng (® https://orcid.org/0000-0003-0962-9449

References

1. Treede R-D, Rief W, Barke A, Aziz Q, Bennett MI,
Benoliel R, Cohen M, Evers S, Finnerup NB, First MB,
Giamberardino MA, Kaasa S, Korwisi B, Kosek E,
Lavand’homme P, Nicholas M, Perrot S, Scholz J, Schug
S, Smith BH, Svensson P, Vlaeyen JWS, Wang S-J.
Chronic pain as a symptom or a disease: the IASP
Classification of Chronic Pain for the International
Classification of Diseases (ICD-11). Pain 2019; 160: 19-27.

2. Macfarlane GJ, Barnish MS, Jones GT. Persons with
chronic widespread pain experience excess mortality: lon-
gitudinal results from UK Biobank and meta-analysis. Ann
Rheum Dis 2017; 76: 1815-1822.

3. Dahlhamer J, Lucas J, Zelaya C, Nahin R, Mackey S,
DeBar L, Kerns R, Von Korff M, Porter L, Helmick C.
Prevalence of chronic pain and high-impact chronic pain
among adults — United States, 2016. MM WR Morb Mortal
Wkly Rep 2018; 67: 1001-1006.

4. Wong WS, Fielding R. The co-morbidity of chronic pain,
insomnia, and fatigue in the general adult population

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

of Hong Kong: prevalence and associated factors.
J Psychosom Res 2012; 73: 28-34.

. Mills SEE, Nicolson KP, Smith BH. Chronic pain: a

review of its epidemiology and associated factors in
population-based studies. Br J Anaesth 2019; 123:
e273-e283.

. LuY, Cheng J, Han JS, Gallagher RMM, Fan BF, Liu Y,

Song XJ, Stanos SP, Lamer TJ, Yu S, Zhang DY, Fu ZJ,
YiX, Liu XL, Ma K, Jin 'Y, Yang XQ, Huang D, Xiao LZ,
Feng ZY, Cheng Z. A proposal to add a new dedicated
chapter in ICD-11: disorders related to chronic pain. Pain
Med 2020; 21: 436-438.

. World Health Organization. ICD-11 for Mortality and

Morbidity Statistics (ICD-11 MMS). Geneva: World
Health Organization, 2018.

. Royds J, McCrory C. Neuroimmunity and chronic pain.

BJA Educ 2018; 18: 377-383.

. Dale R, Stacey B. Multimodal treatment of chronic pain.

Med Clin North Am 2016; 100: 55-64.

Hylands-White N, Duarte RV, Raphael JH. An overview
of treatment approaches for chronic pain management.
Rheumatol Int 2017; 37: 29-42.

Latremoliere A, Woolf CJ. Central sensitization: a gener-
ator of pain hypersensitivity by central neural plasticity.
J Pain 2009; 10: 895-926.

Latremoliere A, Woolf CJ. Synaptic plasticity and central
sensitization: author reply. J Pain 2010; 11: 801-803.
Chen Q, Heinricher MM. Plasticity in the link between
pain-transmitting and pain-modulating systems in acute
and persistent inflammation. J Newurosci 2019; 39:
2065-2079.

. Price TJ, Rashid MH, Millecamps M, Sanoja R, Entrena

JM, Cervero F. Decreased nociceptive sensitization in
mice lacking the fragile X mental retardation protein:
role of mGluR1/5 and mTOR. J Neurosci 2007; 27:
13958-13967.

Arron K, Oliver C, Moss J, Berg K, Burbidge C. The prev-
alence and phenomenology of self-injurious and aggressive
behaviour in genetic syndromes. J Intellect Disabil Res
2011; 55: 109-120.

Crawford H, Karakatsani E, Singla G, Oliver C. The per-
sistence of self-injurious and aggressive behavior in males
with fragile X syndrome over 8 years: a longitudinal study
of prevalence and predictive risk markers. J Autism Dev
Disord 2019; 49: 2913-2922.

Dockendorff TC, Labrador M. The fragile X protein and
genome function. Mol Neurobiol 2019; 56: 711-721.
Sidorov MS, Auerbach BD, Bear MF. Fragile X mental
retardation protein and synaptic plasticity. Mol Brain
2013; 6: 15.

Price TJ, Flores CM, Cervero F, Hargreaves KM. The
RNA binding and transport proteins staufen and fragile
X mental retardation protein are expressed by rat primary
afferent neurons and localize to peripheral and central
axons. Neuroscience 2006; 141: 2107-2116.

Akins MR, Berk-Rauch HE, Fallon JR. Presynaptic trans-
lation: stepping out of the postsynaptic shadow. Front
Neural Circuits 2009; 3: 17.


https://orcid.org/0000-0001-9576-932X
https://orcid.org/0000-0001-9576-932X
https://orcid.org/0000-0002-4793-0550
https://orcid.org/0000-0002-4793-0550
https://orcid.org/0000-0003-0962-9449
https://orcid.org/0000-0003-0962-9449

Mei et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Christie SB, Akins MR, Schwob JE, Fallon JR. The FXG:
a presynaptic fragile X granule expressed in a subset of
developing brain circuits. J Neurosci 2009; 29: 1514-1524.
Darnell JC, Klann E. The translation of translational con-
trol by FMRP: therapeutic targets for FXS. Nat Neurosci
2013; 16: 1530-1536.

Maurin T, Zongaro S, Bardoni B. Fragile X Syndrome:
from molecular pathology to therapy. Neurosci Biobehav
Rev 2014; 46 Pt 2: 242-255.

Zhou LT, Ye SH, Yang HX, Zhou YT, Zhao QH, Sun
WW, Gao MM, Yi YH, Long YS. A novel role of fragile X
mental retardation protein in pre-mRNA alternative splic-
ing through RNA-binding protein 14. Neuroscience 2017,
349: 64-75.

Melko M, Bardoni B. The role of G-quadruplex in RNA
metabolism: involvement of FMRP and FMR2P.
Biochimie 2010; 92: 919-926.

Khayachi A, Gwizdek C, Poupon G, Alcor D, Chafai M,
Casse F, Maurin T, Prieto M, Folci A, De Graeve F,
Castagnola S, Gautier R, Schorova L, Loriol C, Pronot
M, Besse F, Brau F, Deval E, Bardoni B, Martin S.
Sumoylation regulates FMRP-mediated dendritic spine
elimination and maturation. Nat Commun 2018; 9: 757.
Tabet R, Moutin E, Becker JAJ, Heintz D, Fouillen L,
Flatter E, Krezel W, Alunni V, Koebel P, Dembélé D,
Tassone F, Bardoni B, Mandel J-L, Vitale N, Muller D,
Le Merrer J, Moine H. Fragile X mental retardation pro-
tein (FMRP) controls diacylglycerol kinase activity in neu-
rons. Proc Natl Acad Sci USA 2016; 113: E3619-E3628.
Guo Y, Chen X, Xing R, Wang M, Zhu X, Guo W.
Interplay between FMRP and IncRNA TUGI regulates
axonal development through mediating SnoN-Ccd!l path-
way. Hum Mol Genet 2018; 27: 475-485.

Hagerman RJ, Protic D, Rajaratnam A, Salcedo-Arellano
MJ, Aydin EY, Schneider A. Fragile X-associated
neuropsychiatric disorders (FXAND). Front Psychiatry
2018; 9: 564.

Rodriguez-Revenga L, Madrigal I, Pagonabarraga J,
Xuncla M, Badenas C, Kulisevsky J, Gomez B, Mila M.
Penetrance of FMR1 premutation associated pathologies
in fragile X syndrome families. Eur J Hum Genet 2009; 17:
1359-1362.

Bliss TV, Collingridge GL, Kaang BK, Zhuo M. Synaptic
plasticity in the anterior cingulate cortex in acute and
chronic pain. Nat Rev Neurosci 2016; 17: 485—496.
Mercaldo V, Descalzi G, Zhuo M. Fragile X mental retar-
dation protein in learning-related synaptic plasticity. Mol
Cells 2009; 28: 501-507.

Gao F, Qi L, Yang Z, Yang T, Zhang Y, Xu H, Zhao H.
Impaired GABA neural circuits are critical for fragile X
syndrome. Neural Plast 2018; 2018: 8423420-8423411.
Sabanov V, Braat S, D’Andrea L, Willemsen R, Zeidler S,
Rooms L, Bagni C, Kooy RF, Balschun D. Impaired
GABAergic inhibition in the hippocampus of Fmrl knock-
out mice. Neuropharmacology 2017; 116: 71-81.

Enna SJ, McCarson KE. The role of GABA in the
mediation and perception of pain. Adv Pharmacol 2006;
54: 1-27.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Maletic V, Raison CL. Neurobiology of depression, fibro-
myalgia and neuropathic pain. Front Biosci (Landmark
Ed) 2009; 14: 5291-5338.

Melemedjian OK, Asiedu MN, Tillu DV, Peebles KA, Yan
J, Ertz N, Dussor GO, Price TJ. IL-6- and NGF-induced
rapid control of protein synthesis and nociceptive plasticity
via convergent signaling to the eIF4F complex. J Neurosci
2010; 30: 15113-15123.

Asiedu MN, Tillu DV, Melemedjian OK, Shy A, Sanoja R,
Bodell B, Ghosh S, Porreca F, Price TJ. Spinal protein
kinase M zeta underlies the maintenance mechanism of
persistent nociceptive sensitization. J Neurosci 2011; 31:
6646-6653.

Ferron L. Fragile X mental retardation protein controls
ion channel expression and activity. J Physiol (Lond)
2016; 594: 5861-5867.

Brown MR, Kronengold J, Gazula VR, Chen Y, Strumbos
JG, Sigworth FJ, Navaratnam D, Kaczmarek LK. Fragile
X mental retardation protein controls gating of the
sodium-activated potassium channel Slack. Nat Neurosci
2010; 13: 819-821.

Deng PY, Rotman Z, Blundon JA, Cho Y, Cui J, Cavalli
V, Zakharenko SS, Klyachko VA. FMRP regulates neu-
rotransmitter release and synaptic information transmis-
sion by modulating action potential duration via BK
channels. Neuron 2013; 77: 696-711.

Ferron L, Nieto-Rostro M, Cassidy JS, Dolphin AC.
Fragile X mental retardation protein controls synaptic ves-
icle exocytosis by modulating N-type calcium channel den-
sity. Nat Commun 2014; 5: 3628.

Sharma A, Hoeffer CA, Takayasu Y, Miyawaki T,
McBride SM, Klann E, Zukin RS. Dysregulation of
mTOR signaling in fragile X syndrome. J Neurosci 2010;
30: 694-702.

Pereira V, Goudet C. Emerging trends in pain modulation
by metabotropic glutamate receptors. Front Mol Neurosci
2018; 11: 464.

Xie JD, Chen SR, Pan HL. Presynaptic mGluRS receptor
controls glutamatergic input through protein kinase
C-NMDA receptors in paclitaxel-induced neuropathic
pain. J Biol Chem 2017; 292: 20644-20654.

Zhang HM, Chen SR, Pan HL. Effects of activation of
group III metabotropic glutamate receptors on spinal syn-
aptic transmission in a rat model of neuropathic pain.
Neuroscience 2009; 158: 875-884.

Yang L, Mao L, Chen H, Catavsan M, Kozinn J, Arora A,
Liu X, Wang JQ. A signaling mechanism from G alpha
g-protein-coupled metabotropic glutamate receptors to
gene expression: role of the c-Jun N-terminal kinase path-
way. J Neurosci 2006; 26: 971-980.

Gao YJ, Ji RR. Activation of JNK pathway in persistent
pain. Neurosci Lett 2008; 437: 180—183.

Schmit TL, Dowell JA, Maes ME, Wilhelm M. c-Jun
N-terminal kinase regulates mGluR-dependent expression
of post-synaptic FMRP target proteins. J Neurochem 2013;
127: 772-781.

Ilha J, do Espirito-Santo CC, de Freitas GR. mTOR sig-
naling pathway and protein synthesis: from training to



Molecular Pain

S1.

52.

aging and muscle autophagy. Adv Exp Med Biol 2018;
1088: 139-151.

Jiang N, Wang Y, Yu Z, Hu L, Liu C, Gao X, Zheng S.
WISP3 (CCN6) regulates milk protein synthesis and cell
growth through mTOR signaling in dairy cow mammary
epithelial cells. DNA Cell Biol 2015; 34: 524-533.

Jiang F, Pang XY, Niu QS, Hua LM, Cheng M, Ji YH.
Activation of mammalian target of rapamycin mediates rat

53.

pain-related responses induced by BmK I, a sodium
channel-specific modulator. Mol Pain 2013; 9: 50.

Wang X, Li X, Huang B, Ma S. Blocking mammalian
target of rapamycin (mTOR) improves neuropathic pain
evoked by spinal cord injury. Transl Neurosci 2016; 7:
50-55.



