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LleHTpanbHble U NepudepuiecKkme MexaHnm3mMbl MO-ONMMOUAHOM
aHabre3avn U ToNIepaHTHOCTH

0. A. HOJIECHMHOB
MepuvumMHCKUI LeHTp «MeanuKym», I. TaNJIMHH, SCTOHUA

Ileab 0630pa — ananu3 QyHAAMEHTATBHBIX U KIMHUYECKUX MyOIuKaluii, Haliienubix B 6azax manubix Pubmed, MedLine, Web of Science. O6-
CY’KIIAIOTCST MEXaHU3MbI PETYJISIIIUI CHHTE3a U TPAHCIIOPTA MIO-OITMOUIHBIX PEIENTOPOB B MePBUYHOM ahGePEeHTHOM HEWPOHE U MOJIEKYISIPHbBIE
MEeXaHI3MBI, OTBETCTBEHHBIE 32 MO/YINPOBAHNE TPOBEAEHISI HOIUIENITHBHO HH(OpMaIn 3 nepudepun B CIUHHO MO3T. 1o TaHHBIM HEKOTO-
PBIX aBTOPOB, neprdepuuecknii KOMIOHEHT MOKeT cOCTaBISATh 50—-90% 0T CyMMapHOTro aHAIBreTU4ecKoro ahdeKrTa Mocie CUHCTEMHOTO BBEICHHSI
MopduHa 1 MeTazoHa. O6CYKIAETCS TaKKe POJTb IIMKOIPOTENHA- P, TPaHCIIOPTHO# CUCTEMbI TeMaTOIHI[eDATIIECKOT0 6apbepa B MOLYIHPOBAHUI
neprdepnIecKoro KOMIIOHEHTa aHATbTeTHIECKOTO 3 derTa MOpGhUHA 1 CHHEPTUCTIHIECKOTO B3ANMOIEHCTBIST MEXKIY IIEHTPATBHBIME 1 Treprde-
pPUYECKUMU PerienTtopaMu. Pe3ysbraTsl psajga uccienoBaHuil yoeanTebHO YKa3bIBAIOT Ha KJIIOUYEBYIO POJIb MepUBEPUUECKIX MIO-PEIENTOPOB B
Pa3BHUTHH TOJIEPAHTHOCTH K aHATbreTHdeckoMy 3deKTy MopduHa Mocie CUCTEMHOTO er0 BBEJIEHNSL. B MEXaHM3MbI OIIMOKMITHOTO TIPUBBIKAHIS TAKIKE
BOBJIEUEHBI MIepu(epuYecKre aHTHOION/HbIE, IPOHONUIIENTHBHBIE crcTeMbl — NMDA-perenTopsl. ITH skKe MeXaHU3Mbl BOBJIEUEHDI B OIEPKa-
HIU€ TUNIEPAJIbre3ur U AJIOAUHUE TTeprdeprIecKoro reHesa. Takxke 00CyKAaeTcst CO3MaHne aHAIbIeTHIECKUX MTPENapaToB, BO3AEHCTBYIONINX HA
nepudbepuyecKiie aHTHHOIUIIENTHBHbIE CHCTEMBI, KOTOPbIE OTKPHIBAIOT MHOTOOOEIIAIOIIYIO IEPCIEKTHBY B JIEUEHUH OCTPOU i XPOHUUYECKOU GOITH.

Knrouesvie cnosa: nepudepuueckiie Mio-perentopsl, neprdepndeckast anaiabre3nst, MOpQIH, MeTa/[0H, OTIMOUIHAST TOJEPAHTHOCTD, TOTTMKAI
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Central and peripheral mechanisms of mu-opioid analgesia and tolerance

YU. A. KOLESNIKOV
Medical Center Medicum, Pain Department, Tallinn, Estonia

Objective — An analysis of the basic science and clinical publications found in PubMed, Medline, and Web of Science. The search covered modern
laboratory and clinical mechanisms of peripheral mu opioid analgesia, the role of peripheral mu receptors in systemic analgesia and the development
of tolerance to the analgesic effect of opioids. The review discusses the regulatory mechanisms of synthesis and transport of mu-opioid receptors
in the primary afferent neurons and the molecular mechanisms responsible for modulating the conduction of nociceptive information from the
periphery to the spinal cord. According to some authors, the peripheral component can account for 50-90% of the total analgesic effect after the
systemic administration of morphine and methadone. The review reports on the important role of glycoprotein-P and the blood-brain barrier
transport system in modulating the peripheral component of the analgesic effect of morphine as well as the synergistic interaction between central
and peripheral mu receptors. The results of the reviewed studies convincingly show the key role of peripheral mu receptors in the development of
tolerance to the analgesic effect of morphine after its systemic administration. The mechanisms of opioid tolerance also involve peripheral anti-opioid,
pronociceptive systems such as NMDA receptors. It is well known that the same mechanisms are involved in maintaining peripheral hyperalgesia
and allodynia. The development of analgesic drugs that act on peripheral antinociceptive systems offers a promising perspective on the possible
treatment of acute and chronic pain.
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Jlokanu3saiusi MIO-OIMHOU/THBIX PEIENTOPOB B Ie-
pudepuueckom adpdepentHom Heiipone. Ob1EH3-
BECTHO, 4TO O0OJIeBasT PEAKIINSI TeHEPUPYETCS Ha YPOBHE
nepudepuyecKux HOIUIETTOPOB (UyBCTBUTEIHHBIX
HEPBHBIX OKOHYAHUI ), HA3bIBAEMBIX TPAHCIBIOCEPAMU,
KOTOPbIE JIOKAJTU3YIOTCSI HA MUEJUHOBBIX A-Jle/ibTa- 1
HEMUEJTNHOBBIX MOJUMOAaabHbIX C-BosiokHaxX. B pe-
3yJibraTe (PU3NUYECKOTO UK XUMIYECKOTO BO3IEMCTBUS
HA 9TH PEIENTOPDI U UX MOCJIELYIONIETO BO30Y K IEHNUS
Y HAYUHAETCS [IPOIIECC MePelaun HOIUIIENITUBHON UH-
dopmaruu B Mo3T. HaumHas ¢ omipesiesieHHON CHJTBI pa3-
ApaxkeHus 60JeBol curHail, 6arogapst 00pa3soBaHIIO
MeIUaToOPOB ¥ OHOJOTMYECKM aKTHUBHBIM BElIeCTBaM
(cy6eraniuu P, rryramaty, ructaMuty, GpaiiKuHIHY
U JIPYTHM ), BEIpaOaThiBa€MbIM KJIETKAMU SIIHIEPMUCA
Y CaMUMHM HEPBHBIMU OKOHYAHUSIMU, ITPe0OpasyeTcs B
AJIEKTPUYECKU T UMITYJIbC YePE3 AKTUBAIUIO HATPUEBBIX
1 KQJIBIIMEBBIX KAaHAJIOB B HEPBHBIX OKOHYaHUSAX [1, 6,
14, 45]. Onuon/HbIe PelenTopbl TAKKe JTOKAIU3YIOT-
cs1 Ha nepudeprIecKNX OKOHYAHUIX — HA TOHKOMUeE-

Localization of mu-opioid receptors in a periph-
eral afferent neuron. It is well established that a pain
response is generated at the level of peripheral nocicep-
tors (sensory nerve endings) called transducers, which
are localized on myelinated A delta and unmyelinated
polymodal C fibers. As a result of physical or chemical
action on these receptors and their subsequent excita-
tion, the transmission of nociceptive information to the
brain begins. Beginning with a certain irritation force,
a pain signal due to special transmitters-mediators,
biologically active substances (substances P, gluta-
mate, histamine, bradykinin, and others), produced
by epidermal cells and the nerve endings themselves,
are converted into an electrical impulse due to the ac-
tivation of sodium and calcium channels in the intra-
dermal nerve endings [1, 6, 14, 45]. In return, opioid
receptors are also localized at the peripheral nerve
endings — on the same thin myelinated A delta, and
mainly on unmyelinated intracutaneous C axons, and
the corresponding peripheral neurons of dorsal root
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JINHOBBIX A-JIeJIbTa ¥ B OCHOBHOM HAa HEMUEJMHOBBIX
KOKHBIX C-CEeHCOPHBIX BOJIOKHAX M COOTBETCTBYIONINX
nmepudeprueckux HeHpoHaX 3aJHUX TaHTani [3, 5,
16, 42]. VIMMyHOTHCTOXMMUYECKHE UCCTIeIOBAHNS TIPO-
JIEMOHCTPUPOBAJIN, YTO OK0JIO 60% HEMUETMHU3UPO-
BAaHHBIX HEPBHBIX OKOHYAHNI CO/IEPKAT MIO- U JIeJIbTa-
ommmounHbIe perentopsr |8, 53]. 3a mocrexune 20 et
MHTEHCUBHBIX UCCJIEJI0BAHUI TIOJIyU4EHbI PE3YJIbTATHI,
TTO3BOJISAIONTNE UMETD JOBOJIHBHO YeTKOE TOHNMaHWe
TOTO, T/le TOYHO JIOKQJIN3yeTCs U KaK (DyHKIIMOHNUPYET
MIO-OTIMOUAHAS CUCTeMA B TIepBUIHOM adepeHTHOM
HelipoHe. M1o-perienTopsl CHHTE3UPYIOTCS B OCHOBHOM
B TaK HA3bIBAEMBIX MENTH/I0CO/IEPKAIMNX TTepudepn-
YecKMX HeHpoHax, M 3aTeM OHU TPAHCIOPTUPYIOTCS
BMmecte ¢ ”PHK B nienTpasbable akCOHBI B CHUHHOM
MO3Te, T7le MHKOPIIOPUPYIOTCA B MPeCHHANITHYECKHe
MeMOpaHbl. Tak&Ke PerenTopbl TPAHCTIOPTUPYIOTCS B
nepudepruvecKrie HePBHBIE OKOHYAHUS KOXKH [45, 47]
rjie OHU q)yHKuI/IOHaJIbHo CBSI3aHbI C G ,-CUTHAJIbHOM
cucrtemoii [6]. B mepudepuyeckoit TKaHI/I yeJioBeKa 06-
HapY’KEHbI MIO-OTTMOU/IHBIE PEIETITOPHI B PA3JIUUHBIX
CJI0AX KOKM HUKHUX U BEPXHUX KOHEUHOCTEH, B KOKe
suna. [Toarumsl mio-onmmonHeIx perenrtopos (MOP-1
n MOP-1A) onpeznenensl Ha HEPBHBIX OKOHYAHUAX
GOJIBIIKX M CPEIHUX BOJIOKOH, COAEPIKAIINX CXOKUN
¢ xkampiuronnaom 6enok (CGRP) u cyberanmmio P
[43, 44, 46, 48]. B mabopaTOpHBIX SKCIIEPUMEHTAX
obHapy:kenbl MOP-1-penenropsl Ha MeMOpaHe ak-
COHOB Ce/IAJINIIHOTO HEePBA KPBIC, U B 3JIEKTPODU3H-
OJIOTMYECKUX MCCIIEeIOBAHNIX MPOJEMOHCTPHPOBAHA
X QYHKIIMOHAJbHASI aKTUBHOCTH. MIO-OTTMOMIHBIT
nentun DAMGO BbI3bIBaT 10303aBUCUMBIN I HATIOK-
coroOparumbIit a(hheKT B yMEHBIIIEHIH BBICBOOOKTe-
Hust 6esika, otHocserocst k kamprutonuny (CGRP),
mocJe Aenoagpusanuu nepudepudeckoro Hepsa [33].

Takum 06pazom, B iepBuaHOM adhepeHTHOM HEelpo-
HE CUHTE3UPYIOTCS U TPAHCTIOPTUPYIOTCS B IIEHTPAIb-
Hble U Tepudepudeckne akKCOHB (PYHKITMOHATBHO
AKTUBHbBIE MIO-OIUO/HBIE PEIENTOPbI, KOTOPbIE TIPU-
HUMAIOT yJ9acTre B MOIYJTMPOBAHUN TTPOBEJCHUSA HO-
IUIETITUBHON MH(bOPMaIny 13 nepudepnn B CHTHHON
MO3T.

Mexanusmsl geiictBusa Mio-onuon1oB. Ha yposue
nepudepuiecKux HeHPOHOB U HEPBHBIX OKOHIAHUMA
MOP(UH MOJYJIUPYET AKTUBHOCTH B OCHOBHOM JIBYX
noaTunos Banuaonaubix (TRPM,, TRPM,) penen-
TOPOB, PACIOJOXEHHBIX Ha TeX ke BHYTPUKOKHBIX
AKCOHAX, YTO U MIO-PEIENTOPDI, U KOTOPbIe BO30Y:KIa-
1oTcst ipu mHTeHCUBHOM (6osiee 50°C) TepMIYECKOM
ctumyaupoBanun Koxu [11]. AxtuBanna TRPM-pe-
[ENTOPOB HA HEPBHBIX OKOHUAHUSIX KOXKHU IIPUBOIUT
K BBICBOOOK/IEHHIO TIPOBOCTIATIUTEILHOTO U TIPOHOITH-
nerusHoro nentuga (CGRP) u k yBemmuenno notoxa
Ca*™ BHyTpb nepudeprdecKux HeHPOHOB 1 aKCOHOB [ 11].
Jnekrpodusnosornueckue uccaenoBans (patch clamp
technique) Ha nepudepryecknx HelfpoOHAX EPBUYHON
KYJIBTYPBI IOKA3aJI1, YTO MOTOK KaJIbIIH Yepe3 KaHaJIbI
y’Ke 4epe3 HECKOJIbKO CeKYHJI Pe3KO YMeHbIIaeTcs T10-
CJIe aKTUBAI[MN MIO-OITMOM/IHBIX PEIerTOPOB U ocJie-
IyTOTIel aKTUBAIIAN G0 /i-CI/IFHa,JIbHOfl cuctemsl [19, 33].
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ganglia (DRG) [3, 5, 16, 42]. Immunohistochemical
studies have shown that about 60% of unmyelinated
nerve endings contain mu- and delta-opioid receptors
[8, 53]. Over the past 20 years of intensive research,
results have been obtained that allow a fairly clear un-
derstanding of where exactly the mu-opioid system
is located in the primary afferent neuron. Mu-opioid
receptors are synthesized mainly in the so-called pep-
tide-containing peripheral neurons, and then they are
transported together with mRNA to the central axons
in the spinal cord where they are incorporated into
presynaptic membranes. Mu-opioid receptors are also
transported to the peripheral nerve endings of the skin
[45, 47], where they are functionally associated with
the G, , signaling system [6]. In human skin, mu-opioid
receptors are found in the epidermis of the lower and
upper extremities and in the face and the skin. Dif-
ferent subtypes of mu-opioid receptors (MOR-1 and
MOR-1A) are detected at the nerve endings of small
and medium fibers containing protein similar to calcito-
nin (CGRP) and substance P [43, 44, 46, 48]. In labora-
tory experiments, MOR-1 receptors are found on the
axon membrane of the sciatic nerve of rats, and their
functional activity has been demonstrated in electro-
physiological studies. The mu-opioid peptide DAMGO
causes a dose-dependent and naloxone reversible ef-
fect in decreasing the release of calcitonin-related
protein (CGRP) after depolarization of the peripheral
nerve [33].

Thus, mu-opioid receptors are synthesized and then
transported into the central and peripheral axons in the
primary afferent neuron where receptors are involved
in modulating conduction of nociceptive information
from the periphery to the spinal cord.

Mechanisms of action of mu-opioids. At the level
of peripheral neurons and nerve endings, morphine
modulates the activity of basically two subtypes of
vanilloid (TRPM,, TRPM,) receptors located on
the same intradermal axons as mu-opioid receptors.
TRPM, and TRPM, vanilloid receptors are excited
by intense (more than 50°C) thermal stimulation of
the skin [11]. Activation of TRPM receptors at the
nerve endings of the skin leads to the release of the
proinflammatory and pronociceptive peptide, calcito-
nin gene-related peptide (CGRP), and to an increase
in Ca** flux into the peripheral neurons and axons [11].
Electrophysiological studies (patch clamp technique)
on the peripheral neurons of the primary culture have
demonstrated that the flow of calcium through the
channels decreases sharply in the several seconds after
the activation of mu-opioid receptors and subsequent
activation of the G, signaling system [19, 33]. After
the administration of naloxone into the culture, the
flow of calcium is restored. In this study, the authors
most likely identified and investigated the basic molec-
ular mechanism of the peripheral action of mu-opioid
agonists, after their binding to receptors located on
the nerve endings of the skin and on the membranes
of the peripheral neurons. After systemic (intravenous,
intramuscular, subcutaneous, oral) administration of
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[Tpu BBeeHNN HANTOKCOHA B KYJIBTYPY MOTOK KAJBITHS
BOCCTAHABJIUBAETCSI. ITUMH aBTOPAMU € OOJIBIION
BEpPOSITHOCTHIO UAEHTU(PUIINPOBAH U UCCIETOBAH MO-
JIEKYISIPHBIN MeXaHU3M TepuhepudecKkoro aeiCTBUS
MIO-aTOHUCTOB TIOCJIE UX CBSI3BIBAHUS C PEIETITOPAMH,
HaXOJATUMUCS Ha HEPBHBIX OKOHYAHMSAX KOKU U HA
MeMOpaHax rnepuepruueckux HeiipoHos [33].

[Tocsne cuctemHOTO (BHYTPUBEHHOTO, BHYTPUMBI-
MIEYHOTO, TTOJIKOKHOTO, epOPaJIbHOTO) BBEIEHUS
MOp®dUHA U eTO AaHATOTOB aKTUBUPYIOTCST MHOTOUNC-
JIEHHBbIE MIO-OTIMOU/IHbIE AaHTUHOIIUIIENITUBHBIE MeXa-
HU3MBI B IIEHTPAJTBHON U Tiepudeprieckoil HepBHOU
cucreme (puc.):

—— Tanamyc

CpegHui moar

—— MpogonroBartbid Mosr

A
D

CnuHOTANaMHHECHHIA TpaxT

®

S
HepBHbIE OHOHYaHWA

~——— CNHHHOW MO3r

Puc. [[enmpanvhsie u nepugepuueckue mecma Oeicmeus
mopuna (obvsicnenue 6 mexcme)

— Ha CyIPaciMHAJIbHOM YPOBHE TIOCJI€ CBSI3bIBAHUS
JIUTAHJIA C MIO-PETeNITOPAMU aKTUBUPYIOTCS W MOJTY -
JIUPYIOTCSI HUCXOJISATINE HOPANUHEe(PUH- U CEPOTO-
HUHCO/IEPJKAIIIe ITYTH B CTBOJIe Mo3ra (Mecta 3, 4 1 ),
KOTOPBIE BBICBOOOKIAIOT HOPAMUHE(DPUH, BO3OYKAAIOT
asbha-aIpeHOPETeNTOPhl UHTEPHEHPOHOB TIEPBOTO U
BTOPOTO CJIOEB 33IHUX POTOB CTUHHOTO MO3Ta, BBICBO-
6o IAONINE B CBOIO 0Uepeib GeTa-aHI0PPUHDL U IH-
KedhaTuHbI, KOTOPbIE, BO3/IENICTBYS Ha MIO-PEIIeTITOPbI
BTOPUYHBIX HeI(/)IpOHOBy BbI3bIBAIOT UX T'UIIEPIIOJAPU-
3aIUIo U 3aMe]JieHue TTPOBeleHNs HOIUIENTUBHON
urdopmarun 38, 50, 54, 56];

— Ha CIIMHAJIbHOM YPOBHE€ aKTUBaAllUA ITPECUHAIITU-
YeCKUX MIO-PEelenTOpPOB yMeHbImaeT moTok Ca™ B
MPECUHANITHIECKIE OKOHYAHUS, MOJLYIUPYsI BBICBOOO-
JKIEHME TyTaMaTa u cyoctaHiuu P, pensiTcTByst TeM
CaMBIM TIOCJIEIYIONIEN aKTUBAITNY HEHPOKUHUHOBBIX 1
NMDA-pelienTopoB — MOITHOU MTPOHOIATIENITUBHON
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morphine and its analogs, numerous mu-opioid an-
ti-nociceptive mechanisms are activated in the central
and peripheral nervous system (Fig.):

~— Thalamus

Midbrain

—— Medulla

A
D

Spinothalamic tract

®

nerve endings

—— Spinal cord

Fig. Central and peripheral sites of the morphine
analgesia

- at the supraspinal level, after ligand binding to
mu-receptors, the descending norepinephrine and sero-
tonin containing pathways in the brain stem (midbrain
and medulla, Fig,, sites 3, 4, 5) are activated. This leads
to norepinephrine release from locus coeruleus (LC)
and nucleus raphe Magnus (NRM) and with subse-
quent excitation of the alpha, adrenergic receptors
of interneurons in the first and second layers of the
dorsal horns of the spinal cord. In turn, interneurons
release beta-endorphins and enkephalins which act
on mu-receptors of secondary neurons causing their
hyperpolarization and a slowdown of nociceptive in-
formation [38, 50, 54, 56];

- at the spinal level, activation of presynaptic mu-re-
ceptors reduces the flow of Ca** into the presynaptic
terminals modulating the release of glutamate and sub-
stance P, thereby preventing the subsequent activa-
tion of neurokinin and NMDA-receptors — a powerful
pronociceptive system (Fig., sites 1 and 2). Activation
of mu-opioid receptors on postsynaptic membranes
leads to increased potassium flux and hyperpolariza-
tion of projection neurons of the dorsal horns of the
spinal cord, and to a slowdown in nociceptive impulses
[13, 21, 34, 55];

- at the peripheral level of the nervous system, activa-
tion of functional mu-opioid receptors in the nerve end-
ings (Fig,, site 6) reduces the intra-axonal calcium flow
and, as a result, the depolarization of the membrane
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cuctembl (Mecta 1 1 2). AKTUBAIKS TOCTCUHATITUIECKUX
MIO-PEIEeNTOPOB IIPUBOAUT K yBesmnyeHnto K'-notoka
TUTIEPTIOIAPU3AINH TPOEKIITNOHHBIX HEHPOHOB 33THIX
POTOB CIMHHOTO MO3Ta, a TaKXe 3aMe/[JIEHUIO TTpoBe-
JIEHUsT HOTIMIIETITUBHOM Mty ibcartnu [13, 21, 34, 55];

— Ha nepudepuyeckoM ypoBHe HEPBHON CUCTEMBI
akTUBaNug (QYHKIMOHAJIBHBIX MIO-ONMOUIHBIX pe-
IENTOPOB B HEPBHBIX OKOHYAHUAX (MeCTO 6) CHIKAeT
BHYTPHUKJIETOYHBIN TIOTOK KaJIbITUA U, KaK CJIE/CTBUE
9TOTO, YMEHBINAIOTCS ETOJSIPU3AUAST MEMOPAHBI U
BBICBOOOKIeHMe cyOeTaniuu P u riyTamara Ha mpe-
CUHANITHYECKOM YPOBHE 33/IHMX POTOB CIIMHHOTO MO3-
ra. Ha ypoBHe Helipona u nepudeprudecKnx akCOHOB
yMenbinaorces BoicBoOokaenue menrtuga CGRP us
HEPBHBIX OKOHYAHUH KOKU 1 BHYTPUKJIETOUHBINA TOTOK
Kanmbius [4, 33, 42, 49, 52]. BoszeiictBys Ha pasmbie
MeCTa-MUIIEeHH, MIO-OTTION/IbI, TEM CaMBIM B3aMHO U
MHOTOKPATHO YCUJIMBAIOT MEXaHN3MbBI MOJTYIMPOBAHUS
MTPOBEIEHNS HOIUIIENITUBHON NH(MOPMAIuy Kak B ad-
(epeHTHOM TEPBUIHOM HENPOHE, TaK U B IIEHTPATHLHBIX
CTPYKTYpax.

[Ipm amanm3se Bcex BbINIEYKA3aHHBIX MEXaHU3MOB,
OTBETCTBEHHBIX 32 YMeHbIeHne GOJIEBON NMITYIbCa-
ITUH TIOCJIE BBEJIEHWS MIO-OTTHOW/I0B, BO3HUKAET BOITPOC,
a KaKyIo JTOJII0 COCTaBJigeT nepudepundecKnii KOMITO-
HEHT B CYMMapHOM aHaIbreTueckoM addexre? OTBe-
THTB Ha 3TOT BOIIPOC CTAJI0 BO3MOKHO MTOCJI€ CHHTE31-
poBaHUs TepudepudecKn AeMCTBYIONIETO AHTAaTOHUCTA
pereniTopoB: HamokcoHa MeTnoauaa [12]. Ilo nanubm
JITEPATyPHl, TTOCTE CUCTEMHOTO BBefleHUS MOphu-
Ha epudepuIecKnii KOMITOHEHT MOJKET COCTaBJIATh
50-60% oT cyMMapHOTo aHAJIbreTu4IecKoro addexra.
Tak, 60J1b y MbIIIIeii, BbI3BaHHAsT BHY TPUOPIOTTMHHBIM
BBeJIEHNEM YKCYCHON KHCJIOTHI, TIOJTHOCTHIO OJIOKHU-
pyeTcs cuCTeMHBIM BBeneHHeM Mopduna. Hamokcon
METHON, TIeprhepIYeCKH IeHCTBYTONTII AaHTaTOHNCT
MIO-PEIENITOPOB, YMEHbINa Ha 57 % aHATbre THIECKU
addext MopduHa B 9T0it Mogesnn 6o U Ha 50% npu
TEPMUYECKOM CTUMYJINPOBAHWH KUBOTHBIX, 2 HATOK-
con ymenbimalt a¢dert na 100% B 06enx Momensax
6osn [29]. U ato He yauBuTenbHO, 60 0OpasoBaHie
HOITUTIETITUBHOTO MIMITYJIbCA, AETOJSIPU3ANI MEM-
GpaHbI TPAHCABIOCEPA, TPAHCMUCCHST HOIUTIETTUBHON
nHGpOPMAIUN 1 ee Tiepeiada Ha BTOPUYHbIE HEHPOHBI
CITMHHOTO MO3Ta OCYTIECTBJISIIOTCS TIepBUIHBIM adde-
peHTHBIM HelipoHoM. Kakas yacTs BHyTpH epuepn-
yeckoro komronenTa (apdepeHTHOro HelipoHa) 6oJee
BCETO OTBETCTBEHHA 32 aHAJIbTeTHYeCKUH aheKT, moKa
He U3BECTHO.

B npyrux mabopaToOpHBIX SKCHEPUMEHTAX HAKOK-
Hoe (TOTMKAJ) BBe/IeHNE OMUOM/IOB BBI3BIBATIO CHJIb-
HYIO aHaJIbTe3Uio TTPU TEPMUYECKOM CTUMYJINPOBA-
HUW KOXU KMBOTHBIX M CHJIA IEHCTBUS TECTUPYEMBIX
onuonzioB, ux I/, 3HauMTENBHO BapbrpoBaia. Tak,
€CJIU TIPUHSATH 32 eIUHUITY CUITy AelcTBUSA MopduHa
(91, 6,1 Mmom), TO APyTHE ONMOUIBI, TECTUPYEMbIE
B 9TUX 9KCIMEPUMEHTAX, TEMOHCTPUPOBAIN GOJIBIITYIO
addexTuBHOCTH: MeTazon — 1,23 (31, 5,1 mmou), y-
nperopdun — 7,5 (3/1,, 1,1 mmom). Iloce moaxoxHo-
IO BBEJIEHUS OIMOUIOB MBIIIIAM UX CHUJIA IeHCTBUS 110
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decreases and the release of substance P and glutamate
at the presynaptic level of the dorsal horns of the spinal
cord decreases. At the level of the neuron and periph-
eral axons, the release of the CGRP peptide from nerve
endings of the skin and the intracellular calcium flow
are reduced [4, 33, 42, 52].

Thus, acting on different target sites (Fig.), mu-opi-
oids mutually and repeatedly enhance modulation of
nociceptive information in the afferent primary neuron
and in the central structures.

When analyzing all of the above mechanisms re-
sponsible for the reduction of pain impulses after the
administration of systemic of mu-opioids, the ques-
tion arises, what is the share of the peripheral compo-
nent in the total analgesic effect? This question can
be answered due to synthesizing a peripherally acting
receptor antagonist, i.e., naloxone methiodide [12].
According to published data, after systemic adminis-
tration of morphine, the peripheral component can be
50-60% of the total analgesic effect. So, pain in mice
caused by intraperitoneal administration of acetic
acid is completely blocked by systemic administra-
tion of morphine. Naloxone methiodide, a peripherally
acting mu-receptor antagonist, reduced the analge-
sic effect of morphine in this pain model by 57% and
50% in thermal tail-flick test, and naloxone reduced
the effect by 100% in both pain models [29]. This is
not surprising since the formation of a nociceptive
impulse, depolarization of the transducer membrane,
the transmission of nociceptive information to the
secondary neurons of the spinal cord are carried out
by the primary afferent neuron. It is not fully clear
what part inside the peripheral afferent neuron is most
responsible for the analgesic effect.

In other laboratory experiments, the topical admin-
istration of opioids caused strong analgesia in the ther-
mal tail-flick test, and the potency of the tested opioids
varied significantly. So, if we take morphine potency
for 1, then other opioids are ranked as follows: metha-
done — 1.23, buprenorphine — 7.5. After the systemic
administration of opioids, their potency of action in
relation to morphine has changed: meperidine — 0.1 and
buprenorphine — 30 [25, 26, 28]. It is interesting that
morphine and methadone demonstrate equal analgesic
efficacy regardless of systemic or local administration.
As shown in studies by L.He et al. (2009), methadone
administered systemically caused analgesia in labo-
ratory animals after the thermal tail-flick test mainly
through peripheral mu-opioid receptors. Methadone
ED,, was comparable to morphine ED, after systemic
administration, and the analgesic effect of the drugs
completely disappeared after the preliminary admin-
istration of naloxone methiodide [18]. However, after
intracerebral or intrathecal administration of opioids,
methadone did not cause analgesia in either mice or
rats, unlike morphine, which showed a powerful an-
algesic effect [18]. These intriguing data convincingly
demonstrate the presence of the sole peripheral com-
ponent in methadone analgesia after its systemic ad-
ministration in laboratory animals. Whether there is a
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oTHOMmeHuI0 K Mopduny (/1. 5,4 MI/Kr) MeHsIach B
ocroBHOM y Oynpenopduna (I/,, 0,18 mr/kr) u me-
nepuauna (0,54 mr/kr) [25, 26, 28]. UnTtepecHo, uyTo
MOP(MUH U METAJIOH, B HE3aBUCUMOCTHU OT CUCTEMHOTO
WJIU JIOKQJILHOTO BBE/IEHUS ITPerapaToB, IEMOHCTPUDY-
10T PaBHYIO TI0 CUJIE AaHATBIeTUIECKYI0 3(h(heKTUBHOCTD.
Kak 6b110 mokasano B uccienoanusx L. He et al.
(2009), meTamoH, BBOAUMBIN CUCTEMHO, BBI3BIBAJ
AHAJIBTE3UI0 Y JTAOOPATOPHBIX JKUBOTHBIX MOCTIE TEP-
MUYECKOTO CTUMYJNPOBAHUS NCKIIOUYNTEIBbHO Yepes
nepudepruueckre MO-OMMOUAHBIE perenTopsl [18].
91, metaziona Gblna conocrasuma ¢ I/l Mopduna
OCJIe CHCTEMHOTO BBEIEHHSI OTIMOMIOB, U 06e300/1MBa-
o1t a(hdexT mpernapaToB MOJTHOCTHIO MCUE3aTT TIOCTIe
MIpe/IBapUTETHHOTO BBE/IEHNS HAJIOKCOHA METHOIN/IA.
[Tocsie BHYTpuUIlepeOPATHHOTO MM HHTPATEKATLHOTO
BBe/ICHWS OTIMONIOB META/IOH He BbI3bIBAJ AHAJIbTe3UN
HU y MBIIIeH, HY y KPBIC, B OTJINYHE OT MOp(duHa, KO-
TOPBIN JEMOHCTPUPOBAJ MOIIHBIN aHATbIeTHIECKUI
ahdexT. ITH MHTPUTYIOIIKE TaHHbIE YOeUTETHHO
JEMOHCTPHUPYIOT HAJN4YNE MUCKIIOUYNTENHHO nepude-
PUYECKOTO KOMITOHEHTA B aHAJIbTe3UH METa/I0HA TT0CIe
€r0 CHCTEMHOTO BBEJIEHISI Y TaOOPATOPHBIX JKIMBOTHBIX.
CymiecTByeT Jin oAOOHBIN MEXaHU3M JIEHCTBUS MeTa-
MIOHA Y JIIOJIEN, OCTAETCST HEM3BECTHBIM.

Mopdun BbI3BIBaET aHAIBIE3UIO, AEHCTBYS Ha 11€H-
TpaJIbHBIE U TTepripepruaecKre MIO-PeTenITOPBI, KOTOpas
TaKXe pPeryJIupyeTcs Ha CUCTEMHOM YPOBHE C TTOMO-
1pI0 6eTKOBOTO KoMIutekca P-rimkonporenna (Pgp,
ABCB1-6e10K) — MOIIHOI TPAHCTIOPTHOU CHCTEMBI
[2, 10]. Besmok-TpancmopTep aKCIIpecCUpyeTcs B 9HIO-
TEJIMSIX TeMaTOdHIIe(aTnIecKoro Hapbepa 1 y4acTBy-
€T B 3alIUTe OPTaHn3Ma OT TTOTEHI[NATbHO TOKCUYHBIX
MPENapaToB, UX MeTaOOJIUTOB U HK30TEHHBIX BEMIECTB.
Cunres u pacmpezesnenne Pgp Spko BEIpasKeHO B OTTy-
XOJIEBBIX TKAHSX, YTO SBJISIETCS OMHOH N3 TPUYNH Pa3-
BUTHUS UX MHOKECTBEHHOU JIEKAPCTBEHHON YCTONYU-
BoctHu [9]. B mo3re Pgp cunTe3upyeTcss B OTPOMHOM
KOJIMYECTBE B 9HOTETMSAX MO3TOBBIX COCY/IOB I XOPHU-
OWTHOM CIIJIETEHNH JKeTyI0IKOB Mo3ra [9]. Beisasieno,
gyT0 Pgp adhpexTnBHO ynansger MHOTHE CHHTETUYECKHE
OINMOU/IBI U OTIMOUAHBIE MENTH/IBI U3 MO3Ta 0OPATHO
B cucTeMHBbIT KpoBOTOK [23]. Tak, 6ioKkaza cuHTE3a
Oeska-TpaHCIopTepa Mocje XPOHUIECKOTO BHYTPH-
11epe6paIbHOTO BBEICHUSI aHTHUCEHCA, PA3PYIIAIOIIETO
uPHK Pgp, na 90% ymenbmaer adiiioke pagmoax-
TUBHOTO OeTa-sHpopduHa 1 Ha 60% paginoaKTHBHOTO
Mop(puHa 13 MO3Ta B CHCTEeMHBIN KPOoBOTOK [23]. Ilpn
OI[eHKE aHATBTE3NN Y ITUX KUBOTHBIX OOHAPYKEHO
peskoe cHImKeHne 3(PHEKTUBHOCTU IIEHTPAIBHO BBO-
aumoro Mopduna u sunopduna. Tak, I/, moppuna
nocJjie uHTpanepedpaabHOro BeegeHus ObLia 2,4 MKT
y HaUBHBIX KUBOTHBIX U 28,4 MKT B TpyIIIe KUBOT-
HBIX C MMOHWMKEHHOU (GyHKIMEH GesKa-TpaHCcIopTe-
pa. [Ipu cucremHom BBeneHUU MOP(MUHA KUBOTHBIM
¢ NOHMKEHHOH (DyHKIMeN Geska-TpaHCcopTepa ero
/1, yBemunBaiach HouTu B 5 pas: ¢ 4,6 10 0,99 mr/xr,
a MPOAOJIKUTENBHOCTD aHaJbreTudyeckoro adpdex-
Ta — B 2 pa3a. DT U3MEHEHUS B JIeICTBUM TIpeTapaTa
OOBSICHSIOTCST HapyTiieHneM (hyHKIIMOHUPOBaHMs GeJi-
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similar mechanism of action of methadone in humans
remains unknown.

Morphine causes analgesic effect by acting on the
central and peripheral mu-receptors, and this effect is
also modulated at the systemic level by the P-glycopro-
tein protein complex (Pgp), a powerful transport sys-
tem within the central and peripheral nervous systems
[2, 10]. The transporter protein is expressed in the en-
dothelium of the blood-brain barrier and is involved in
protecting the host from potentially toxic drugs, their
metabolites, and exogenous substances. The synthe-
sis and distribution of Pgp are pronounced in cancer
cells, which is one of the reasons for the development
of their multiple drug resistance [9]. In the brain, Pgp
is synthesized in large quantities in the endothelium
of the cerebral vessels and the choroid plexus of brain
ventricles [9]. P-glycoprotein was found to effectively
remove many synthetic opioids and opioid peptides
from the brain back into systemic circulation [23].
It was shown in laboratory experiments, that a block
of protein synthesis after chronic intracerebral admin-
istration of antisense, that destroyed Pgp mRNA, re-
duced the efflux of radioactive beta-endorphin by 90%,
and the efflux of radioactive morphine from the brain
into the systemic circulation by 60% [23]. When assess-
ing analgesia in those animals, a sharp decrease in the
effectiveness of centrally administered morphine and
endorphin was found. So, the ED_ of morphine after
intracerebral administration was 2.4 pug in naive ani-
mals and 28.4 pg in the group of animals with reduced
protein-transporter function. Systemic administration
of morphine to animals with reduced protein transport-
er function resulted in a nearly 5-fold increase of the
ED_, —from 4.6 mg/kg to 0.99 mg/kg, and the duration
of the analgesic effect was double [23]. These changes
in the action of the drug administered systemically are
explained by a disruption in P-glycoprotein function-
ing, which leads to a wider distribution of morphine
inside the central and peripheral nervous systems and,
as a consequence, increased analgesic effect and longer
duration. Topical administration of naltrexone to the
lower third of the tail of naive animals reduced the
analgesic effect of morphine by more than 4 times after
intracerebral administration of the opioid, and 10 times
in animals with the reduced functional activity of Pgp.
Topical naltrexone completely blocked the analgesic
effect of intracerebrally administered endorphin [23].
These studies have demonstrated the important role
of the Pgp transporter in modulating the peripheral
component of the morphine analgesic effect and the
synergistic interaction between central and peripheral
sites. Moreover, as has been demonstrated by some
authors, morphine is a strong substrate — inducer of
Pgp. Inductors are known to increase the synthesis
and activity of the transporter protein, which changes
the pharmacokinetics of the administered substrate
and reduces the drug effects that usually occur during
tolerance development [10, 23].

The role of peripheral inflammation and nerve
damage in the functioning of mu-receptors. During
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Ka-TPaHCIOPTEPa, YTO TPUBOIMIIO K GoJiee MIUPOKOMY
pacripenienennio MmopduHa (Iocjie CHCTEMHOTO eTO BBe-
NeHUs ) B TIEHTPATbHON U epudepryecKkoli HePBHOH
cucTeMe 1, KaK CJIe/ICTBHE 3TOTO0 TIPoliecca, K yCUIeHUIO
aHaJIbreTH4ecKoro adeKrTa u ero MpoA0JLKUTENHHO-
ctu. HakoskHoe (TOmUKaAT) BBeZleHUE HATTPEKCOHA B
HUZKHIOIO TPETh XBOCTA HAMBHBIX JKMBOTHBIX [TOHMKA-
JI0 aHasbreTuueckuii adekr Mmopduna Gosee yemM B
4 pasa mocJjie MHTpaiepeObpPaTbHOTO BBEIEHHS OTNO-
una u B 10 pa3 y JKUBOTHBIX ¢ MMOHWKEHHOU (DYHKITH-
OHAJIBHON aKkTuUBHOCTBIO Pgp. Tonmmkan HaaTpeKCcoOH
IIOJIHOCTBIO OJIOKMPOBAJ aHaabreTudeckuil agp@exr
BHYTpHIEepeOpasibHO BBOAUMOrO aHaophuHa [23].
ITH UCCIeIOBAHUS TTPOJIEMOHCTPUPOBAIN BAXKHYTO
poJib Pgp-Tpancrioprepa B MOLyIMPOBaHUY Hepude-
pUYeCKOTO KOMIIOHEHTA aHATbIeTHIeCcKOTO adhderTa
MOpGhUWHA ¥ CHHEPTUYECKOTO B3AaUMOIECTBUS MEXKTY
MEHTPAJbHBIMU U TiepudepriecKuMu Mectamu. bo-
Jiee TOTO, Kak OBLIO MMOKa3aHO HEKOTOPBIMU aBTOPAMH,
MOP(UH IBJIIETCS CUTBHBIM WHAYKTOpOM Pgp. HIyK-
TOPBI, KAK U3BECTHO, TOBBINIAIOT CHHTE3 U aKTUBHOCTD
Gesika-TpaHCIIOPTEPA, YTO MEHSIET (DAPMAKOKUHETUKY
PUMEHSIEMBIX TIPEMAapaTOB-CyOCTPATOB U CIIOCOOCTBY-
€T CHUKEHUIO 3G PeKTUBHOCTH IIPOBOMNMOTO JIEYEHUS
[10, 23].

Poub nepudepnyeckoro BocnajieHus 1 MOBPesK-
JIeHUsI HepBa B QYHKIIHOHMPOBAHUM MIO-PEIENTO-
poB. [Ipu BocriasieHnu CHHTE3 MIO-OTIMOU/IHBIX Peller-
TOPOB B HEWPOHAX 3a/IHUX FAHTJINEB YBEJIMUYNBAETCS,
M 3TOT TIPOIIECC, BKIIOYAS BPeMS TPAHCIOPTUPOBKH
0 aKcoHaM, cocTtaBsisgeT 24—48 4 [40]. B noxannamye-
CKUX MCCeOBAHNIX YCTAHOBJIEHO, YTO MTOBBITIIEHTIE
CUHTEe3a ONMUOUIHBIX PEIENTOPOB 3aBUCUT OT IIPO-
JOJKUTETbHOCTH BOCTIaJieHNs. Bblyto mokasaHo, 9To
MOBBIIIIEHNE CBSI3bIBAHUSI MIO-OIMOU/IOB C PEIEINTO-
pamu B eprepruuecKux HelipoHax 00yCIOBIEHO KakK
yBeTUYeHNeM YHCia HeWPOHOB, AKCIIPECCUPYIONTNX
3THU PEIENTOPDI, TAK U yBEJINYEHUEM UX KOJTUYECTBA B
HEeUPOHaX; IPU ITOM XUMUYECKOE CPOJICTBO OIMMOM/I-
HBIX aTOHUCTOB K PEIeNTOPaM OCTaBaJIOCh HEM3MEH-
ueiM [39]. Kpome Toro, G-6emkoBast CBSA3b ¢ OMMON]-
HBIMU PEIENTOPAaMU B HEUPOHAX YCUIMBAETCSI TOCJTIe
MPOAOKUTETBHOTO TTOIKOKHOTO BocTasenus [47].
KosinuecTBO MIO-pPEIENTOPOB HAa BHYTPUKOKHBIX
HEPBHBIX OKOHYAHUSIX TaKKe YBEJIUUMBAETCS BO
BpeMs MPOJOJIKUTENbHOTO BOCTAJeHUs, 4YTO, He-
COMHEHHO, UTPAeT PoJib B ycuyieHuu 3¢GGeKTUBHO-
CTU JIOKAJIbHO BBOJAMMBIX MOP(UHA U MIO-TIENTH/IA
DAMGO [46]. OTu noKJIMHUYECKHE AOKA3aTENh-
cTBa mepudepuIecKuX MeXaHN3MOB JIOKAJbHON MIO-
aHAJIbTE3UN ABUJINCH OCHOBAHWMEM [/ WCII0JIH30Ba-
HUS 3TOTO METO/1a B KIMHUKe. B KITMHNYeCKnX ncce-
JIOBAaHUSIX YCTaHOBJIEHO, YTO UHDbEKIUS 1 Mr MOpduHa
B KOJIEHHBIN CyCTaB TIOCJIe Y/aJeHUsI MCHUCKA /IaeT
BBIPAKEHHBIN MPOJIOJIKUTENbHBIN aHAJbIeTUIECKU I
adexT, comocTaBUMBIi ¢ 9¢hheKTOM TIOCIe BBEIEHUST
6ynuBakanta [22]. IIpr XpOHUYECKOM OCTEOAPTPHU-
Te MHTPAAPTUKYJISIPHO BBOAUMBIN MOP(MUH BbI3bIBAJ
MOTITHYIO ¥ TTPOJIOJIKUATEIBHYIO aHATBTE€3HI0, COTIOCTA-
BUMYIO ¢ iekcameTazonoM [31, 44].
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peripheral inflammation, the synthesis of new mu-opi-
oid receptors in the neurons of the dorsal root ganglia
and their axonal transport is increased [40]. Preclini-
cal studies found that increased synthesis of opioid
receptors depends on the duration of inflammation.
It has also been shown that an increase in binding of
mu-opioids to receptors in peripheral neurons is due
to both an increase in the number of neurons express-
ing those receptors and an increase in their number
within the neurons; the affinity of opioid agonists for
receptors remains unchanged [39]. In addition, the
G-protein binding with opioid receptors in neurons
is enhanced after prolonged subcutaneous inflamma-
tion [47]. The number of mu-receptors in intradermal
nerve endings also increases during prolonged inflam-
mation, which undoubtedly plays a role in enhanced
effectiveness of locally administered morphine and mu
peptide DAMGO [46]. These preclinical data make the
basis for this method to be used in clinical trials. And
clinical trials demonstrate that the injection of 1 mg of
morphine into the knee joint after removal of the me-
niscus provides a pronounced long-term analgesic effect
comparable to the effect of bupivacaine [22]. In chronic
osteoarthritis, intraarticularly administered morphine
causes powerful and prolonged analgesia comparable
to dexamethasone [31, 44].

Most studies of peripheral mechanisms have mainly
used models of peripheral inflammation, such as intro-
ducing a suspension of inactivated mycobacteria into
the peripheral tissues of animals. Mu-opioid analge-
sics are always effective in the inflammatory model of
pain in laboratory animals, compared with neuropathic
models where the results of opioid action are contra-
dictory. Numerous laboratory and clinical studies have
shown a significant decrease in the analgesic activity of
morphine and its analogs in neuropathic pain models.
The mechanisms of this phenomenon are not fully un-
derstood. Some authors believe that peripheral nerve
damage activates the pronociceptive and antinocicep-
tive system (glutamate receptors) in the postsynaptic
neurons of the spinal cord [7, 14], and cyclooxygenase
2 (COX-2) in the peripheral and central neurons [32].
Other authors attribute this to the decreased number
of mu-opioid receptors in the dorsal horns of the spi-
nal cord and with a disruption in their function [41].
In laboratory studies on neuropathic models, we found
that morphine ED, after systemic, intrathecal, and
topical administration of the drug is significantly shift-
ed to the right after damage to the peripheral nerve,
i.e., the potency of the analgesic action decreases [27].
As shown in immunohistochemical studies using con-
focal laser microscopy, an injury of the sciatic nerve
leads to a defense reaction in peripheral neurons — their
structural rearrangement, and the formation of patho-
logical foci of excitation in the epidermis and in the dor-
sal horns of the spinal cord which undoubtedly could
modulate the effectiveness of morphine analgesia [15].
A question arises: what happens in these neurons and
their peripheral intradermal axons with mu-opioid re-
ceptors — targets for opioid drugs?
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B GoJbimHCTBE MCCIeI0BaHUN, U3YYaIONIMX TTE€PU-
(hepuueckre MeXaHU3MbI, UCIIOJb30BAJIUCH B OCHOB-
HOM MOJieu Tiepudepuieckoro BoclaleHus, TaKue
KaK BBeJIEHUE CYCIIEH3UU NHAKTUBUPOBAHHBIX MUKPO-
GaxTepuii B nepudepuuecKue TKaHu JKUBOTHBIX. Ecimn
IPY BOCHAIUTENLHON Moes i GoJIN Y JTab0PaTOPHBIX
JKUBOTHBIX MIO-OIUOU/IHbIE AHAJIBIETUKHU [TOUTU BCET-
na 3¢ GeKTUBHBI, TO TPU HEBPOTATUIECKUX MOJIETISIX
pe3yJIbTaThl JEUCTBUS OMUOUIOB ITPOTUBOPEUYUBHI.
Muorumu J1abopaToOpHbIMU U KJIMHUYECKUMU UCCIIe-
JIOBAaHUAMHU MOKA3aHO 3HAYNTEJIbHOE YMEHbIIeHNE
aHAJbTeTUIECKON aKTUBHOCTA MOP(UHA U €T0 aHaJIO-
rOB IIPU HEBPOMATHYECKO# 6o, MexaHU3MbI 9TOTO
(peromena ne 70 KoHIA U3y4deHBI. OHU aBTOPHI CYU-
TaIOT, YTO MOBPEsKIAeHNE MeprudepuIecKuX HEPBOB aK-
TUBUPYET IPOHOIUIIETITUBHYIO U aHTUHOIUIIENITUBHYIO
cuctemy (riyTaMaTHbIEe PEIENTOPbI) B MOCTCUHATITH-
YeCKUX HeWPOHAX CIUHHOTO Mo3ra [7, 14] u MuKI00K-
curenasy 2 (IIOT-2) B mepnudepnuecknx u meHTpah-
HBIX HelipoHax [32]. [Ipyrue aBTOPHI 3TO CBA3BIBAIOT
C yMeHbIIIEHUEM KOJIMYECTBA MIO-OMUOUIHBIX Peller-
TOPOB B 3aJHUX POTaxX CIIMHHOTO MO3Ta W ¢ HapyIie-
HreM ux ¢yHknnonuposanus [41]. B mabopatopHbix
MCCTIeTOBAHUAX HA HEBPOIIATUYECKUX MOJIENISIX HAMU
obnapyxeno, uro J/I,; Mopduna mocie CHCTEMHOTO,
WHTPATEKATBbHOTO M HAKOXKHOTO (TOIUKAJ ) BBEIEHUSI
npernapara ObLIN 3HAYMTETbHO CBUHYThI BIIPABO Y K-
BOTHBIX TTOCJIE TTOBPEXKAEHUS Teprudepruieckoro HepBa,
T. €. CUJIa JIENCTBUS oIMonia yMeHbInanach [27]. Kak
OBLIIO MMOKA3aHO B MMMYHOTMCTOXUMHUYECKUX UCCIIe-
JIOBAaHUSX ¢ TPUMeHeHeM KOH(MOKATbHON JTa3epHOM
MHUKPOCKOTIMH, TPaBMa CeTAIUIITHOTO HepBa IPUBOINAIIA
K IJTAaCTUYECKOHN peaknuu B mepudepniecKkux HeHpo-
HaX: UX CTPYKTYPHOH mepecTpoiike u 0Opa3oBaHUIO
MATOJIOTHYECKUX 0YaroB BO30OYKIEHNS B IMUIEPMUCE
U B 33JIHUX POraX CIIMHHOTO MO3ra, 4YTO, HECOMHEHHO,
MOTJIO TIOBJUATh HAa 3(DHEKTUBHOCTH MEHCTBUS MOP-
¢dbuna [15]. Bo3Hukaer ecTecTBEHHbII BOIIPOC, a YTO
MIPOMCXOANT B 3TUX HEMPOHAX W NX TeprudepriecKnx
BHYTPUKOKHBIX aKCOHAX C MIO-OTTMOUIHBIMU PeIleTi-
TOpaMU — MUIIEHSIMU JIJISI OTTMOMIHBIX TTPENapaToB?

Bompoc o Tom, nHHEpBUpYyeETCA JI CaMBIi BEPXHUN
CJIOT KOJKY UJTH HET, 0OCYKIAJICS He OTHO JIECSITUTIETHE,
B TeueHNe KOTOPHIX IECATKU YIEHBIX M aHATOMOB JIOKa-
3bIBAJIH WUJIH OTPHIAJHU CYHIECTBOBaHUE OOJIEBBIX HEPB-
HBIX BOJIOKOH B anmuzepmuce [30]. Toabko mocse Toro,
KaK CTaJIi JOCTYITHBI [Jis TaOOPATOPHBIX U KIMHUYE-
CKUX HCCJIEI0OBAHIN aHTUTEJA K TPOAYKTY OETKOBOTO
rera 9.5 (protein gene product 9.5 — PGP 9.5), koro-
PBIi JTOKAIN3YeTCS NCKIIOYNTENbHO B HEPBHOH CHCTe-
Me, TTOSIBUIIACh BO3MOKHOCTD FICCJIEZIOBATh I HEPBHBIE
BosIoKHA KOk [51]. CoBpeMeHHbIe, TaK Ha3bIBaeMbIe
JIBOMHBIE UMMYHOTUCTOXUMHUYECKUE, UCCIIEJOBAHUS
1 KoH(bOKaTbHASA JTa3epHas MUKPOCKOIHS MTO3BOISAIOT
HE TOJBKO C BBICOKOH CTETEeHbIO PAa3peIeHus HAeHTH-
(putmposars nepudeprudeckre KICTKH WA HEHPOHBI
C pelenTopaMy WJIu MeAnaTOpaMU, HO W TTPOU3BECTH
UX KOJWYECTBEHHBIN aHAIN3. /[T 9TUX 1ejiell B 10-
nosiHeHue kK aHTuTenaM Kk PGP 9.5 ucronp3oBamch
CEeJIEKTUBHBIC AHTUTEJIA K PA3JIMYHBIM CTIJIaliC-BapuaH-
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The question of whether epidermis is innervated
or not has been discussed for decades [30]. It has be-
come possible to investigate this issue with great detail
when antibodies to protein gene product 9.5 (protein
gene product 9.5 — PGP 9.5), which was localized in
the nervous system only, became available for labora-
tory and clinical studies [51]. In xperiments addition
antibodies to PGP 9.5, selective antibodies to various
splice variants of mu-receptors, MOP-1, MOP-1C,
and MOP-1G were used. It was determined that in
peripheral afferent neurons, the proportion of immu-
noreactive neurons with MOR-1 and MOR-1C slightly
increased after sciatic nerve damage compared with the
control group, although these changes did not reach
a statistically significant difference. Thus, in small
and medium-size neurons with a diameter of < 30 um
MOR-1, stained cells accounted for approximately 55%
of the total number of counted ganglion neurons. After
the injury, the proportion of immunoreactive neurons
increased up to 64% [27]. In the skin of the hind paw
of the experimental animals, mu-opioid receptors were
mainly in the dermis, at the border with the epidermis,
and the number of stained intradermal nerve fibers
with receptors slightly reduced compared with the
control group [27]. Thus, experimental damage of the
peripheral nerve led to a compensatory reaction of the
mu-opioid system at the level of the dorsal horns of
the spinal cord, peripheral neurons, and intradermal
endings. A decrease of the mu-receptors in the I and
IT Rexed layers in the spinal cord was accompanied
by their insignificant, compensatory increase in the
medium and small neurons of the dorsal root ganglia,
and their decrease in the intradermal nerve endings,
possibly due to restriction of the axonal transport of
the receptors and also due to damaged peripheral end-
ings. These neuroplastic changes led to modulation of
the analgesic activity of morphine — the potency of the
analgesic effect decreased after systemic, spinal, and
local administration of the drug [27].

The role of peripheral mechanisms in opioid toler-
ance. The question: What level of the nervous system
does the development of opioid tolerance primarily oc-
cur: supraspinal, spinal, or peripheral? This is important
for the development of promising analgesic combina-
tions. Numerous laboratory studies have demonstrated
the effectiveness of systemically administered NMDA
receptor antagonists to prevent the development of
tolerance to the analgesic effect of mu-opioids as well
as the effectiveness of MK-801 in blocking tolerance
after spinal administration of morphine [20]. The re-
sults of our studies convincingly show the key role of
peripheral mu and NMDA receptors in the develop-
ment of tolerance to the analgesic effect of morphine
after its systemic administration. Thus, after systemic
administration of morphine for 4 days, the ED, of the
drug decreased by 2.3 times, and in other groups of the
animals that received morphine systemically after local
injection, the ED, decreased by 19 times. The central
sites remained sensitive to morphine, demonstrating no
tolerance development at supraspinal and spinal levels
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tam Mio-perienrtopoB, MOP-1, MOP-1C u MOP-1G.
[Ipu ncnonbp30BaHNU 3TUX TEXHOJOTUH OMpeesTeHo,
yT0 B iepucdeprudeckux ahdbepeHTHBIX HeITPOHAX 0TS
UMMYHOpeaKTUBHBIX HetipoHoB ¢ MOP-1 u MOP-1C
OblJTa HEMHOTO yBeJMYeHa MMocje MOBPEKACHUs ce-
MATUIHOTO HEpBa 1O CPAaBHEHWIO C KOHTPOJbHOMI
TPYNIION, XOTS 9TU Pa3auuusd HE TOCTUTIU CTaTHU-
CTUYECKN 3HAYMMOTO pasjudus. Tak, B HelpoHax ¢
nuamerpoM < 30 mkm MOP-1 okpamennbie KIeTKn
COCTABJISLIU NPUOIUUTEIBHO 55% OT 001Iero yncaa
MOZICYUTAHHBIX HepoHOB rauriaud. [locie TpaBMbI
JOJIS UMMYHOPEaKTUBHBIX HEHPOHOB OblIa yBeJye-
Ha 10 64% uepes 22 awsa moce oneparuu [27]. B koxke
3a/IHEH JIATTKH KUBOTHBIX OTTBITHON TPYIIIBI MIO-OTIHO-
WTHBIE PETIENTTOPHI HAXOAWINCH B OCHOBHOM B IEPMIUCE,
Ha TPaHUIlE C AMUIEPMUCOM, U KOTUIECTBO OKPAIleH-
HBIX BHYTPUKOKHBIX HEPBHBIX BOJIOKOH C PEIENTOPaMI
HEe3HAUYUTETHHO YMEHBITATIOCH IO CPAaBHEHUIO C KOH-
TpoJIbHOM rpynmoi [27].

Takum 00pa3oM, SKCIIEPUMEHTATBHOE TIOBPEKICHIE
neprhepruIecKoTo HePBa MPUBOANT K KOMITEHCATOPHOI
PeaKINU MIO-OTTHOWTHON CUCTEMBI Ha YPOBHE 3aTHUX
POTOB CITUHHOTO MO3Ta, epudepruiecKux HeTPOHOB
U BHYTPUKOXHBIX OKOHUAHWUHN. YMeHbIIEHWE MIO-
pertenitopoB B [ 1 Bo 11 cosx Pekcena B ciuanoM Mo3Te
COTIPOBOKAANIOCh MX HE3HAUNUTETbHBIM KOMIIEHCATOP-
HBIM yBeJUYEHNEM B CPETHUX U MATEHPKIX HEUPOHAX
3aTHUX TAHTJINEB W yMEHBIIEHEM Ha BHYTPUKOKHBIX
HEPBHBIX OKOHYAHWSIX, BO3MOKHO, BCJIEAICTBIE OTPAHU-
YeHUST aKCOHAJTBHOTO TPAHCIIOPTA PEIIETITOPOB, a TAKKE
MOBPEKIEHNS TepuPePUIeCKUX OKOHUYAHWH. ITU Hel-
porIacTiecKre N3MEHEHWST OTPAKAINCh Ha aHATb-
TeTUYeCKON aKTUBHOCTU MOpGhUHA — CHUJIa IeHCTBUSI
OTIMOUIA YMEHbBIAIACh TTOCIEe CUCTEMHOTO, MHTPaTe-
KaJbHOTO U JIOKAJbHOTO BBEJIEHNA Tpemnapata [27].

Poub nepudepryeckux MeXaHU3MOB B OIIUOUTHOM
TOJIepaHTHOCTH. Bompoc, Ha KakoM ypOBHE HEPBHOM
CUCTEMBI: CYyIPaCIMHAIBHOM, CTUHAIBHOM WU TIEPH-
depraeckoM, TPOUCXOANT B TIEPBYIO OYEPEh Pa3BUTHE
JIEKAaPCTBEHHOTO MPUBBIKAHUS, SBJSIETCS BAaXXHBIM B
KOHTEKCTe pa3pabOTKH MePCIeKTUBHBIX KOMOWHAIIHIA
mpemnapatoB. MHOTOUNCIEHHBIMI TaO0PaTOPHBIMHU HC-
CJIeZIOBaHUSMM TTPOZIEMOHCTPUPOBaHa 3(pHeKTUBHOCTD
CUCTEMHO BBOAUMBIX anTaroancToB NMD A-pertternto-
POB B IpeayNpeKAeHNN PA3BUTHS TOJEPAHTHOCTH K
aHaJIbTeTUIECKOMY 3(PDEKTY MIO-OMMUOUIOB, a TaKKe
MK-801 B 6JI0KMpPOBaHIK TOJIEPAHTHOCTH TTOCJIE CIIN-
HaJIBHOTO BBeneHUs Mopduna [20].

PesysibraThl HallIMX MCCAeAOBAHUN yOeIUTEIhHO
YKa3bIBalOT Ha KJOUEBYIO POJIb MepudepruiecKux
MIO-PEIENTOPOB B Pa3BUTUN TOJEPAHTHOCTU K aHAJb-
reTmyeckoMy a3 dexty MopbuHa MocTe CUCTEMHOTO
€To BBefeHusd. Tak, mocje CUCTEMHOTO BBEIEHUST MOP-
¢una B Tevenne 4 aneit I/, npemapara ymeHblua-
Jach B 2,3 pasa, a y IPYTUX KUBOTHBIX, TIOTyYABIIIX
MopduH cucremuo, I/, mocne JTOKaIbHON MHBEKIINK
cumkajach B 19 pas. IlenTpanbHble MecTa OCTaBaTUCh
YYBCTBUTETHHBIMU K MOP(PUHY, TOKA3bIBAsS OTCYTCTBUE
Pa3BUTHS TOJEPAHTHOCTU HA CyTPACTTUHATBHOM U CITH-
HabHOM ypoBHe (Tabu.) [24 ). Takum 06pasom, TaHHbIe
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(Table) [24]. Thus, the experimental data showed that
chronic, within 5-10 days, subcutaneous (systemic)
administration of morphine led to a loss of the analgesic
effect, i.e., tolerance, but at the same time, the central
sites (spinal and supraspinal) remained sensitive to
the opioid demonstrating the important, exclusive
role of peripheral mu-receptors in the development of
systemic tolerance [24]. Since NMDA receptors were
also found on the same cutaneous nerve endings where
mu-opioid receptors were located, the significance of
peripheral NMDA receptors in the development of
tolerance significantly increased after systemic and
local administration of morphine [7]. To study the pe-
ripheral mechanisms involved in the development of
opioid tolerance, we have developed a method for the
topical administration of drugs and investigated the
role of peripheral NMDA receptors in the expression
of tolerance. Combined topical administration of mor-
phine with MK-801 or with ketamine, NMDA recep-
tor antagonists effectively blocked the development of
tolerance to the analgesic effect of the opioid. In other
experiments, morphine was administered topically for
3 days, and starting from day 4, in addition to morphine,
MK-801, or ketamine, was applied topically. In this
experimental paradigm, NMDA receptor antagonists
gradually restored the sensitivity of peripheral recep-
tors to the analgesic effect of morphine [28]. Interest-
ingly, MK-801 intrathecal injections did not block
or slow down the development of tolerance after the
chronic topical administration of the opioid, emphasiz-
ing the involvement of the sole peripheral anti-opioid
system intolerance development [28].

The use of these mechanisms in the creation of pain
medications opens up promising prospects in the treat-
ment of acute and chronic pain. For example, Finch
and co-authors reported successful administration of
topical ketamine gel in 20 patients with neuropathic
syndrome — the drug effectively reduced allodynia [17].

Locally administered opioids are used fairly widely
in clinical practice in the form of skin ointment, gel, and
solutions [35—37]. The results of these pilot clinical
trials need confirmation. Now there is a need for more
numerous and diverse translational studies aimed to
optimize doses in a combination of analgesics.

Conclusion

Thus, peripheral opioid mechanisms play a key role
in systemic mu-opioid analgesia as well as in the de-
velopment of tolerance after systemic administration
of opioids. Morphine and other mu-opioids adminis-
tered systemically activate opioidergic mechanisms at
supraspinal, spinal, and peripheral levels, which syn-
ergistically supplement and strengthen each other and
cause analgesia. Laboratory studies have demonstrated
that the peripheral component can make 50-60% of the
total analgesic effect after systemic administration of
morphine and 90% after systemic administration of
methadone. Moreover, peripheral anti-opioid system
NMDA-receptors are also involved in opioid toler-
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Taonuua. leurpanbHbie u nepudepuyeckue mecra
Pa3BUTHS TOJIEPAHTHOCTU K MOPUHY

Table. Central and peripheral sites of the morphine

tolerance

By oniuna | My uonine | | | |stoctacion | MOTHREEDy | MopneED | gy
CuctemHo, n/K 3,1(1,6;4,4) mr/kr | 7,2(4,7;13,8) mr/kr | 2,3 Systemic s.c 3.1(1.6, 4.4) mg/kg 7.2(4.7,13.8) mg/kg 2.3
MHTpauepebpanbHo | 162 (72;290) Hr 160 (105; 232) Hr 1,0 Supraspinal 162 (72,290) ng 160 (105, 232) ng 1.0
MHTpaTeKkanbHo 305 (153; 501) Hr | 346 (178;670) Hr 1,1 Spinal 305 (153, 501) ng 346 (178, 670) ng 1.1
JlokanbHo 4,5(3,2;6,4) MKkr | 86 (49;146) mkr | 19,1 Local 4.5(3.2,6.4) ug 86 (49, 146) g 19.1

IKCIEPUMEHTOB ITOKa3aJIH, YTO XPOHIUUYECKOE, B TeUeHNe
5—10 guedt, moaKoxKHOE (CHCTEMHOE) BBEJECHIE MOP-
(¢rHA TPUBOIUT K TIOTEPE aHAIBIeTHIECKOTO adhdek-
Ta, T. €. K TOJIEPAaHTHOCTH, HO IIPH 3TOM IIeHTpaJIbHbIE
MecTa (CIUHATBHbBIE U CYTIPACTTHHATIBHbBIE) OCTAIOTCS
YyBCTBUTETBHBIMU K OTIMOW/LY, IEMOHCTPUPY ST BASKHYIO
VCKJITIOYUTETBHYIO POJIb NTeprudepuIecKux MIo-perier-
TOPOB B Pa3BUTUN CHCTEMHOW TOJEPAHTHOCTH [24].
B cBasu ¢ tem uto NMDA-penentops ObLIy Takxke
obHapyKeHbI HA TeX JKe KOKHBIX HEPBHBIX OKOHYAHM-
X, T/le HAXO/ISITCST MIO-OITMOUIHBIE PETIeTITOPHI, 3HAUH-
MocTh niepudepmaeckux NM D A-perientopos B pa3Bu-
THU TOJIEPAHTHOCTH TOCJIE€ CCTEMHOTO ¥ JIOKAJTbHOTO
BBeIeHNSI MOp(IHA 3HAYNTETbHO Bo3pacrtaert [7]. [lnsg
uccaeloBanuil nepudepuuecknx MeXaHu3MOB, BOB-
JICUEHHBIX B Pa3BUTHE JIEKAPCTBEHHOTO TPUBBIKAHNS,
MBI pa3paboTain TeXHOJIOTUH HAKOKHOTO BBEIEHIS
MpernapaToB W MCCAE0BAIN POJIb MepudepruaecKnx
NMDA-perentopoB B 3KCIIpecCHy TOJEPAHTHOCTH.
CoBMmecTHOE HaKOXHOe (TONMWKAJ) BBEIEHUE MOP-
¢puna ¢ MK-801 nim ¢ xeTaMrHOM, aHTarOHUCTaAMHU
NMDA-perentopoB a(pheKTUBHO OJIOKUPOBAIO Pas-
BUTHE TOJEPAHTHOCTH K aHAJIbIreTHIeCKOMY a(hdeKrTy
omonza. B apyrux skcrnepuMenTax MOphUH BBOIUIN
TONUKAJI B TeueHne 3 AHEe, 3aTeM ¢ 4-T0 HS B JOII0JI-
HeHne K MophuHy BBoauan HakoxkHo MK-801 nmm
KeTaMWH. B aTofl aKcmepuMeHTaTbHON Tapagurme
antaronuctsl NMDA-penienTopa mocreneaHo Boc-
CTAaHABJIUBAJIU YYBCTBUTEIHHOCTD MEePU(DEPUIECKUX
PETENTOPOB K aHAJMbreTdyeckoMy 3 ety MopbhuHa.

NHTepecHO, 4TO MHTpPaTeKaJbHBIE WHBEKIUU
MK-801 He 6yI0KHPOBAH ¥ TasKe He 3aMeIJISITN PA3BH-
THS TOJEPAHTHOCTHU MOCJIE€ XPOHUYECKOTO HAKOKHOTO
(TommKam) BBeMEHUS ONMUONIA, TTOTICPKUBAs BOBJIE-
YEeHHOCTD B Pa3BUTHE TOJIEPAHTHOCTH TOJIBKO mepude-
pUYeCKON aHTUOTTMOUIHON CUCTEMBI [28].

Vcmosmb30oBatme 9THX MEXaHI3MOB B CO3/[aHUI 00€3-
GOJIMBAIOTIMX MPEMAPATOB OTKPHIBAET MHOTOOGEIIAIO-
TIM€ TEPCIIEKTUBBI B IEYEHUN OCTPON M XPOHUYECKOMH
6osn. Tak, PM. Finch et al. coobumnm 06 ycrennom
HAKOKHOM TIprMeHeHnn y 20 GOJIbHBIX ¢ HEBPOIIATH-
YeCKUM CHHAPOMOM KeTaMWHa (Tesb) — Tpemapar ad-
GeKTUBHO yMeHbIa ajnoauHuio [17].

Onuouibl, BBOAMMBIE JIOKAJIBHO, TOCTATOYHO TIH-
POKO MPUMEHSIOT B KINMHUKE KaK B BU/Ie HAKOKHBIX
Ma3ell u rejiv, Tak U B Buje pactBopos [35—37]. Pe-
3YJIBTAThI TUX MUJOTHBIX KIMHITYECKUX UCCIIEIOBAHNT
HY’KIQI0TCS B TOATBepskAeHur. Ha JaHHbBIE MOMEHT
CYIIECTBYET MOTPEOHOCTD B 60JIee MHOTOUNCJIEHHBIX
U Pa3HOOOPA3HBIX TPAHCJISAIMOHHBIX UCCIETOBAHUIX,

ance mechanisms. The same mechanisms are involved
in maintaining peripheral hyperalgesia and allodynia.
The development of analgesic drugs acting on periph-
eral antinociceptive systems opens up promising pros-
pects in the treatment of acute and chronic pain. The
absence of central side effects significantly increases the
therapeutic index of peripherally acting drugs, which
makes them extremely attractive in the treatment of
pain of peripheral origin.

Conflict of Interests. The author state that he has no conflict
of interests.
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3akjaoueHue

Nrak, nepudepudeckre OMMOUIHbIE MEXaHU3MbI
UTPAIOT KJIIOUEBYIO POJIb B CUCTEMHOU MIO-OITHOWI-
HOH aHaJIbIeé3nu, a TaKyK€ B pa3BUTHUHN TOJIEPAHTHOCTH
ocJjie CUCTEMHOTO BBeleHus onmuounoB. Mopbun u
ApyTrrue MO-OImrmoun/ibl, BBOAUMbIE CUCTEMHO, aKTUBU-
PYIOT OIIMOUAEPTUYECKNE MEXaHU3Mbl Ha CylIpacCiu-
HAJIBHOM, CITUHATHHOM U TIepudepuiecKoM YPOBHIX,
KOTOpbIE, CHHEPTUYECKU JIOTIOJIHSSI U YCUJIUBast JIPYT
IpyTa, BBI3BIBAIOT aHambre3uio. llepudepuueckuis
KOMITOHEHT MOJKeT cocTaBiasaTh 50—60% oT cymmap-
HOTO aHaIbreTudeckoro agdeKTa mocje CuCTEMHOTO
BBezeHnst Mmoppuna u 90% mocTe CUCTEMHOTO BBEJiE-
HUs MeTaJioHa. boJiee TOro, B MEXaHU3MbI OITUOUTHOTO
[IPUBbIKAHUS TAKKEe BOBJIEUEHbBI MepruepuiecKue aH-
TronuouaHbie cucteMbl, NMDA-perientopsl. ITu ke
ME€XaHN3Mbl BOBJICUEHDBI B TOAAEPKAHNE TUIIEPAJIbIre-
3UU U aJIoAnHNY epudepudeckoro reHesa. Coszmanue
aHAJbIeTHYECKUX TIPENapaTon, BO3EHCTBYIONINX Ha
nepudepruiecKkre aHTUHOIUIIEITUBHBIE CUCTEMBI, OT-
KPBIBAET MHOTOOOEIIAIONIIE IEPCIIEKTUBbI B JIEUCHUN
OCTpoit 1 XpoHmdeckoit 6o, OTCYyTCTBUE EHTPATb-
HBIX TOOOYHBIX A(D(HEKTOB 3HAUUTETHHO YBETMINBAET
TepameBTUYECKUI MHAEKC epudepuIecKu TefCTBYIO-
KX IMIpenapaToB, 4YTO [A€JaeT UX NCKIIOYUTEJIbHO IIPU-
BJIEKATEJIbHBIM [TPH JIeYeHIH OOJIU TIepU(pepuIecKoro
[IPOUCXOXKIEHUSI.

Kondaukr nnrepecoB. ABrop 3asiBisieT 00 OTCYTCTBUU
y HEro KOH(IMKTa HHTEPECOB.
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