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LieHTpanbHble U NepudepruiecKkme MexaHnM3Mbl MO-OMMOUAHOM
aHaIbre3vn U ToIepaHTHOCTH

0. A. HOJIECHMHOB
MepuuMHCKUA LeHTp «MeguRrym», r. Tan/IMHH, CTOHUA

Ileab 0630pa — ananu3 QyHIAMEHTATBHBIX U KIMHIYECKUX MyOIuKaluii, Haliienusix B 6asax ganubix Pubmed, MedLine, Web of Science. O6-
CYKJAIOTCSI MEXaHU3MbI PEYJISAINK CHHTe3a U TPAHCIOPTa MIO-OIMMOUIHBIX PEIENTOPOB B EPBUYHOM aPpepeHTHOM HEHPOHe M MOJIEKYIsSIPHbIE
MeXaHU3MBbl, OTBETCTBEHHBIE 32 MO/YIMPOBAHNE MTPOBENEHNS HOMMIENTUBHOM nH(pOpMaIy n3 nepudepun B CIIMHHO MO3T. I10 TaHHBIM HEKOTO-
PBIX aBTOPOB, neprdepudeckuii KOMIOHEHT MOKeT cOCTaBISATh 50—-90% 0T CyMMapHOTO aHAIBreTU4eCcKOro ahdeKTa Mocie CUHCTEMHOTO BBEICHHSI
MopduHa 1 MeTazona. O6CyKIaeTcs TakKe pob [IMKOIPOTeNHa- P, TpaHCIIOPTHOIT cHCTeMbI reMaTosHIeatmIeckoro 6apbepa B MOy IMPOBaHUH
nepudepuIECKOTO KOMITOHEHTA aHATbTeTHYeCKOTO 3 derTa MOpGHUHA M CHHEPTUCTHIECKOTO B3aNMOJEHCTBHST MEXKTY IIEHTPATbHBIME 1 TIeprude-
pUYECKUMU perienTtopaMu. Pe3ysbraTsl psajga uccienoBaHuil yoeauTebHO YKa3bIBAIOT HaA KJIOUYEBYIO POJIb MepUEPUUECKIX MIO-PEIENTOPOB B
Pa3BUTHU TOJEPAaHTHOCTH K aHaJIbreTndeckoMy 3(peKkTy MopgHHa IocjIe CHCTEMHOTO Er0 BBEJIEHNUs. B MEXaHM3MbI OIIMOMIHOTO IIPUBBIKAHUS TAKKE
BOBJIEYEHBI NepU(epUIeCKre aHTHOMON/IHBIE, TIPOHOIUIIENTHBHBIE crcTeMbl — NM D A-penenTopbl. DTH ske MeXaHU3Mbl BOBJIEYEHBI B OIEPKa-
HIE TUTIEPATBre3un U alIOAUHUN epudepruaeckoro reHesa. Takske 00CYKAAETCS CO3aHIe AHATBIETUYECKHX TTPENApaToOB, BO3AEHCTBYONUX HA
nepudepuyecKre aHTHHOIUIIEN THBHbIE CUCTEMBI, KOTOPbIE OTKPHIBAIOT MHOTOOOEIIAIONLYIO IEPCIIEKTHBY B JIEUEHUU OCTPON U XPOHUYECKOMH GOJIH.

Knrouesvie cnosa: nepudepuueckiie Mio-perentopsl, neprdeprdeckast anaiabre3nst, MOpQIH, METa/[0H, OTIMOUIHAST TOJEPAHTHOCTD, TOTTNKAI
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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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Jlokanusanus MIO-ONHMOUIHBIX PelenTopoB B Ie- Localization of mu-opioid receptors in a periph-

pudepuueckom adpdepentHom Heiipone. O61IEH3-
BECTHO, 4TO O0OJIeBasT PEAKIINSI TeHEPUPYETCS Ha YPOBHE
nepudepuyecKux HOIUIETTOPOB (UyBCTBUTEIHHBIX
HEPBHBIX OKOHYAHUI ), HAa3bIBAEMBIX TPAHCIBIOCEPAMU,
KOTOPBIE JIOKAIU3YIOTCS Ha MUEJIMHOBBIX A-/le/IbTa- 1
HEMHUEJTNHOBBIX MOJUMOAaabHbIX C-BosiokHaxX. B pe-
3yJibraTe (PU3NUYECKOTO UK XUMIYECKOTO BO3IEMCTBUS
HA 9TH PEIENTOPDI U UX MOCJIELYIONIETO BO3OY K IEHNUS
Y HAYUHAETCS [IPOIIECC MePeIaun HOIUIIENITUBHON UH-
dopmaruu B MO3T. HaumHas ¢ omipesiesieHHON CHJIBI pa3-
ApaxkeHus 60eBo curHail, 61arogapst 0Opa3soBaHIIO
MeIUaToOPOB ¥ OHOJOTMYEeCKU aKTUBHBIM BelIeCTBaM
(cy6eraniuu P, roryTamaty, ructaMuty, GpaiiKuHIHY
U JIPYTHM ), BEIpaOaThiBa€MbIM KJIETKAMU SIIHIEPMUCA
1 CaMUMHK HEPBHBIMU OKOHYAHUSIMU, ITPe0OpasyeTcs B
AJIEKTPUYECKU T UMITYJIbC YEPE3 AKTUBAIUIO HATPUEBBIX
1 KQJIBIIMEBBIX KAaHAJIOB B HEPBHBIX OKOHYaHUSAX [1, 6,
14, 45]. Onuon/Hbie PerenTophbl TaKKe JTOKAIN3YIOT-
cs1 Ha niepudeprIecKNX OKOHYAHUIX — HA TOHKOMUeE-

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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JIMHOBBIX A-JIeJTbTa U B OCHOBHOM HA HEMUEJTUHOBBIX
KOKHBIX C-CEeHCOPHBIX BOJIOKHAX ¥ COOTBETCTBYIONINX
nmepudeprueckux HeHpoHaX 3aAHUX TaHTani [3, 5,
16, 42]. IMMyHOTHCTOXMMUYECKHE UCCITIeIOBAHNS TIPO-
JIEMOHCTPUPOBAJIU, YTO OK0JIO 60% HEMUETMHU3UPO-
BaHHBIX HEPBHBIX OKOHUAHU COZIEPKAT MIO- U JIeJIbTa-
ommmounHbIe perentopsr |8, 53]. 3a mocmenune 20 jet
WHTEHCUBHBIX UCCJIEJ0BAHUI TI0JIyU4EHbI PE3YJIbTATHI,
MTO3BOJISAIONINE UMETD JOBOJBHO YeTKOe TOHNMaHHe
TOTO, T/le TOYHO JIOKQJIN3yeTCs U KaK (DyHKIIMOHNUPYET
MIO-OTIMOUAHAS CUCTeMA B TIepBUIHOM adepeHTHOM
HelipoHe. M1o-perienTopsl CHHTE3UPYIOTCS B OCHOBHOM
B TaK HA3bIBAEMBIX MENITH/I0CO/IEPKAIMNX TTepudepn-
YecKMX HeHpoHax, U 3aTeM OHU TPAHCIOPTUPYIOTCS
BMmecte ¢ ”PHK B nienTpasbable akCOHBI B CHUHHOM
MO3Te, T7le MHKOPIIOPUPYIOTCA B MPECHHANITHYECKHe
MeMOpanbl. TakKe pPerenTopbl TPAHCTIOPTUPYIOTCS B
nepudepruvecKre HepBHBIE OKOHYAHUS KOXKM [45, 47]
rjie OHU (I)yHKHI/IOHaJIbHO CBSI3aHbI C G ,-CUTHAJIbHOM
cuctemoii [6]. B mepudepudeckoit TKaHI/I JeIoBeKa 00-
Hapy>KeHbI MIO-OMTUOU/THBIE PETENTOPBI B PA3JINIHBIX
CJI0AX KOKM HUKHUX U BEPXHUX KOHEUHOCTEH, B KOKe
squta. [ogTumst Mio-ommmonaHbIX perientopoB (MOP-1
n MOP-1A) onpeznenens 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-penentopsl Ha MeMOpaHe ak-
COHOB Ce/IAJINIIIHOTO HePBa KPBIC, U B 3JIEKTPODU3H-
OJIOTMYECKUX MCCIIEIOBAHNIX POJEMOHCTPHPOBAHA
X QYHKIIMOHAJbHASI aKTUBHOCTH. MTO-OTTMOMIHBIT
nentun DAMGO BbI3bIBaT 10303aBUCUMBIN I HATIOK-
coroOparumbIit ahheKT B yMEHBIIIEHIH BBICBOOOK 1e-
Hust 6esika, otHocserocst k kambiutonuny (CGRP),
mocJe Aenoagpusanuy nepudepudeckoro Hepsa [33].

Takum 06pazom, B iepBuaHOM adhepeHTHOM HEelpo-
HE CUHTE3UPYIOTCS U TPAHCTIOPTUPYIOTCS B IIEHTPAIb-
Hble U nepudepuyeckrne akKCOHb PYHKIIMOHAIBHO
AKTUBHBIE MIO-OTMOHBIE PEIIENITOPBI, KOTOPbIE TIPH-
HUMAIOT y9acTue B MOIYJTUPOBAHUM TIPOBENIEHUS HO-
IUIETITUBHON MH(bOPMaIy U3 nepudepnn B CHTHHON
MO3T.

Mexanuamsl AelicTBusi Mio-onnonioB. Ha yposhe
nepudepuiecKuX HeHPOHOB U HEPBHBIX OKOHIAHUI
MOPOhOWH MOJYJIUPYET aKTUBHOCTh B OCHOBHOM [[BYX
noaTunos Banuaonaubix (TRPM,, TRPM,) peuen-
TOPOB, PACIOJOXEHHBIX Ha TeX K€ BHYTPUKOKHBIX
AKCOHAX, YTO U MIO-PEIENTOPDI, U KOTOPbIE BO30Y:KIa-
1oTcst ipu mHTeHCUBHOM (6osiee 50°C) TepMIYECKOM
ctumyaupoBanun Koxu [11]. AxtuBanus TRPM-pe-
[ENTOPOB HA HEPBHBIX OKOHYAHUIX KOKU TIPUBOJUT
K BBICBOOOK/IEHHIO TIPOBOCTIATIUTEILHOTO U TIPOHOIH-
netuBHOTO Tlenitua (CGRP) n k yBesmmyennio moToka
Ca*™ BHyTpb nepudeprdecKux HEHPOHOB 1 aKCOHOB [ 11].
Jnekrpodusnosornueckue uccaenoBans (patch clamp
technique) Ha nepudepryecknx HelfpoHAX EPBUYHON
KYJIBTYPBI IOKA3aJI1, YTO MOTOK KAJIBIIHS Yepe3 KaHaJIbI
y’Ke 4epe3 HECKOJIbKO CEeKYHJI Pe3KO YMeHbIIaeTcs T10-
CJIe aKTUBAI[UN MIO-OITMOM/IHBIX PEIeNTOPOB U MocJIe-
IyTOTIeH aKTUBAIIAN G0 /i—CI/IrHaJIbHoﬁ 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
rcccptors 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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ITpu BBe/ileHNM HATIOKCOHA B KYJIBTYPY IMOTOK KJIBIUS
BOCCTAHABJIUBAETCSI. ITUMH aBTOPAMU € OOJIBIION
BEPOSATHOCTHIO UIEHTUMHUITMPOBAH U UCCIEI0BAH MO-
JIEKYJISIPHBIN MeXaHU3M Nepudeprudeckoro aeicTBus
MIO-arOHUCTOB TI0CJIEe UX CBA3BIBAHUS C PelernTopamH,
HaXO/AMMMICS HAa HEPBHBIX OKOHYAHMAX KOKU M Ha
MeMOpaHax rnepuepruueckux HeiipoHos [33].

[Tocne cucrtemHoro (BHyTPUBEHHOTO, BHYTPHUMBI-
IIEYHOTO, TTOJIKOKHOTO, epOPaIbHOTO) BBEIEHUS
MOpP(UHA U €r0 aHAJIOTOB aKTUBUPYIOTCS MHOTOUYNC-
JIEHHBIE MIO-OTTMOW/IHbIE aHTUHOINIIETITUBHBIE MeXa-
HU3MBI B IIEHTPATBHON U TlepudepnIecKoil HepBHOM
cucreme (puc.):

Tanamyc

CpeaHui moar

Mpopgonrosatbid Mosr

(

D
CnuHOTANaMHHECHHA TpaxT

-

CnHHHOW Mmo3r

Puc. Ilenmpanvivie u nepupepuveckue mecma Oeiucmeus.
mopuna (obvsicnenue 6 mexcme)

— Ha CyNnpacHAJIbHOM YPOBHE TIOCTIE CBSI3bIBAHUS
JIUTAHJIA C MIO-PETeNITOPAMU aKTUBUPYIOTCS ¥ MOJTY -
JIUPYIOTCSI HUCXOJISATINE HOPANuHe(PUH- U CEPOTO-
HUHCO/IEPJKAIIIe ITYTH B CTBOJIe Mo3ra (MecTta 3, 4 1 5),
KOTOPBIE BBICBOOOKIAIOT HOPATHUHE(DPUH, BO3OYKIAIOT
asbha-aIpeHOPETeNTOPhl UHTEPHEHPOHOB TIEPBOTO U
BTOPOTO CJIOEB 33/IHUX POTOB CTUHHOTO MO3Ta, BBICBO-
6o Iao0NINE B CBOIO 0Uepe/ib GeTa-aHI0PMUHDL U IH-
KedaTuHbI, KOTOPbIE, BO3/IEHICTBYS Ha MIO-PEIIeTITOPbI
BTOPUYHBIX HeI(/)IpOHOBy BbI3bIBAIOT UX TUIIEPIIOJAPU-
3aIUIo U 3aMe]JieHNe TTPOBeleHNs HOIUIENTUBHON
utdopmarun 38, 50, 54, 56];

— Ha CIIMHAJIbHOM YPOBHE€ aKTUBAllUA ITPECUHAIITU-
YeCKUX MIO-PEeIlenTOPOB yMeHbImaeT moTok Ca™ B
MPECHHANITHIECKIE OKOHYAHUS, MOLYIUPYsI BBICBOOO-
JKIIeHue ryTaMara u cyoctanin P, IpensteTByst Tem
CaMBIM TOcJIeytolell akTHBAIUN HEPOKMHUHOBDIX U
NMDA-petientopoB — MOIITHOUW TTPOHOIIUTIENTUBHOM
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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

D

Spinothalamic tract

-

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). AKTUBAINS TOCTCUHATITUIECKUX
MIO-PelleNTOPOB IPUBOAUT K yBesindennio K™-noroka u
TUTIEPIOJISIPU3AIIAN TTPOEKITMOHHBIX HEHPOHOB 3aTHIX
POTOB CHUHHOTO MO3Ta, a TaKXe 3aMe/[JIEHUIO TTpoBe-
JIEHUsT HOTIWIIETITUBHOM nMiy bcartnu [13, 21, 34, 55];

— Ha nepudepuIeckoM YPOBHE HEPBHOM CHUCTEMBI
aKTUBAIUg (QYHKIIMOHAIbHBIX MIO-OTMOUIHBIX pe-
IIENTOPOB B HEPBHBIX OKOHYAHUAX (MeCTO 6) CHIKAeT
BHYTPHUKJIETOYHBIN TIOTOK KaJIbITUA U, KaK CJIE/ICTBUE
9TOTO, YMEHBINAIOTCS ETIOJSIPU3ATIUAST MEMOPAHBI U
BBICBOOOKIeHMe cyOcTaniuu P u riyTamara Ha mpe-
CUHANTUYECKOM YPOBHE 3a/[HUX POTOB CITUHHOTO MO3-
ra. Ha ypoBHe Helipona u nepudepniecKnx akCOHOB
yMenbinaorces BoicBoOokaenue menrtuga CGRP us
HEPBHBIX OKOHYAHUH KOKU ¥ BHYTPUKJIETOUHBINA TOTOK
Kambius [4, 33, 42, 49, 52]. BospeiictBys Ha pasmbie
MecTa-MUIIeHH, MIO-OTTHOUJIBI, TEM CAMBIM B3AUMHO 1
MHOTOKPATHO YCUJINBAIOT MEXaHU3MbI MOy TUPOBAHYS
MTPOBEIEHNS HOIUIIETITUBHON NH(MOPMAIUN Kak B ad-
(epeHTHOM TTEPBUIHOM HENPOHE, TaK U B IIEHTPATHLHBIX
CTPYKTYpax.

[Ipn aHanmM3e Bcex BbINIEYKA3aHHBIX MEXAHU3MOB,
OTBETCTBEHHBIX 32 YMeHbIeHne GOJIEBOIT MMITYJIbCa-
ITUH TTOCJIE BBEJIEHWS MIO-OTTHOW/I0B, BO3HUKAET BOITPOC,
a KaKyIo JIOJII0 COCTaBJigeT mepudepundecKnii KOMITO-
HEHT B CYMMapHOM aHaJIbreTrueckoM adexre? OTBe-
THTD Ha 3TOT BOIIPOC CTAJI0 BO3MOKHO MTOCJI€ CHHTE3H-
poBanng mepudepryecK AeHCTBYIONIETO AHTATOHIICTA
pereniTopoB: HanmokcoHa Metnoauaa [12]. Ilo nanubim
JIUTEPATyPHl, TOCTE CUCTEMHOTO BBefleHNS MOpOhU-
Ha epudepuIecKnii KOMITOHEHT MOJKET COCTaBJIATD
50-60% oT cyMMapHOTo aHAJIbreTu4YecKoro addexra.
Tax, 60J1b y MBITIIEil, BbI3BAaHHASI BHY TPUOPIOITHHHBIM
BBeJIEHNEM YKCYCHON KHCJIOTHI, TIOJTHOCTHIO OJIOKHU-
pyeTcs cUCTeMHBIM BBeneHHeM Mopduaa. Hamokcon
METHON, TIeprhepIYeCcKH IeHCTBYTONTII AaHTaTOHNCT
MIO-PEIIENITOPOB, YMEHbINa Ha 57 % aHaTbre THIeCKU
addext MopduHa B 910l Mogesnu 601 U Ha 50% npu
TEPMUYECKOM CTUMYJIMPOBAHUU JKUBOTHBIX, & HATOK-
con ymenbimalt a¢dert na 100% B 06enx Momensax
6osn [29]. U ato He yauBuTenbHO, 60 0OpasoBaHe
HOTUIETITUBHOTO UMITYJIbCA, AETMOJISIPU3AIST MeM-
GpaHbI TPAHCABIOCEPA, TPAHCMUCCHST HOUTIETTUBHON
nHMOPMAITUH U ee Tlepe/jada Ha BTOPUYHbIE HEHPOHBI
CITMHHOTO MO3Ta OCYTIECTBJISIIOTCS TIepBUIHBIM adde-
peHTHBIM HeliponoM. Kakas yacts BHyTpU niepudepu-
yecKoro komronenTa (ahdepeHTHOro HelipoHa) 6oJee
BCETO OTBETCTBEHHA 32 aHAJIbTeTHYECKUH 3hDeKT, moKa
He U3BECTHO.

B apyrux mabopaTOpHBIX SKCHEPUMEHTAX HAKOK-
Hoe (TOMUKAJ) BBeJIEHNE OTMMMOUIOB BBI3BIBAJIO CUJTh-
HYIO aHAJIbTe3Ui0 TTPU TEPMUYECKOM CTUMYJINPOBA-
HUU KOKHU KUBOTHBIX W CUJIA JIEUCTBUST TECTUPYEMbIX
onuonzioB, ux I/, 3HauMTENBHO BapbrpoBaia. Tak,
€CJIM IPUHATD 32 eIMHUILY CUJY JieHcTBUusS MopduHa
(91, 6,1 Mmom), TO APYyTHE ONMOUIBI, TECTUPYEMbIE
B 9TUX HKCMEPUMEHTAX, IEMOHCTPUPOBAU GOJIBIITYIO
addexruBHOCTD: MeTazon — 1,23 (I, 5,1 mmour), O6y-
nperopdun — 7,5 (/1 1,1 mmomn). Ilocse moaxoxno-
TO BBEJICHHS OITMOUIOB MBITIIAM UX CUJIA JIEHCTBUS TIO
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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
WJIY JIOKQJIBHOTO BBEJIEHUSI ITPETIapaTOB, IEMOHCTPUPY-
10T PaBHYIO TI0 CUJIE AaHATBIeTUIECKYI0 3(D(heKTUBHOCTD.
Kak 6b110 mokasano B uccaenoanusx L. He et al.
(2009), meTamoH, BBOAUMBINI CUCTEMHO, BBHI3BIBAJ
aHAJIbre3uo y JabopaTOPHbBIX KUBOTHBIX TOCJIE TEP-
MUYECKOTO CTUMYJIMPOBAHUS UCKIIOYUTENBHO Yepe3
nepudepruueckre MO-OMUOUAHBIE perenTopsl [18].
I/, meTagona ObLIa COIIOCTABUMA C I/, mopdpuna
0CJIe CHCTEMHOTO BBEIEHHSI OTIMOMIOB, U 06€300/1MBa-
o1t a(hdeKT TpernapaToB MOJTHOCTHIO MCUE3aT TIOCTIe
MPeBAPUTETBHOTO BBEIEHUST HAIOKCOHA METHOU/IA.
[Tocsie BHYTpuUIlepeOPATHHOTO MM HHTPATEKATLHOTO
BBEJICHUS OTIMOUIOB META/IOH HE BbI3bIBAJI AHAJIbI€3U U
HU y MBbIIIE, HA y KPBIC, B OTJIMYUE OT MOp(puHa, KO-
TOPBIN JEMOHCTPUPOBAJ MOIIHBIN aHAIbIeTUIECKUI
addeKT. ITH UHTPUTYIOIIKE TaHHbIEe YOeUTETHHO
JIEMOHCTPUPYIOT HAJIMYNE UCKJIOUUTENHHO Tiepudde-
PHUYECKOTO KOMIIOHEHTA B aHAJIbTE3UN METa/I0HA TIOCTe
€ro CHCTEMHOT0 BBE/IEHUsI Y JIaOOPATOPHBIX JKUBOTHBIX.
CymiecTByeT Jin oA0OHBIN MEXaHU3M JIEHCTBUS MeTa-
JIOHA Y JITOJIEN, OCTAETCST HEM3BECTHBIM.

Mopdun BbI3bIBaET aHAIBIE3UIO, AEHCTBYS Ha 11€H-
TpaJibHble U rieprudepruiecKue Mio-PerenTopbl, KOTopast
TaKKe PeTyJINpyeTcs Ha CUCTEMHOM yYPOBHE C TOMO-
1pI0 6eKOBOrO KoMiutekca P-rimkonporenna (Pgp,
ABCB1-6e10K) — MOIIHOI TPAHCTIOPTHOW CHCTEMBI
[2, 10]. Besmok-TpancmopTep 9KCIIpeCCUPyeTCs B 9HIO-
TEJIMSIX TeMaTOdHIIeaTnIecKoro Hapbepa 1 y4acTBy-
€T B 3all[UTe OPraHu3Ma OT TIOTEHI[UATbHO TOKCUUHBIX
[PerapaToB, NX MeTabOJIMTOB 1 9K30TEHHBIX BEIIECTB.
Cunres u pacmpenesnenne Pgp Spko BhIpasKeHO B OTTy-
XOJIEBBIX TKAHSIX, YTO SIBJISIETCS] OIHOM M3 IPUYUH Pa3-
BUTHSA UX MHOKECTBEHHOH JIEKAPCTBEHHON YCTOMYN-
BoctHu [9]. B mo3re Pgp cunTe3upyeTcss B OTPOMHOM
KOJINYECTBE B IH/IOTEJTUSIX MO3TOBBIX COCY/IOB U XOPU-
OWTHOM CIIJIETEHNH JKeTyI0IKOB Mo3Ta [9]. Beisasieno,
gyT0 Pgp abpexTnBHO yansger MHOTHE CHHTETHYECKHE
OIMOU/IBI U OTIMOUAHBIE MENTH/IBI U3 MO3Ta 0OPATHO
B cuCTeMHBbIT KpoBOTOK [23]. Tak, 6i0Kkaza cuHTE3a
Geska-TpaHCIopTepa MOcae XPOHUIECKOTO BHYTPH-
11epeOPATLHOTO BBEIECHISI aHTHCEHCA, PAa3PyIIAIOIero
uPHK Pgp, na 90% ymenbmaer aiiioke pagmoax-
TUBHOTO OeTa-anpopduna 1 Ha 60% pagnoaKTHBHOTO
MopguHa 3 MO3Ta B CHCTEMHBIN KPOBOTOK [23]. IIpn
OlIEHKEe aHaJbre3UN Y 9TUX KUBOTHBIX OOHAPYKEHO
peskoe cHIKeHne 3(QHEKTUBHOCTU IIEHTPATBHO BBO-
aumoro Mopduna n sunopduna. Tak, I/, moppuna
mocJjie uHTpanepedpaabHOro BeegeHus ObLia 2,4 MKT
y HaUBHBIX KUBOTHBIX U 28,4 MKT B TpyIIIe KMBOT-
HBIX C MMOHWMKEHHOU (GyHKI[MEN GesKa-TpaHCcIopTe-
pa. [Ipu cucremHom BBeneHUU MOP(MUHA KUBOTHBIM
¢ NOHMKEHHOH (DyHKIMeN Oeska-TpaHCciopTepa ero
/1, yBemunBaiach HouTu B 5 pas: ¢ 4,6 10 0,99 mr/xr,
a MPOJOJIKUTENbHOCTh aHATbTeTHIECKOTO 3P dek-
Ta — B 2 pa3a. DT U3MEHEHUS B JIeICTBUM TIperapaTa
00BSCHSIIOTCS HapylieHneM (hyHKIIMOHUPOBaHUsT OeJI-
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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-TPaHCIIOPTePa, 4TO IPUBOAUIO K HOJIee IMTIHPOKOMY
pacmpenenernio MopduHa (Tocje CHCTEMHOTO eT0 BBe-
NeHUs ) B TIEHTPATbHON U epudepruyecKkoli HePBHOH
cucTeMe 1, KaK CJIe/ICTBHE 3TOTO0 TIPoIiecca, K yCUIeHUIO
aHaJIbreTH4ecKoro adeKrTa u ero MpoA0JLKUTENTHHO-
ctu. HakoskHoe (TOmUKaT) BBeZeHUE HATTPEKCOHA B
HUIKHIOIO TPETh XBOCTA HAMBHBIX JKMBOTHBIX [TOHMKA-
JIO aHaJIbreTndeckuii ahdexrt mopduna boJee yeM B
4 pasa mocJjie MHTPaIepebpPaTbHOTO BBEIEHHS OTNO-
una u B 10 pa3 y JKUBOTHBIX ¢ MMOHWKEHHOU (DYHKITH-
OHAJIBHON aKkTuUBHOCTBIO Pgp. Tonmmkan HaaTpeKcoH
IIOJIHOCTBIO OJIOKMPOBAJ aHaJbreTudeckuil agp@exr
BHYTpHIEpeOpaTbHO BBOAMMOro aHgopduHa [23].
ITHU UCCIeOBAHUA TPOJIEMOHCTPUPOBATIN BAKHYIO
poJib Pgp-Tpancrioprepa B MOy IMPOBaHUY epude-
pUYECKOTO KOMIIOHEHTA aHATbIeTHIeCcKOTO adhderTa
MOp(}UHA U CUHEPTUYECKOTO B3aUMOJIEUCTBUST MEXKITY
MEHTPAJbHBIMU U TiepudepriecKuMu Mectamu. bo-
Jiee TOro, Kak OBLIO TIOKA3aHO HEKOTOPBIMHU aBTOPAMH,
MOP(UH IBJIIETCS CUTBHBIM WHAYKTOpOM Pgp. HIyK-
TOPBI, KAK U3BECTHO, TOBBINIAIOT CUHTE3 U aKTUBHOCTD
Gesika-TpaHCIIOPTEPA, YTO MEHSIET (DAPMAKOKUHETUKY
PUMEHSIEMbBIX TIPEMAapaToOB-CyOCTPATOB U CIIOCOOCTBY-
€T CHUKEHUIO 3(PeKTUBHOCTH IIPOBOAMNMOTO JIEYEHUS
[10, 23].

Poub nepudepnyeckoro BocnajieHus v NOBPesK-
JieHUs1 HepBa B QYHKIIHOHMPOBAHUM MIO-PEIENTO-
poB. [Ipu BocniasieHnu CUHTE3 MIO-OTIMOU/IHBIX Peller-
TOPOB B HEWPOHAX 3a/JIHUX FAHTJINEB YBEJIMUYNBAETCS,
1 9TOT MPOIIECC, BKIOYASd BPeM TPAHCTIOPTUPOBKH
0 aKcoHaM, cocTaBsiseT 24—48 4 [40]. B noxannamye-
CKUX UCCJIEIOBAHUSIX YCTAHOBJIEHO, YTO ITOBBINIIEHUE
CUHTEe3a ONMUOUIHBIX PEIENTOPOB 3aBUCUT OT IIPO-
JOJKUTETbHOCTH BOCTIaJieHns. Bblyto mokasaHo, 9To
MOBBIIIIEHNE CBSI3bIBAHUSI MIO-OIIMOU/IOB C PEIEINTO-
pamu B eprepruuecKux HelipoHax 00yCIOBIEHO KaK
YBEJIMYEHUEM YHCJIa HEHPOHOB, SKCIIPECCUPYIONUX
3TU PEIENTOPDI, TAK U yBEJNYEHUEM UX KOJTUUYECTBA B
HeUPOHaX; IPU ITOM XUMUYECKOE CPOJICTBO OIMMOM/I-
HBIX arOHUCTOB K PEIENTOpaM OCTaBaJIOCh HEU3MEH-
HbiM [39]. Kpome Toro, G-6esikoBast CBSI3b ¢ ONMUOML-
HBIMU PEIENTOPaMU B HEUPOHAX YCUJIMBAETCSI TOCJIE
MPOAOKUTETLHOTO TTOIKOKHOTO BocTasenus [47].
KosinuecTBO MIO-pPEIENTOPOB HAa BHYTPUKOKHBIX
HEPBHBIX OKOHYAHUSIX TaKKe yBEJIUUYUBAETCS BO
BpeMs TMPOJOJIKUTENbHOTO BOCTAJeHUs, 4YTO, He-
COMHEHHO, UTPAeT PoJib B ycuyieHuu 3¢GpGeKTUBHO-
CTU JIOKAJIbHO BBOJAMMBIX MOP(UHA U MIO-TIENTH/IA
DAMGO [46]. OTu noKJIMHNYECKHE NOKA3aTeNh-
cTBa MepudepuIecKUX MeXaHN3MOB JIOKAJbHON MIO-
aHAJTbre3UN SBUJINCH OCHOBAHWEM JJISI UCTIOTh30Ba-
HUSI 3TOTO METO/IA B KIIMHUKE. B KITMHUYECKUX rcciie-
JIOBAaHUSIX YCTaHOBJIEHO, YTO UHDbEKIUs 1 Mr MOpduHa
B KOJIEHHBIN CyCTaB TIOCJIE YaJeHUsI MCHUCKA /IaeT
BBIPAKEHHBIN MPOJIOJIKUTENbHBIN aHAJIbIeTUIECKUH
adexT, comocTaBUMBIi ¢ 9¢hheKTOM TIOCIe BBEIEHUST
OynuBakawna [22]. IIpu XpOHUYECKOM OCTEOAPTPH-
Te MHTPAAPTUKYJISIPHO BBOAUMBIN MOP(MUH BbI3bIBAJ
MOTITHYIO ¥ TTPOJIOJIKUATEIBHYIO aHATBT €310, COTIOCTa-
BUMYIO ¢ iekcameTaszonoM [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-
(bepruueckre MexaHMU3MBI, UCTIOJIB30BATNCH B OCHOB-
HOM MOJIeu Tiepudeprieckoro BoclaleHus, TaKue
KaK BBeJIEHUE CYCIIEH3UU NHAKTUBUPOBAHHBIX MUKPO-
GaxTepuii B nepudepuuecKue TKaHu JKUBOTHBIX. Ecimn
IPY BOCHAJIUTENLHON Moes i GoJIN Y JTab0PaTOPHBIX
JKUBOTHBIX MIO-OIUOU/IHbIE AHAJIBIETUKHU [TOUTU BCET-
na 3¢ GeKTUBHBI, TO TPU HEBPOTATUIECKUX MOJIETISIX
pe3yJIbTaThl JEUCTBUSI OMUOUIOB ITPOTUBOPEUYUBHI.
MHuorumu J1abopaToOpHbIMU U KIMHUYECKUMU UCCIIe-
NOBAaHUSIMHU TIOKA3aHO 3HAUYMTEJIbHOE YMEHbIIEHUE
AHATBreTHIECKON aKTUBHOCTH MOP(UHA U €TO aHAJIO-
rOB IIPU HEBPOMATUYECKOI 6o, MexaHU3Mbl 9TOTO
(beromena He 110 KoHITA 3y4yeHbl. OJHU aBTOPHI CUU-
TAIOT, UTO MOBPEXK/EHIE Iepr(epuiecKkux HEPBOB aK-
TUBUPYET IPOHOIUIIETITUBHYIO U aHTUHOIUIIENITUBHYIO
cuctemy (riyTaMaTHbIE PEIENTOPbI) B MOCTCUHATITH-
YeCKUX HeWPOHAX CIUHHOTO Mo3ra [7, 14] u MuKI00K-
curenasy 2 (I[OT-2) B mepnudepnyuecknx u meHTpah-
HBIX HelipoHax [32]. [Ipyrue aBTOPBI 3TO CBA3BIBAIOT
C yMeHbIIIEHUEM KOJIMYECTBA MIO-OIMUOUIHBIX Peller-
TOPOB B 33J[HUX POTax CHUHHOIO MO3Ta U C Hapyle-
HieM ux ¢yaknnonnposanus [41]. B mabopatopHbix
HCCIIEZIOBAHUSX HA HEBPOIIATUYECKUX MOJIETISIX HAMU
obHapy»KeHo, 4To I/, MopduHa nocje CUCTEMHOTO,
WHTPATEKATBbHOTO W HAKOXKHOTO (TOIUKAJ ) BBEIEHUSI
npernapara ObLIN 3HAYMTETbHO CBUHYThI BIIPABO Y K-
BOTHBIX TTOCJIE TOBPEKIEHUS MTepr(eprieckoro HepBa,
T. €. CUJIa ICTBUS OO yMeHbInanach [27]. Kax
OBbLIO TIOKA3aHO B UMMYHOTHCTOXUMHUYECKUX UCCIIe-
JIOBAaHUSX ¢ TPUMeHeHeM KOH(MOKaIbHON JTa3epHOM
MHUKPOCKOIIMH, TPABMa CEJIAJIUIITHOTO HepBa TPUBO/UIIA
K IJTAaCTUYECKOH peaknuu B mepudepuniecKux HeHpo-
HaX: UX CTPYKTYPHOH mepecTpoiike u 0Opa3oBaHUIO
MATOJIOTHYECKUX 0YaroB BO30OYKIEHNS B IMUIEPMUCE
U B 33JIHUX POraX CIIMHHOTO MO3ra, 4YTO, HECOMHEHHO,
MOTJIO TIOBJUATHh HA 3(DHEKTUBHOCTH MEHCTBUS MOP-
¢duna [15]. Bo3Hukaer ecTecTBEHHbII BOIIPOC, a YTO
MTPOUCXOANT B 3TUX HEMPOHAX M NX Tepru(epriecKnx
BHYTPUKOKHBIX aKCOHAX C MIO-OTTMOUIHBIMU PeIleTi-
TOpaMU — MUIIEHSIMU JIJISI OTTUOUIHBIX TTPENapaToB?

Bompoc o Tom, nuHEpBUpYyeTCS JI cCaMBIii BEPXHUN
CJIOT KOJKY UJTH HET, OOCYKIAJICS He OTHO JIECSITUTIETHE,
B TeUeHWE KOTOPBIX JE€CSATKH YUEHBIX U aHATOMOB JIOKA-
3BIBAJIH WUJIH OTPHUIIAIHU CYHIECTBOBaHUE OOJIEBBIX HEPB-
HBIX BOJIOKOH B anuzaepmuce [30]. Toabko mocse Toro,
KaK CTaJIi JOCTYITHBI [Jis TaOOPATOPHBIX U KIMHUYE-
CKUX UCCJIEI0OBAHIUN aHTUTEJA K TPOAYKTY OETKOBOTO
rera 9.5 (protein gene product 9.5 — PGP 9.5), koro-
PBIi JTOKAIN3YeTCS NCKIIOYNTENbHO B HEPBHOH CHCTe-
Me, TOSIBUJIACh BOBMOKHOCTD UCCJIEI0OBATH 1 HEPBHBIE
BosIoKHA KOk [51]. CoBpeMeHHbIe, TaKk Ha3bIBaeMbIe
JIBOMHBIE UMMYHOTUCTOXUMHUYECKUE, UCCIIEJOBAHUS
1 KoH(bOKaTbHASA JTa3epHas MUKPOCKOIHS MTO3BOISAIOT
He TOJIbKO C BBICOKOUW CTEMEHbIO Pa3PeIeHusT UIEHTH-
(purmposars nepudeprdeckre KICTKA WIN HEUPOHBI
C PEIeNnTOpaMyu WU MeTUATOPaMU, HO U MPOU3BECTH
UX KOJWYECTBEHHBIN aHAIN3. /[ 9TUX 1ejiell B 10-
nosnenue K antutesiam kK PGP 9.5 ucnoabp3zoBanuch
CeJIEKTUBHbIE AHTUTEJIA K PA3JTUYHBIM CITalic-BapuaH-

1

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 ncnonbp30BaHNN 3TUX TEXHOJIOTUH OMpeesTeHo,
yT0 B Iepucdepruieckux ahbepeHTHBIX HeIfPOHAX 10
UMMYHOpeaKTUBHBIX HetipoHoB ¢ MOP-1 u MOP-1C
OblIa HEMHOTO YBeJIMYeHa MOCJ€e TIOBPEKAEHUS Ce-
MATUIHOTO HEpBa 1O CPAaBHEHWIO C KOHTPOJbHOU
TPYNIION, XOTS 3TU Pa3audmsd HE JOCTUTIU CTAaTU-
CTUYECKN 3HAYMMOTO pasjudus. Tak, B HelpoHax ¢
nuamerpoM < 30 mkm MOP-1 okpamennbie KIeTKn
COCTABJISLIU NPUOIM3UTEIHHO 55% OT 00I1Iero yncaa
MOZICYNTAHHBIX HepoHOB rauriaud. [locae TpaBmbI
JOJIS UMMYHOPEaKTUBHBIX HEHPOHOB OblIa yBeJye-
Ha 10 64% uepes 22 awsa moce oneparun [27]. B koxke
3a/IHEH JIATTKY 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
HEe3HAUUTETHHO YMEHBITATIOCH IO CPABHEHUIO C KOH-
TpoJIbHOM rpynmoi [27].

Takum 00pa3oM, IKCIIEPUMEHTATHHOE TIOBPEKIECHITE
neprepruIecKoTo HePBa IMPUBOANT K KOMITEHCATOPHOI
PeAKINU MIO-OTTHOWTHON CUCTEMbI Ha YPOBHE 3aTHUX
pPOTOB CITMHHOTO MO3Ta, epudeprnyecknx HeiPOHOB
1 BHYTPUKOXHBIX OKOHYAHWH. YMeHBIIEHNE MIO-
pertienitopoB B [ 1 Bo 11 cosx Pekcena B ciuanoM Mo3Te
COTIPOBOXAATOCh MX HE3HAUYNTETbHBIM KOMIIEHCATOP-
HBIM yBeJUYEHNEM B CPETHUX U MATEHHPKIX HEUPOHAX
3aTHUX TAHTJINEB W yMEHBIIEHEM Ha BHYTPUKOKHBIX
HEPBHBIX OKOHYAHWSIX, BO3MOKHO, BCJIEAICTBIE OTPAHU-
YeHWs aKCOHATBHOTO TPAHCIIOPTA PEIENTOPOB, a TAKKE
MOBPEKIEHNS TepU(PePUIeCKUX OKOHUAHWH. ITU Hel-
porTacTdecKkre N3MeHEeHN OTPaKaICh HA aHAb-
TeTHYEeCKON aKTUBHOCTU MOpGhUHA — CHUJIa IeHCTBUS
OTIMONIA YMEHbBIAIACh TTOCIE CUCTEMHOTO, MHTPaTe-
KaJBHOTO U JIOKAJbHOTO BBEZIEHNA Tpemnapata [27].

Poub nepudepuueckux MeXaHU3MOB B OIIUOUTHOM
TOJIepaHTHOCTH. Bompoc, Ha KakKoM ypOBHE HEPBHOM
CUCTEMBI: CYyIPaCIMHAIBHOM, CITUHAIBHOM WUJIN TIEPH-
depraeckoM, TPOUCXOANT B TIEPBYIO OYEPETh Pa3BUTHE
JIEKapCTBEHHOTO TTPUBBIKAHUSA, SIBJISETCSI Ba)KHBIM B
KOHTEKCTe pa3pabOTKH MePCIeKTUBHBIX KOMOWHAIIMIA
nperaparoB. MHOTOUMCIEHHBIME JTAOOPATOPHBIMU UC-
CJIeZIOBaHUSMM TTPOZIEMOHCTPUPOBaHa 3(pHeKTUBHOCTD
CUCTEMHO BBOAUMBIX anTaronncToB NMD A-pertternto-
POB B IpeayNpeKAeHNN PAa3BUTHS TOJEPAHTHOCTH K
aHAJBTeTHYeCKOMY 3(hhEKTY MIO-OTTMONIOB, a TaKKe
MK-801 B 6JI0KMpPOBaHIK TOJIEPAHTHOCTH TTOCJIE CIIN-
HaJIBHOTO BBeneHUs Mopduna [20].

PesysibraThl HallIMX MCCAeAOBAHUN yOeIUTEIhHO
YKa3bIBAIOT Ha KJIOYEBYIO POJIb MepudepunyecKknx
MIO-PEIENTOPOB B Pa3BUTUN TOJEPAHTHOCTU K aHAJb-
reTmyeckoMy 3 dexTy MophuHa MocTe CUCTEMHOTO
€To BBeneHusd. Tak, mocje CUCTEMHOTO BBEIEHUST MOP-
¢una B Tevenne 4 aneit I/, npemapara ymeHbIua-
Jach B 2,3 pa3a, a y APYTUX KUBOTHBIX, TTOTYIABITUX
MopduH cucremuo, I/, mocme JOKaIbHON MHBEKIINK
cHmxajach B 19 pas. IlenTpanbHble MecTa OCTaBaUCh
YYBCTBUTETHHBIMU K MOP(UHY, TOKA3bIBAsS OTCYTCTBUE
Pa3BUTHS TOJEPAHTHOCTU HA CYTPACTTUHAIBHOM U CITH-
HaJIbHOM ypoBHe (Tabu1.) [24]. Takum 06pasom, JaHHBIE
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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 MOPhUHY

Table. Central and peripheral sites of the morphine

tolerance

By oniuna | My sonne | | | |stoctacion | MOTHREEDy | MopnneED | 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) MKr | 86 (49;146) mkr | 19,1 Local 4.5(3.2,6.4) ug 86 (49, 146) g 19.1

9KCIEPUMEHTOB ITOKa3aJIH, YTO XPOHIUUYECKOE, B TeUeHNe
5—10 gHedt, moaKoKHOE (CHCTEMHOE) BBEJEHIE MOP-
(¢uHA TPUBOIUT K TIOTEPE aHAIBIEeTHIECKOTO 3 dek-
Ta, T. €. K TOJIEPAaHTHOCTH, HO IIPH 3TOM IIeHTpaJIbHbIE
MecTa (CIMHAJIbHbIE U CYTPACIUHAJIbHBIE) OCTAIOTCS
YyBCTBUTETBHBIMU K OTIMOW/LY, IEMOHCTPUPY ST BASKHYIO
VCKJTIOYUTETBHYIO POJIb NTeprudepuIecKux MIo-perier-
TOPOB B Pa3BUTUN CHCTEMHOW TOJEPAHTHOCTH [24].
B cBasu ¢ tem yto NMDA-penentops ObLIy TakKe
o6HapyKeHBI 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 MOCJIE€ CCTEMHOTO 1 JIOKAJTbHOTO
BBeIeHNST MOp(IHA 3HAYNTEIbHO Bo3pacTtaet [7]. [lnsg
uccaeloBanuil nepudepuuecknx MeXaHu3MOB, BOB-
JIEYEHHBIX B PA3BUTHE JIEKAPDCTBEHHOTO MPUBBIKAHNS,
MBI pa3paboTain TeXHOJIOTUH HAKOKHOTO BBEIEHIS
MpernapaToB M UCCIEN0BAIN POJIb MepudepmaecKnx
NMDA-perentopoB B 3KCIIpecCHy TOJEPAHTHOCTH.
CoBMmecTHOE HaKOXHOe (TONMWKAJ) BBEIEHUE MOP-
¢puna ¢ MK-801 nim ¢ xeTaMrHOM, aHTarOHUCTaMHU
NMDA-perentopoB a(pheKTUBHO OJIOKUPOBAIO pas-
BUTHE TOJEPAHTHOCTH K aHAJIbIeTHIECKOMY a(pdeKTy
omonza. B apyrux sxcrepuMenTax MOphUH BBOIUIN
TONUKAJI B TeueHne 3 JAHEH, 3aTeM € 4-T0 HS B JOII0JI-
HeHne K MopbuHy BBoauan HakokHo MK-801 nm
KeTaMWH. B 3Toll aKcrmepuMeHTaTbHON Tapagurme
antaronuctsl NMDA-penienTopa mocreneaHo Boc-
CTAaHABJIMBAJIU YYBCTBUTEIBHOCTD MEePU(pEPUIECKUX
PEIENITOPOB K aHAJMbreTdecKkoMy 3 ety MopdhuHa.

NHTepecHO, 4TO MHTpPaTeKaJlbHBIE WHBEKIUU
MK-801 He 6y10KHPOBAIH ¥ TasKe He 3aMeIJISITN PA3BH-
THS TOJEPAHTHOCTHU MOCJIE€ XPOHUYECKOTO HAKOKHOTO
(TommKam) BBeMEHUS OMUONIA, TOTIEPKHBAs BOBJIE-
YEeHHOCTD B PAa3BUTHE TOJIEPAHTHOCTH TOJIBKO mepude-
pUYeCKON aHTUOTTUOUIHON CUCTEMBI [28].

Vcmosib30oBatme 9THX MEXaHI3MOB B CO3/IaHUH 00€3-
GOJIMBAIOTIMX MPEMAPATOB OTKPHIBAET MHOTOOGEIIAIO-
TIM€ TEPCIIEKTUBBI B IEYEHUN OCTPON M XPOHUYECKOIH
6osn. Tax, PM. Finch et al. coobumnm 06 ycremnnom
HAKOKHOM TprMeHeHnn y 20 GOJBHBIX ¢ HEBPOIIATH-
YeCKNM CHHAPOMOM KeTaMWHa (Tesb) — Tpemapar ad-
GeKTUBHO yMeHbIa ajmoauHuio [17].

Ornuounibl, BBOAMMBIE JIOKAJIBHO, TOCTATOYHO TIH-
POKO MPUMEHSIIOT B KIWHUKE KaK B BU/Ie HAKOKHBIX
Ma3ell u rejiv, Tak U B Buje pactBopos [35—37]. Pe-
3YJIBTAThI TUX MUJOTHBIX KIMHITYECKUX UCCIIETOBAHNT
HY’KIQI0TCS B TOATBepskAeHur. Ha JaHHbIE MOMEHT
CYIIECTBYET MOTPEOGHOCTD B H0JIee MHOTOUNCIEHHBIX
U Pa3HOOOPA3HBIX TPAHCJSAIMOHHBIX 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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HalleJIEeHHbIX Ha OIITUMM3aIlUIO 403 B KOM6I/IHa]_[I/II/I
Iperaparos.

3akjaoueHue

Nrak, nepudeprudeckre OMMOUIHbIE MEXaHU3MbI
UTPAIOT KJIIOUEBYIO POJIb B CUCTEMHOU MIO-OITHOWI-
HOI aHAJIbTe3U N, a TAK)KE B PA3BUTUU TOJEPAHTHOCTH
MocJjie CUCTEMHOTO BBeleHus onmuouoB. Mopbun u
ApyTrrue MIO-OlMnmoun/ibl, BBOAUMbIE CUCTEMHO, aKTUBU-
PYIOT OIIMOUAEPTUYECKNE MEXaHU3Mbl Ha CylIpaciu-
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
BBenieHnst Mmoppuna u 90% mocTe CUCTEMHOTO BBeJE-
HUs MeTaJioHa. boJiee TOro, B MeXaHU3Mbl OITUOUTHOTO
[PUBbIKAHUS TAKKE BOBJIEUEHbBI MiepuepuiecKue aH-
TronuouaHbie cuctembl, NMDA-perientopsl. ITu ke
ME€XaHN3Mbl BOBJICUEHBI B TOAAEPKAHNE TUIIEPAJIbIe-
3UU U aJIoanHNH nepudepudeckoro reHesa. Cozmanue
aHAJbIeTUYECKUX TIPENapaTon, BO3ENHCTBYIONINX Ha
nepudepruiecKkre aHTUHOIUIIETITUBHBIE CUCTEMBI, OT-
KPBIBAET MHOTOOOEIIAIONIIE IEPCIEKTUBbI B JIEUCHUN
oCTpoit 1 XpoHmdeckoit 6o, OTCYyTCTBUE IEHTPATb-
HBIX TOOOYHBIX 3(D(HEKTOB 3HAUNUTETHHO YBETMIHNBAET
TepameBTUYECKUI MHAEKC eprudepuIecKu T1efCTBYIO-
MUX IMMpenapaToB, 4TO [€JaeT UX NCKIIOYUTEJIbHO IIPU-
BJIEKATEJIbHBIM [TPH JIeYeHIH O0JIU TIepr(hepuIecKoro
[IPOUCXOXKIEHUSI.

Koudaukr nnrepecoB. ABrop 3asiBisieT 00 OTCYTCTBUH
y Hero KOH(IMKTa HHTEPECOB.
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