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STRESZCZENIE

Zaburzenia funkcjonowania ukladu nerwowego nadal stanowiag wyzwanie dla lekarzy
1 naukowcdw, pomimo ogromnego postepu wspotczesnej medycyny i farmakologii. Jak sugeruja
najnowsze badania, w wyniku uszkodzenia zaréwno osrodkowego jak i obwodowego uktadu
nerwowego dochodzi do zmian o podtozu neuroimmunologicznym, ktére w konsekwencji moga
doprowadzi¢ do nadwrazliwosci bolowej. Wcigz nie jest jasne jakie populacje komoérek sa
woOwczas zaangazowane w kaskade nastepujacych po sobie przemian molekularnych. Wydaje sie,
ze szczegblne znaczenie w tym procesie, poza komorkami nerwowymi, mogg mie¢ rowniez
komorki immunologiczne 1 glejowe. Tym samym wskazanie podobienstw 1 roznic wynikajacych
z etiologii uszkodzenia otwiera i nakresla interesujacy obszar badan. Gtownym celem niniejszej
pracy doktorskiej bylo zbadanie i poréwnanie zaangazowania tych komoérek oraz czynnikow
uktadu dopetniacza, a takze wybranych chemokin z grupy CC- i XC- w patomechanizm
uszkodzenia osrodkowego i obwodowego ukladu nerwowego, a ponadto sprawdzenie wplywu
farmakologicznej modulacji wybranych chemokin i ich receptorow na procesy boélowe u myszy
w modelu bolu neuropatycznego. To wilasnie zloZzone i wcigz nie do konca poznane mechanizmy
neuroimmunologiczne sa powodem braku efektywnej farmakoterapii zaburzen uktadu
nerwowego, co podkresla potrzebe wielokierunkowego podej$cia w ich leczeniu. Wyniki badan
prowadzonych w ramach tej rozprawy doktorskiej, zostaly opublikowane w 5 _pracach
orydinalnych - Ciechanowska i wsp. | mmunobiology 2020, Pharmacol Rep 2020, Int J Mol Sci
2021, Front Immunol 2022, Brain Sci 2023.

W_modelu urazowego uszkodzenia moézgu, podjeto si¢ okreSlenia zaangazowania
w rozw0j wtornego uszkodzenia wybranych na podstawie literatury komorek oraz czynnikéw
immunologicznych. Dokonano tego poprzez sprawdzenie w kilku punktach czasowych zmian
ekspregi mRNA/biatka markerow komodrkowych, a takze czynnikow uktadu dopehiacza,
chemokin z rodziny MIP-1 (CCL3, CCL4, CCL9) i ich receptorow (CCR1, CCRS) oraz XCLI
i jej receptorow (XCRI1, ITGA9) w poszczegdlnych strukturach moézgu (kora, wzgorze,
prazkowie, i/lub hipokamp). Ponadto podjeto si¢ sprawdzenia zrédta komodrkowego wybranych
czynnikow immunologicznych i okre$lenia lokalizacji ich receptoréw. Badania prowadzono
w latach 2018-2021, w ramach projektu grantowego ERA-NET NEURONCOFUND
/JLEAP/15/1. W_modelu uszkodzenia nerwu obwodowego rowniez badano wybrane komorki
oraz czynniki immunologiczne w neuropatii poprzez sprawdzenie, w kilku punktach czasowych,
zmian poziomu mRNA/biatka markeréw komorkowych, chemokin z rodziny MIP-1 (CCL3,
CCL4, CCL9) i ich receptorow (CCR1, CCRS5) oraz chemokiny XCL1 wraz z jg receptorami
(XCR1, ITGA9) w ledzwiowym odcinku rdzenia kregowego. Ponadto przeprowadzono
eksperymenty farmakologiczne w celu zbadania wptywu neutralizacji chemokin, a takze blokady
ich receptoréw (CCRI1, CCRS5, XCRI1, ITGA9) na procesy nocycepcji w modelu bolu
neuropatycznego. Poniewaz efektywnos¢ monoterapii nie jest wystarczajaca, zalozeniem
kolejnych eksperymentoéw byto sprawdzenie czy zablokowanie wyzej wymienionych receptorow,
a takze ich ligandow, moze korzystnie wpltywaé na przeciwbdlowe wlasciwosci lekow
opioidowych. Badania prowadzono w latach 2020-2023, w ramach dwoch projektow grantowych:
Opus 2016/21/B/NZ4/ 00128, a nastepnie Opus 2021/43/B/NZ7/00230.

Eksperymenty in vivo wykonane byly w dwoch etapach. Pierwszy cykl badan
przeprowadzony byt we wspolpracy z grupa badawcza kierowang przez prof. M.G. De Simoni
w modelu urazowego uszkodzenia mozgu u samcoOw myszy C57BL/6J (Charles River, Wtochy) -
wyniki opublikowano w 3 pracach oryginalnych - mmunaobiology 2020, Pharmacol Rep 2020,
Int J Mol Sci 2021. Drugi cykl badan prowadzony byt w modelu bdlu neuropatycznego
polegajacym na luznym jednostronnym podwigzaniu nerwu kulszowego, ktory jest procedura od
lat wykorzystywang w Zakladzie Farmakologii Bolu, na samcach myszy Albino Swiss (Charles




River, Niemcy). Wyniki opublikowano w 2 pracach oryginalnych - Front Immunol 2022, Brain
Sci 2023. Doswiadczenia miaty miejsce w Instituto di Ricerche Farmacologiche Mario Negri oraz
w Instytucie Farmakologii im. Jerzego Maa i prowadzone byly zgodnie z zaleceniami
Migdzynarodowego Towarzystwa Badania Bolu, Narodowego Instytutu Zdrowia oraz za zgoda
Komisji Etycznej do Spraw Doswiadczen na Zwierzgtach (Wtochy —nhumer zgody 753/2017-PR;
Polska — numery zgod 1277/2015, 301/2017, 75/2017, 305/2017, 235/2020, 40/2023, 236/2021,
297/2021, 89/2021, 98/2022). Materiat do badan biochemicznych (kora, wzgorze, prazkowie,
hipokamp lub rdzen kregowy) pobierano w pieciu punktach czasowych (1, 4, 7, 14, 35 dni) po
uszkodzeniu moézgu/nerwu kulszowego. Pomiar zmian w poziomie mRNA wykonano metodg RT-
gPCR, natomiast do oceny zmian w ekspresji biatka postuzono si¢ metodami ELISA i Western
blot. Ponadto zastosowano techniki immunohistochemii w celu okreslenia lokalizacji badanych
czynnikow. Narzedzia farmakologiczne byly podawane jednokrotnie lub wielokrotnie, najczgsciej
podpajeczyndéwkowo, ale takze dootrzewnowo. Do oceny nadwrazliwos$ci na bodZce mechaniczne
i termiczne w badaniach behawioralnych wykorzystano 2 testy - von Frey’a oraz zimnej ptytki.
Rownolegle realizowano eksperymenty w warunkach in vitro z uzyciem pierwotnych hodowli
komorek mikrogleju i astrogleju z kory mézgowej pobranej od nowonarodzonych myszy szczepu
C57BL/6J. Wyniki te zostaty opublikowane w 3 pracach - | mmunobiology 2020, Pharmacol Rep
2020, Int J Mol Sci 2021. Hodowle wykorzystano do okreslenia zrodta komorkowego wybranych
receptorow i czynnikéw immunologicznych. Do analizy wynikéw uzyto programu GraphPad
Prism z wykorzystaniem testu t-studenta oraz jedno- i dwuczynnikowej analizy wariancji
(ANOVA). Nastepnie wykonano konieczne testy post hoc.

W modelu urazowego uszkodzenia mézgu, we wczesnej fazie, wykazano wzrost ekspres;ji
markera neutrofili nie tylko w korze mozgowej, czyli w miejscu bezposredniego uszkodzenia, ale
réwniez w prazkowiu i hipokampie (Int J Mol Sci 2021, Immunaobiology 2020). Zmiany te
utrzymywatly si¢ stosunkowo krotko (do 7 dnia). W dalszych analizach stwierdzono znaczace
i dlugotrwate podwyzszenie markeréw komorkowych $wiadczace o silnej aktywacji astrogleju
oraz mikrogleju/makrofagéw. Co wazne, po raz pierwszy wykazano zmiany we wszystkich
4 badanych strukturach moézgu. Uzyskane dane pozwolity stwierdzi¢, ze w zaleznosci od
uplywajacego czasu i badanego obszaru, rézne typy komorek odgrywaja role po bezposrednim
uszkodzeniu moézgu, a wydzielane przez nie czynniki immunologiczne staly si¢ przedmiotem
kolejnych eksperymentéw. Wyniki pokazuja, ze w pierwszym tygodniu po uszkodzeniu nerwow
obwodowych nastepuje aktywacja mikrogleju/makrofagow oraz astrogleju, ktorego poziom
pozostaje znacznie podniesiony az do 35 dnia (Brain Sci 2023). Wyniki eksperymentow
przeprowadzonych w ramach tej pracy oraz dane literaturowe sugeruja, ze wazng czescig terapii
powinno sta¢ si¢ zastosowanie lekow modulujacych funkcje neutrofili, makrofagéw, mikrogleju
1 astrogleju w osrodkowym uktadzie nerwowym. Poszukiwanie nowych, skutecznych substancji
o takim potencjale jest jednym z najwazniejszych zadan badan podstawowych. Zaktywowane
komorki immunologiczne 1 glejowe maja kluczowe znaczenie w kaskadzie zmian bedacej
konsekwencja uszkodzenia uktadu nerwowego. Szczegolnie biorgc pod uwage fakt, ze wplywaja
one na biosynteze czynnikow ukladu dopetniacza oraz licznych i wcigz stabo poznanych
chemokin, ktore staly si¢ przedmiotem dalszych prac badawczych.

Uzyskane w kolejnej czgéci badan wyniki (Int J Mol Sci 2021) sugeruja, ze wsrod
inicjatorow klasycznej drogi aktywacji uktadu dopetniacza caty kompleks C1 (Clg, C1r i Cls),
a w przypadku drogi lektynowej fikolina A, odgrywaja wazng rol¢ po uszkodzeniu mézgu we
wszystkich badanych strukturach (kora, prazkowie, wzgorze i hipokamp). Eksperymenty
przeprowadzone w hodowli pierwotnej komorek mikrogleju sugeruja, ze sa one w duzej mierze
odpowiedzialne za biosynteze inicjatorow szlaku klasycznego, ale w bardzo niewielkim stopniu
szlaku lektynowego. Selektywne celowanie w Clq i fikoling A, moze okaza¢ si¢ skuteczng



strategia w leczeniu uszkodzen mozgu, jednak wymagane s3 dalsze badania w celu
zweryfikowaniatej hipotezy.

W kolejnym cyklu eksperymentow wykazano zmiany ekspregi wszystkich chemokin
z rodziny MIP-1 (CCL3, CCL4, CCL9) na poziomie kory, prazkowia i hipokampa po
uszkodzeniu mozgu (Immunaobiology 2020), natomiast na poziomie rdzenia krggowego po
uszkodzeniu nerwu kulszowego tylko CCL3 i CCL9 (Brain Sci 2023). W badaniach
behawioralnych dowiedziono, ze blokada CCL3 i CCL9 przez przeciwciata neutralizujagce ma
dziatanie antynocyceptywne, a takze nasila przeciwbolowe wilasciwosci morfiny po podwigzaniu
nerwu kulszowego. W dalszych eksperymentach skoncentrowano si¢ na receptorach rodziny
MIP-1: CCR1 i CCRS. Ich neuronalna lokalizacja sugeruje wazng role w transmisji
nocyceptywnej i wyjasnia, dlaczego podpajeczyndéwkowe podania CCL3 i CCL9 maja tak silne
1 szybkie dziatanie pronocyceptywne. Uzyskane wyniki po raz pierwszy wskazuja, ze pojedyncze
podanie podpajeczyndéwkowe antagonisty CCR1 (J113863) i antagonistow CCRS5 (TAK-220,
AZD-5672) w sposob zalezny od dawki, zmniejsza nadwrazliwos¢ bolowa rozwinigta w badanym
modelu, a takze nasila efekty morfiny (Brain Sci 2023). W zwiazku z tym, farmakologiczna
modulacja wybranych chemokin z rodziny MIP-1 i ich receptoréw moze stanowi¢ catkowicie
nowe podejscie w terapii po uszkodzeniach osrodkowego jak i obwodowego uktadu nerwowego.

W ostatnim cyklu badan postanowiono okreslic i porowna¢ zaangazowanie chemokiny
XCL1 i jej receptoréow (XCRI1, ITGA9) w zmiany zachodzace w mézgu po jego uszkodzeniu
(Pharmacol Rep 2020) oraz w rdzeniu kregowym po podwigzaniu nerwu kulszowego (Front
Immunol 2022). Wykazano po raz pierwszy, ze poziom XCL1 w korze moézgowej, hipokampie
1 wzgorzu ulega podniesieniu zarowno w fazie wczesnej jak 1 péznej. XCL1 mozna uznaé za
jeden z kluczowych czynnikéw inicjujacych wtorne uszkodzenie, a sposrod receptorow dla tej
chemokiny nie tylko klasyczny XCR1, ale takze niedawno zidentyfikowany w tej roli receptor
ITGA9, moga sta¢ si¢ w przyszlosci waznymi punktami uchwytu dla farmakoterapii po
urazowym uszkodzeniu mozgu (Pharmacol Rep 2020). Na podstawie wynikow badan
immunohistochemicznych dowiedziono, ze XCL1 jest wytwarzana przez astroglej, natomiast jej
oba receptory zlokalizowane sg na neuronach (Front Immunol 2022). Co wazne réwniez na
poziomie rdzenia kregowego po uszkodzeniu nerwu, wykazano szybki i znaczacy wzrost ekspregji
XCL1 utrzymujacy si¢ az do 5 tygodni (Front Immunol 2022). Ponadto dowiedziono, ze
podpajeczynéwkowe podanie myszom zdrowym XCLI1, ktére wywotuje nadwrazliwos¢ na
bodZce termiczne i mechaniczne, jest ostabiane przez podanie zarowno vMIP-II (antagonisty
XCR1), jak i YA4 (przeciwciala neutralizujacego ITGA9) (Front Immunol 2022). Ponadto,
badania dostarczyly pierwszych dowodow na to, ze po podwigzaniu nerwu kulszowego
blokowanie XCLI, jak rowniez XCR1 1 ITGA9 nie tylko przynosi ulge w bolu, ale takze nasila
efekty analgetyczne morfiny i/lub buprenorfiny (Front Immunol 2022). Przeprowadzone
eksperymenty pokazuja po raz pierwszy, ze osie XCL1/XCR1 i XCLI/ITGA9 sa zaangazowane
w transmisje nocyceptywng. Dane literaturowe wskazuja, ze neutralizacja chemokin, jak i blokada
ich receptorbw jest z powodzeniem stosowana w leczeniu niektorych schorzen
neurodegeneracyjnych, dlatego tez proponowana modulacja sygnalizacji XCL1 moze zosta
wykorzystana przy opracowaniu skuteczniejsze] farmakoterapii.

Podsumowujac, waznym aspektem w terapii po uszkodzeniach ukladu nerwowego jest
wielokierunkowe podejscie w projektowaniu nowych narzedzi farmakologicznych
zorientowanych na modulacj¢ interakcji neuroimmunologicznych i funkcji komorek
zaangazowanych w ten patomechanizm. Leczenie oparte na zahamowaniu aktywacji
inicjatoréw ukladu dopelniacza (Clq i fikoliny A), jak réwniez chemokin (XCL1, CCL3)
i zablokowanie ich receptoréow (CCR1, CCR5, XCRI1, ITGA9), moze w sposob istotny
wplyna¢ na poprawe jako$ci zycia pacjentow zaréwno po uszkodzeniach mdzgu jak
i nerwéw obwodowych.



SUMMARY

Disorders of the nervous system continue to pose a challenge for doctors and scientists,
despite significant advancements in modern medicine and pharmacology. Recent research
suggests that damage to both the central and peripheral nervous systems can lead to
neuroimmunological changes, which can ultimately result in pain hypersensitivity. It is still
unclear which cell populations are involved in the cascade of subsequent molecular changes. It
appears that in addition to nerve cells, immune cells and glial cells can aso play a significant role
in this process. Therefore, identifying similarities and differences arising from the etiology of
damage opens up and highlights an interesting area of research. The main objective of this
doctoral dissertation was to investigate and compare the involvement of these cells, the
complement system factors, and selected chemokines from the CC- and XC- groups in the
pathomechanism of damage to the central and peripheral nervous systems. Additionaly, the
dissertation aimed to examine the influence of pharmacological modulation of selected
chemokines and their receptors on pain processes in a mouse model of neuropathic pain. These
complex and still not fully understood neuroimmunological mechanisms are responsible for the
lack of effective pharmacotherapy for nervous system disorders, highlighting the need for
a multidirectional approach in their treatment. The results of the research conducted within this
doctoral dissertation were published in 5 original papers. — Ciechanowska et al. |mmunobiology
2020, Pharmacol Rep 2020, Int J Mol Sci 2021, Front Immunol 2022, Brain Sci 2023.

In atraumatic brain injury model, the involvement of selected cells and immunological
factors identified in the literature in the secondary injury development was assessed. This was
achieved by examining changes in the mRNA/protein levels of cellular markers, the complement
system factors, chemokines from the MIP-1 family (CCL3, CCL4, CCL9) and their receptors
(CCR1, CCR5), as well as XCL1 and its receptors (XCR1, ITGA9) at various time points in
different brain structures (cortex, thalamus, striatum, and/or hippocampus). Additionally, the
cellular source of selected immunological factors and the location of their receptors were
determined. The research was conducted in 2018-2021 as pat of the ERA-NET
NEURONCOFUND /1/LEAP/15/1 grant project. In_a peripheral nerve injury model, the
involvement of the selected cells and immunological factors in neuropathy was determined by
examining changes in mMRNA/protein levels of celular markers, chemokines from the MIP-1
family (CCL3, CCL4, CCL9) and their receptors (CCR1, CCR5), as well as chemokine XCL1 and
its receptors (XCR1, ITGA9) at various time points in the lumbar spinal cord. Moreover,
pharmacological experiments were conducted to investigate the impact of the neutralization of the
analysed chemokines and blocking their receptors (CCR1, CCR5, XCR1, ITGA9) on nociception
processes in the neuropathic pain model. Owing to the insufficient effectiveness of monotherapy,
the objective of the subsequent experiments was to determine whether blocking the
aforementioned receptors and their ligands could positively influence analgesic properties of
opioid drugs. The research was conducted in 2020-2023 as part of two grant projects. Opus
2016/21/B/NZ4/00128 followed by Opus 2021/43/B/NZ7/00230.

The in vivo experiments were conducted in two stages. The first cycle, carried out in
collaboration with a research group led by Prof. M.G. De Simoni, was conducted in a traumatic
brain injury model in male C57BL/6J mice (Charles River, Italy). The results were published in 3
original papers — I mmunabiology 2020, Pharmacol Rep 2020, Int J Mol Sci 2021. In the second
stage, the experiments were conducted in a neuropathic pain model involving loose unilatera
sciatic nerve ligation, a procedure long used at the Department of Pain Pharmacology, in male
Albino Swiss mice (Charles River, Germany). The results were published in 2 original papers —
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Front Immunol 2022, Brain Sci 2023. The experiments were conducted at the Instituto di
Ricerche Farmacologiche Mario Negri and the Jerzy Ma Ingdtitute of Pharmacology, in
accordance with the recommendations of the International Association for the Study of Pain, the
National Institute of Health, and with the approval of the Ethical Committee for Animal
Experiments (Italy — approval numbers 753/2017-PR; Poland — approval numbers 1277/2015,
301/2017, 75/2017, 305/2017, 235/2020, 40/2023, 236/2021, 297/2021, 89/2021, 98/2022).
Samples for biochemical analysis (cortex, thalamus, striatum, hippocampus, or spinal cord) were
collected at five time points (on day 1, 4, 7, 14, 35) after brain/sciatic nerve injury. Changes in
MRNA levels were measured with the RT-gPCR method, whereas changes in protein expression
were assessed by means of the ELISA and Western blot methods. Additionally,
immunohi stochemistry techniques were employed to determine the location of the studied factors.
Pharmacological tools were administered either as single or multiple doses, most often
intrathecally but also intraperitoneally. Two behavioural tests, von Frey and cold plate, were used
to evaluate sensitivity to mechanical and thermal stimuli. Simultaneously, in vitro experiments
were conducted using primary microglial and astroglial cell cultures obtained from the cerebral
cortex of newborn C57BL/6J mice. The results from these experiments were published in 3 papers
— Immunobiology 2020, Pharmacol Rep 2020, Int J Mol Sci 2021. The cell cultures were used to
determine the cellular source of selected receptors and immunological factors. Data analysis was
performed using the GraphPad Prism software, involving a student’s t-test, and a one-way and
two-way analysis of variance (ANOVA), followed by essential post hoc tests.

In the traumatic brain injury model, in the early phase, an increase in the expression of the
neutrophil marker was observed not only in the brain cortex, the site of the direct damage, but aso
in the striatum and hippocampus (Int J Mol Sci 2021, |mmunobiology 2020). These changes
persisted relatively briefly (up to day 7). Further analyses revealed a significant and long-lasting
increase in the levels of cellular markers, indicating strong activation of astroglia and
microglia/macrophages. Importantly, for the first time, changes were observed in each of the 4
studied brain structures. Based on the obtained data a conclusion was made that depending on the
elapsed time and studied brain area, different types of cells played arole after direct brain injury,
and the immunological factors secreted by them became the subject of subsequent experiments.
The results showed that in the first week after peripheral nerve injury, microglia/macrophages and
astroglia were activated, and the levels of the latter remained significantly elevated up to day 35
(Brain Sci 2023). Both the results of experiments conducted as part of this work and literature
data suggest that an important part of therapy should include drugs that modulate the function of
neutrophils, macrophages, microglia, and astroglia in the central nervous system. The search for
new, effective substances with such potential is one of the most important tasks in basic research.
Activated immune and glial cells play a crucia role in the cascade of changes resulting from
damage to the nervous system, especially considering their impact on the biosynthesis of the
complement system factors and numerous, still poorly understood chemokines, which have
become the subject of further research.

The results obtained in the subsequent part of the research (Int J Mol Sci 2021) suggest
that among the initiators of the classical pathway of the complement system activation, the entire
C1 complex (Clq, Clr, and Cls), and in the case of the lectin pathway, ficolin A, play an
important role after injury to al the studied brain structures (cortex, striatum, thalamus, and
hippocampus). Experiments conducted on primary microglial cell cultures suggest that they are
largely responsible for the biosynthesis of initiators of the classical pathway, however, their role
in the lectin pathway is minor. Selective targeting of Clg and ficolin A may prove to be an
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effective strategy in treatment of brain injuries. Nevertheless, further research is required to verify
this hypothesis.

In the next cycle of experiments, changes in the expression of al chemokines from the
MIP-1 family (CCL3, CCL4, CCL9) were detected in the cortex, striatum, and hippocampus after
brain injury (Immunobiology 2020). However, in the spinal cord after sciatic nerve injury, only
CCL3 and CCL9 exhibited changes (Brain Sci 2023). Behavioural studies demonstrated that
blocking CCL3 and CCL9 with neutralizing antibodies has antinociceptive effects and enhances
the analgesic properties of morphine after sciatic nerve ligation. Subsequent experiments focused
on the MIP-1 family receptors. CCR1 and CCR5. Their neuronal location suggests an important
role in nociceptive transmission, explaining why intrathecal administration of CCL3 and CCL9
has such strong and rapid pronociceptive effects. For the first time, the obtained results indicated
that single intrathecal administration of CCR1 antagonists (J113863) and CCR5 antagonists
(TAK-220, AZD-5672) reduces pain hypersensitivity developed in tested model in a dose-
dependent manner and enhances the effects of morphine (Brain Sci 2023). Therefore,
pharmacological modulation of selected chemokines from the MIP-1 family and their receptors
may represent a completely new approach in the therapy of injury to both central and peripheral
nervous systems.

The aim of the last cycle of experiments was to determine and compare the involvement of
chemokine XCL1 and its receptors (XCR1, ITGA9) in changes occurring in the brain after injury
(Pharmacol Rep 2020) and in the spinal cord after sciatic nerve ligation (Front Immunol 2022).
It was demonstrated for the first time that the levels of XCL1 in the cortex, hippocampus, and
thalamus increased in both early and late phases. XCL1 can be considered one of the key factors
initiating secondary damage, and among all the receptors for this chemokine, not only the classic
XCR1 but also the recently identified ITGA9 may serve as important targets in traumatic brain
injury pharmacotherapy (Pharmacol Rep 2020). Based on immunohistochemical results, it was
shown that XCL1 is produced by astroglia, while both of its receptors are located on neurons
(Front Immunol 2022). Importantly, also in the spinal cord after nerve injury, a rapid and strong
increase in XCL1 expression was observed, persisting for up to 5 weeks (Front Immunol 2022).
Furthermore, it was demonstrated that intrathecal administration of XCL1 to healthy mice, which
induces sensitivity to thermal and mechanical stimuli, was weakened by the administration of both
VMIP-II (XCR1 antagonist) and YA4 (ITGA9 neutralizing antibody) (Front Immunol 2022). In
addition, the research offered initial evidence that after sciatic nerve ligation, blocking XCL1, as
well as XCR1 and ITGA9, not only provides pain relief but also enhances the analgesic effects of
morphine and/or buprenorphine (Front Immunol 2022). These experiments showed for the first
time that the XCL1/XCR1 and XCL1/ITGA9 axes are involved in nociceptive transmission.
Literature data indicate that neutralization of chemokines and blocking their receptors are
successfully used in the treatment of selected neurodegenerative disorders. Therefore, the
proposed modulation of XCL1 signalling can be used to devel op more effective pharmacotherapy.

Summing up, a multidirectional approach in designing new pharmacological tools
tar geting the modulation of neurcimmune inter actions and functions of cellsinvolved in this
pathomechanism isa crucial aspect of therapy for nervous system injuries. Treatment based
on inhibiting the activation of the complement system initiators (C1q and ficolin A), as well
as chemokines (XCL1, CCL 3), and blocking their receptors (CCR1, CCR5, XCR1, ITGA9),
can significantly improve the quality of life for patients with both brain and peripheral
nerveinjuries.
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1. WPROWADZENIE

1.1. Urazowe uszkodzenie mdozgu, a procesy nocycepcji

Urazowe uszkodzenie moézgu to jedna z glownych przyczyn $mierci i trwalego
inwalidztwa ludzi na catym $wiecie, a globalna roczna czesto$¢ jego wystepowania jest
zmiennie szacowana na 27 do 69 milionéw poszkodowanych 2. Istnieja dwa gtéwne rodzaje
urazow glowy: penetrujacy, gdy obiekt przebija czaszke 1 wchodzi do tkanki mézgowej oraz
niepenetrujacy, znany rowniez jako zamkniety uraz glowy, gdy na poszkodowanego zadziata
duza sita zewnetrzna, ktora nie prowadzi do uszkodzenia opon mozgowych i czaszki, jednak
powoduje uraz moézgu. W zaleznosci od stopnia uszkodzenia objawy moga by¢ tagodne,
umiarkowane lub ciezkie °. Po urazie wystepuje bezposrednie naruszenie struktur mézgu
w miejscu uderzenia, ktore moze obejmowac sttuczenia, peknigcia i kKrwotoki, a co za tym
idzie, powodowaé utrate przytomno$ci, zaburzenia $wiadomosci, deficyty ruchowe
i czuciowe oraz inne tymczasowe lub trwate objawy neurologiczne 2. Jednak to, co czyni
urazowe uszkodzenie moézgu tak ztozonym schorzeniem sg procesy wtorne. Obejmujg one
miedzy innymi: zmiany niedotlenieniowo-niedokrwienne, zaburzenia metaboliczne
1 przepuszczalno$ci naczyn, obrzgk mozgu, rozlane uszkodzenie aksonalne, wodogtowie oraz
wzrost ci$nienia $rodczaszkowego. Majgca miejsce neurodegeneracja polega zarowno na
stopniowsej utracie czesci komorek nerwowych, jak i na aktywacji pozostatych. To przyczynia
si¢ do zaburzen neuroplastyczno$ci, zaktocen w sieciach neuronalnych, w przekazywaniu
sygnatow oraz w komunikacji pomiedzy réznymi obszarami mozgu °. Ponadto dochodzi do
silng, cho¢ stabo jeszcze poznanej aktywacji komérek glejowych i immunologicznych *°.
Maja tez miejsce apoptoza, nekroza, degeneracja aksonalna oraz tworzenie blaszek
amyloidowych wokot neuronow ° . W ich konsekwencji dochodzi do dtugoterminowych
zmian neurodegeneracyjnych oraz zaburzen funkcji poznawczych, takich jak utrata pamieci,
otepienie i demencja 13 Ze wzgledu na to, ze pourazowa patofizjologia mézgu rozwija si¢
w ciggu kilku dni po uszkodzeniu, wystepuje tzw. ,,okno czasowe”, ktore stwarza mozliwos¢
farmakologiczng interwencji terapeutycznej. W trakcie realizacji badan w ramach projektu
ERA-NET dazyliSmy do ujawnienia nieznanych lub stabo poznanych zmian pourazowych
w czynnikach uktadu dopetniacza i wybranych chemokin w réznych strukturach moézgu.

Pomimo obszernych danych literaturowych wcigz stosunkowo mato wiadomo jest na
temat tego, w jaki sposob wtorne uszkodzenie przyczynia si¢ do zaostrzonej odpowiedzi
immunologiczng), ktora nastepuje w  wyniku  aktywacji  lokalnych  komorek
immunologicznych oraz glgjowych ***, Wiadomo, Ze brak integralnoéci bariery krew-mézg
umozliwia komoérkom i czynnikom immunologicznym krazagcym we krwi wejscie do
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uszkodzonej tkanki mézgowej, gdzie reakcje zapalne ulegaja nasileniu **®, Coraz wigcej
dowodow wskazuje na to, ze w pierwszej kolejnosci do miejsca objetego urazem rekrutowane
sg neutrofile, po czym nastepuje lokalna aktywacja komorek immunologicznych i glejowych
oraz obwodowych komoérek immunologicznych *°. Weiaz brakuje jednak kompleksowego
poréwnania zmian markerow komorkowych poszczegdlnych populacji w czasie, dlatego stato
si¢ to przedmiotem badan te pracy doktorskig. Ponadto, postanowili§my przeprowadzié
analizy zarowno w korze mozgowej (czyli w migjscu uszkodzenia), jak i w glebszych
strukturach moézgu, czyli we wzgdrzu, prazkowiu 1 hipokampie ze wzgledu na brak tego
rodzaju danych w dostgpne;j literaturze. Poznanie zaangazowania komorek immunologicznych
w rozwijajace si¢ wtorne uszkodzenie wydaje si¢ istotne, poniewaz, jak sugerujg najnowsze
doniesienia, wydzielane przez nie czynniki powoduja stan zapalny, chemotaksje, fagocytoze,
anawet $mier¢ komorek 22,

Dane literaturowe jednoznacznie pokazuja, ze W wyniku uszkodzenia mézgu dochodzi
do rozwoju bolu osrodkowego (zmian w obrebie 11 lub 111 neuronu czuciowego). Powstajace
ostre odczuciabolowe sg zwigzane z okreslong dysfunkcja, trwaja zazwycza do kilku tygodni
I czgsto ustepuja z czasem, np. po wygojeniu peknigcia czaszki 2 Ten rodzaj dolegliwos$ci
trwa zwykle od trzech do szesciu miesigcy i nie jest bezposrednio zwigzany z uszkodzeniem
tkanek. Zdecydowanie najwiecej badan dotyczgcych nadwrazliwoséci bolowej powstajace]
w wyniku urazu mozgu dotyczy glowy, ktora jest najczestszym miejscem wystepowania

23,24

dyskomfortu u pacjentow Innymi czesto zglaszanymi miejscami wystgpowania

bolesnosci, ktora okreslana jest jako migsniowo-szkieletowa, sa szyja, ramiona, plecy oraz

konczyny 2

Ponadto wielu pacjentow z umiarkowanym lub cigzkim urazowym
uszkodzeniem moézgu doswiadcza bolesng spastycznosci, zwigzanej ze sztywnos$cia konczyn,
niekontrolowanymi ruchami migéni i stabg koordynacja % U niektorych pacjentow po
urazowym uszkodzeniu mo6zgu rozwija si¢ pozny zespot bolowy, ktorego objawy pojawiaja
sie sze$¢ miesiecy lub dluzej po urazie 2’. Wreszcie, wszystkie doniesienia jasno pokazuja, ze
dysfunkcje zwigzane z urazowym uszkodzeniem mézgu majg bardzo niejednorodny charakter
I sg trudne w leczeniu.

Sam proces nocycepcji, czyli powstawania odczué¢ bolowych, jest ztozony. Sktada si¢
z czterech glownych etapow, tzn. z transdukcji (zamiana energii bodzca bélowego na impuls
elektryczny), przewodzenia (przekazywanie informacji bolowej), modulacji (torowanie
I hamowanie informacji bolowej) i percepcji (uswiadomienie dziatania stymulacji bolowej

w korze mozgowe;j).
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Rycina 1. Proces nocycepcji. W przypadku urazowego uszkodzenia moézgu dochodzi do zmian zaréwno
w korze mozgowej jak i w glebszych strukturach. Prowadzi to do zaburzen w glownych osrodkach zwiazanych
Z hamowaniem zstgpujacym, takich jak jadro sinawe i istota szara okotowodociggowa, €O przyczynia si¢ do
rozwoju nadwrazliwosci. W przypadku uszkodzenia obwodowego ukladu nerwowego z rogu tylnego rdzenia
kregowego informacja nocyceptywna jest przekazywana do wyzszych pigter osrodkowego uktadu nerwowego
przede wszystkim drogami wstepujacymi zlokalizowanymi w przedniobocznym kwadracie istoty biatej rdzenia
kregowego 1 w sznurach tylnych (boczng i przysrodkowa droga rdzeniowo-wzgdérzowa, droga rdzeniowo-
§rodmozgowiows i rdzeniowo-siatkowata) — schemat opracowany wedhug Irvine i Clark, 2018 %, zmieniony na
podstawie literatury %%

Dane literaturowe wskazujg, ze po urazowym uszkodzeniu moézgu dochodzi do
zaburzeh hamowania zstepujgcego, co wtornie prowadzi do zaburzenia transmigi
nocyceptywnej

informacje z kilku obszar6w mozgu, w tym Zz kory moézgowej, podwzgoérza i ciata

?2 W warunkach fizjologicznych zstepujace szlaki bdlowe przekazuja

migdatowatego, do istoty szarej okotlowodociggowej w srodmozgowiu (Rycina 1, zaznaczone

na czerwono). Pobudzone neurony istoty szarej okotowodociggowej aktywujg zawierajace
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serotoning 1 enkefaling neurony w doglowowym brzuszno-bocznym obszarze rdzenia
przedtuzonego, a nastgpnie poprzez peczek grzbietowo-boczny przechodza do rogu
grzbietowego rdzenia kregowego (Rycina 1, zaznaczone na zielono) i wywierajg hamujacy
wplyw na procesy nocyceptywne. Neurony istoty szarg okotowodociggowej aktywuja
réwniez zawierajgce noradrenaling neurony w migjscu sinawym. Ta $ciezka noradrenergiczna
(Rycina 1, zaznaczone na czerwono) schodzi w peczku brzuszno-bocznym, aby miec
hamujacy wplyw na transmisj¢ nocyceptywng drogi rdzeniowo-wzgoérzowej W rogu
grzbietowym %% Natomiast stwierdzono, ze osoby z przewleklym pourazowym bélem
glowy maja nizszy proég bolu w odpowiedzi na ucisk i zmniejszonag modulacj¢ bolu
warunkowego *'. Zaburzone hamowanie zstepujace, w ktorym posredniczy uwalnianie
noradrenaliny z zakonczen neurondéw, ktorych ciata komérkowe sg zlokalizowane w miejscu
sinawym oraz serotoniny z zakonczen neuronéw, ktorych ciata komorkowe sa zlokalizowane
w doglowowym brzuszno-bocznym obszarze rdzenia przedtuzonego (Rycina 1), wydaje si¢
by¢ waznym mechanizmem wptywajacym na transmise informacji nocyceptywng po

- Lo 32
uszkodzeniu mozgu .

W eksperymentalnym modelu urazu czaszkowo-mozgowego
wykazano zmnigjszony poziom noradrenaliny w moézgu i rdzeniu kregowym oraz utrate ciat
komoérkowych w gléwnych osrodkach noradrenergicznych zwigzanych ze zstepujacym
hamowaniem nocyceptywnym, miedzy innymi w miejscu sinawym 2633 Wyniki badan
behawioralnych wskazuja na wystgpowanie nadwrazliwosci bolowej; w  modelu
kontrolowanego stluczenia kory mézgowej u myszy szczepu C57BL/6 335 We wspomniang
pracy udowodniono, ze uszkodzenie kory somatosensorycznej jest zwigzane ze znacznym
wzrostem nadwrazliwosci bolowej w obszarze oczodoldw co wykazano za pomoca
filamentoéw von Frey’a ®*, zaréwno po stronie uszkodzenia jak i po przeciwne *. Dodatkowo
u myszy poddanych uszkodzeniom moézgu obserwowano takze wzrost ekspregi czynnikow
pronocyceptywnych cytokin (IL-6, TNF-a, IL-12) oraz neuropeptydow (substancjaPi CGRP)
w pniu mozgu ***. Ponadto, w 2017 roku w szczurzym modelu wykazano, ze po urazowym
uszkodzeniu moézgu w rdzeniu krggowym dochodzi do aktywacji czynnikow
immunologicznych z powodu zaburzen w funkcjonowaniu zstepujacych ukladow
nocyceptywnych *°, co jak wskazuja badania, moze by¢ zwiazane z aktywacja komorek
glejowych i rekrutacja obwodowych komérek immunologicznych ¥, Utrzymujacy si¢ stan
zapalny przyczynia si¢ do apoptozy neuronow oraz nasila procesy bolowe 224142 Niestety
strategie terapeutyczne bolu osrodkowego sg ograniczone ze wzgledu na nie do konca

poznany patomechanizm, dlatego stat si¢ on przedmiotem badan realizowanych w ramach tej

pracy.
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1.2. Urazowe uszkodzenie nerwu, a procesy nocycepcji

W przypadku uszkodzenia obwodowego uktadu nerwowego zaburzenia w transmisji
nocyceptywnej dotycza w pierwszej kolejnosci dwoch poczatkowych etapow, czyli
transdukcji i przewodzenia. Doswiadczenia zmystowe zaczynajg si¢ na obwodzie, gdzie
zakonczenia pierwotnych wiokien doprowadzajacych reaguja na niezliczong ilo$¢ bodzcow.
Istnieja trzy gtowne typy wiokien czuciowych w obwodowym uktadzie nerwowym - widkna
AB, A i C ?® (Rycina 2). Widkna AP maja duza $rednice i sa grubo zmielinizowane, co
pozwala im szybko przewodzi¢ potencjaly czynnos$ciowe i reagowaé¢ na bodzce o niskiej
czestotliwosci (lekki dotyk). Widkna Ad majg mniejsza $rednicg i sg cienko zmielinizowane.
Ich budowa sprawia, ze przenoszenie informacji jest wolniejsze niz w przypadku widkien Ap.
Reaguja na bodZce termiczne i mechaniczne, jednak o wysokiej czg¢stotliwosci. Widkna C sa
najcienszym rodzajem pierwotnych wiokien doprowadzajacych. Sg catkowicie pozbawione
ostonek miglinowych, co czyni je nawolnig przewodzacymi. Maja najwyzsze progi
aktywacji, wigc selektywnie wykrywaja bodzce nocyceptywne o wysokiej czestotliwosci.
Potowa wiokien doprowadzajacych, rowniez tych ktore tworza widkna C, uwania
neuropeptydy, takie jak substancja P, CGRP. Obydwa typy wildokien C koncza si¢
w powierzchownych blaszkach rogu grzbietowego — z tym ze peptydergiczne koncza si¢
glownie w blaszce 11 zewngtrznej czgsci blaszki II (blaszce 11 z), natomiast niepeptydergiczne
zawigzuja si¢ w wewnetrznej czgsci blaszki IT (blaszce Il w). Jest prawdopodobne, ze obydwa
rodzaje wiokien C dziataja jako nocyceptory, jednak niewiele wiadomo na temat roznic

a3 Lacznie witokna Ad i C okreSlamy mianem ,,wiokien

funkcjonalnych miedzy nimi
bolowych”, reagujacych na bodzce ktoére mogg mie¢ charakter mechaniczny, termiczny lub
chemiczny. Projektuja one glownie do blaszek I-II rogu tylnego rdzenia krggowego
(Rycina 2). Widkna AB natomiast unerwiaja przewaznie blaszki III-V * (Rycina 2).
Nastepnie po transdukcji, w procesie przewodzenia informacja nocyceptywna jest
przekazywana z rogu tylnego rdzenia kregowego do wyzszych pieter osrodkowego uktadu
nerwowego przede wszystkim drogami zlokalizowanymi w przedniobocznym kwadracie
istoty bialej rdzenia kr¢gowego i w sznurach tylnych (Rycina 1, boczna i przysrodkowa droga
rdzeniowo-wzgoérzowa zaznaczone fioletowo, rdzeniowo-srodmézgowiowa zaznaczone na
niebiesko i rdzeniowo-siatkowatg zaznaczone na rézZowo). Droga rdzeniowo-wzgorzowa
(Rycina 1, zaznaczona na fioletowo) jest gldéwna wstepujaca $ciezka projekcyjng rdzenia
kregowego, ktora przekazuje bodZce nocyceptywne, termiczne i dotykowe do wzgorza, tworu
siatkowatego mostu, substancji szarej okotowodociggowej oraz podwzgorza. Podczas

przewodzenia informacji nocyceptywnej do struktur mozgu dochodzi do jg hamowania lub
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torowania, czyli do procesu modulacji, a nastepnie w korze mézgowej dochodzi do procesu

percepcji w trakcie ktorego informacja bolowa poddawana jest subiektywnej interpretacji 22,

Iw
1 o
__ r.og
I IV grzbietowy
stymulacja bélowa AB / v rdzenia
o niskiej |/ kregowego
czestotliwosci A_5 ’
stymulacja bolowa | C
o wysokiej

zwoje korzeni

czestotliwosci :
grzbietowych

Rycina 2. Pierwotne wtdkna doprowadzajace (wtokna AP, AS i C) przekazujgce impulsy z obwodu, przez
zwoje korzeni grzbietowych do rogu grzbietowego rdzenia kregowego - schemat opracowany wedtug D’Mello
i Dickenson, 2008 “°, zmieniony na podstawie literatury *. Legenda: .,I1 z” - zewnetrzna czesci blaszki IL; Il w”
- wewngtrzna czesci blaszki I1

Dane literaturowe wskazujg, ze w populacji leczonej w nastgpstwie urazoéw, uszkodzenia
nerwoéw obwodowych stanowig od 2 do 3% wszystkich przypadkéw, a dochodzi do nich
najczesciej w trakcie wypadkéw komunikacyjnych % oraz dziatan wojennych *’. Co wazne,
obrazenia jatrogenne spowodowane zabiegami medycznymi stanowig 17,4% uszkodzen
nerwow . Posrod urazow najczestsze sg te zwigzane z rozcigganiem, gdy na nerw zadzialaja
sily, ktore przekraczaja jego naturalng elastycznos¢. Urazy szarpane spowodowane ostrymi
przedmiotami sg drugim w kolejnos$ci typem, ktory powoduje czeSciowa lub catkowita utratg
ciaglosci nerwu. Trzecim powszechnym typem uszkodzenia nerwoéw obwodowych sg urazy
kompresyjne, ktére pomimo catkowitego zachowania cigglo$ci mogg skutkowaé utratg
funkcji nerwow czuciowych. Uwaza sie, ze przyczyng tego jest zar6wno niedokrwienie, jak
i deformacja mechaniczna, bedgca bezposrednim skutkiem ucisku. Inne mnigl powszechne
mechanizmy obejmuja uraz termiczny lub niedokrwienie z powodu uszkodzenia naczyn
krwionosnych * Problem uszkodzenia nerwow obwodowych dotyczy zaréwno konczyn
gornych (najczeSciej nerwu tokciowego lub promieniowego) jak i konczyn dolnych (w tym
szczegoblnie czesto nerwu kulszowego i strzatkowego) 465051

Bol neuropatyczny powstaje w wyniku uszkodzenia uktadu nerwowego, a jego etiologia
jest bardzo zroznicowana 2. Jest nastepstwem miedzy innymi uszkodzen mechanicznych,

a takze chorob metabolicznych, neurodegeneracyjnych, autoimmunologicznych,
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nowotworowych, udaréw i urazéw moézgu >. Pomimo odmienngj przyczyny powstawania,
wiele z tych zespotdéw chorobowych ma wspolne objawy kliniczne. Sg to m.in. brak
widocznego uszkodzenia tkanek, obecno$¢ boélu napadowego, paradoksalna kombinacja
ubytku czucia oraz hiperalgezji w obszarze objetym bdlem, wystepowanie allodynii po
stymulacji bodzcami niebolowymi (np. dotyk), a takze stopniowe nasilanie si¢
nadwrazliwoéci w odpowiedzi na powtarzajaca sie stymulacje *°. Bol neuropatyczny jest
opisywany jako palacy, piekacy, pulsujacy, przeszywajacy, kiujacy, Sciskajacy czy
miazdzacy %°. Wszystkie te odczucia bardzo niekorzystniec wplywaja na jako$é zycia,
natomiast leczenie jest szczegélnie trudne ze wzgledu na ztozony i nie do konca jeszcze
poznany mechanizm powstawania. Uszkodzenia aksonow powodowane przez uraz
mechaniczny, niedotlenienie, stan zapalny, czy nadmierng stymulacje moga wywotac
degeneracj¢ wildkien, zmiany w ich ogdlnej liczbie, rozmieszczeniu, rozgatezianiu, czy
w ekspresji 1 sktadzie kanaléw jonowych na powierzchni komorek satelitarnych i neuronoéw.
To z kolei skutkuje ektopowa pobudliwoscig elektryczng aferentnych aksondéw i bledng

. o . o f: 1is1. 5463
transmisja sygnatu, co réwniez moze nasila¢ rozwdj bolu

. Poza tendencja do
powtarzalnych spontanicznych wytadowan, uszkodzone aksony czuciowe sg tatwo pobudzane
przez stymulacj¢ mechaniczng. Ostatecznym skutkiem mechanizmow wyzwalanych
w konsekwencji uszkodzenia nerwOw jest stan nieprawidtowej sygnalizacji do miejsc
projekcji, co prowadzi do btedow na etapach transdukcji 1 transmisji informacji bolowej 64-66
Kolginym aspektem jest tworzenie potaczen pomiedzy wtdknami AP i C - tzw. ,,efaps” oraz
zmian morfologicznych w tylnym rogu rdzenia krggowego, polegajacych na patologicznych
polaczeniach pomigdzy jego warstwami. Zaburzenia te prowadzg do powstania odpowiedzi
bolowej nawet w konsekwengji zadziatania bodzcow niebélowych 8. Zjawisko to nosi nazwe
sensytyzacji, ktora rozwija si¢ w odpowiedzi na stymulacje neuronéow czuciowych, €O
w miejscu uszkodzenia przyczynia si¢ do uwalniania czynnikow nocyceptywnych, zarowno
przez neurony jak i komorki immunologiczne *. Dane literaturowe wskazuja, ze z komorek
immunologicznych to neutrofile reaguja jako pierwsze, a nastgpnie dochodzi do chemotaksji
makrofagéw 1 limfocytow zaré6wno do migsca uszkodzenia jak i do zwojow korzeni
grzbietowych. Komoérki te odgrywaja kluczowa role w rozwoju sensytyzacji obwodows.
Natomiast liczne badania sugerujg istotny udzial neutrofili, makrofagéw i mikrogleju

W rozwoju sensytyzacji osrodkowej na poziomie rdzenia kregowego ® "

. Bol neuropatyczny
jest sam w sobie chorobg, ktora wymaga wielokierunkowego postepowania terapeutycznego.
Jednakze mechanizm jego powstawania do dzi§ nie jest w pelni wyjasniony i wymaga

dalszych wnikliwych badan. W trakcie realizacji badan w ramach projektow OPUS
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2016/21/B/NZ4/00128 oraz OPUS 2021/43/B/NZ7/00230, ktore staty si¢ przedmiotem tej
pracy, dazyliSmy do lepszego zrozumienia nieznanych lub wcigz stabo zbadanych zmian
wywotywanych uszkodzeniem obwodowego ukladu nerwowego. Niewatpliwie interakcje
pomiedzy poszczegdlnymi typami komorek sg wazne, a dane dotyczace tego zjawiska wcigz
niekompletne. Rosnaca liczba doniesien naukowych dotyczacych neuropatii sugeruje, ze
jednymi z kluczowych mediatoréw bélowych sa chemokiny ", co jest oméwione w kolejnym

podrozdziale.

1.3. Zmiany immunologiczne po uszkodzeniu osrodkowego i obwodowego ukladu
nerwowego

Po uszkodzeniu o$rodkowego i obwodowego uktadu nerwowego dochodzi do szeregu
zmian w obrgbie czynnikéw immunologicznych, ktore odgrywaja istotng rolg w procesach
naprawczych, regulacyjnych i zapalnych. Ze wzgledu na to, ze aktywacja wtornych kaskad
molekularnych rozwija si¢ w ciggu kilku dni po pierwotnym uszkodzeniu, s3 szanse na
farmakologiczne interwencje terapeutyczne ™. Konieczne jest jednak poznanie czynnikow
lezacych u podloza rozwijajacych si¢ proceséw, ktore zaburzaja funkcjonowanie uktadu
nerwowego. Ze wzgledu na stosunkowo skromne dane literaturowe, W prowadzonych
badaniach skupiliémy si¢ na roli inicjatorow aktywacji uktadu dopetniacza oraz wybranych

chemokin.

1.3.1. Uklad dopelniacza

Uklad dopelniacza dziata jako gtowny koordynator stanu zapalnego, fagocytozy
1 $mierci komorek. Posredniczy on w patofizjologii roznych stanéw chorobowych takich jak
uszkodzenie niedokrwienne, urazy i inwazja patogenow. Jego aktywacja moze nastgpic¢ za
pomoca réznych drog: klasycznej, lektynowey i alternatywnej, sktadajacych si¢ z okreslonych
inicjatorow 1 enzymow efektorowych (Rycina3). W przypadku jego aktywacji za
posrednictwem kazdej z tych drég, dochodzi do utworzenia konwertazy C3. Rozszczepia ona
nieaktywne C3 na aktywne fragmenty a 1 b. Nastgpnie, poprzez wygenerowanie konwertazy
C5 i aktywnych fragmentow a i b, dochodzi do peinej aktywacji kaskady z wytworzeniem
kompleksu oddziatujacego na btong, prowadzacego do lizy komoérek. Funkcjonalnie uktad
dopetiacza mozna podzieli¢ na dwie gtéwne cze¢sci: kaskade enzymatyczng i szlak lityczny.
Kaskada enzymatyczna generuje czasteczki potrzebne do zainicjowania szlaku litycznego,
w ktérym rozpuszczalne biatka przechodzac zmiany konformacyjne umozliwiajg tworzenie

kompleksu atakujacego btong ™.
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Droga klasyczna zaczyna si¢ od aktywacji kompleksu CI1, ktory sklada sie

z wykrywajacej czasteczki Clq i dwoch heterodimeréw utworzonych przez proenzymy Clr
i Cls "® (Rycina 3). Niewatpliwie najwazniejsza cecha tej drogi aktywacji dopetniacza jest
jej zalezno$¢ od przeciwcial, poniewaz gldéwnymi celami Clq s3 antygeny polaczone ze
specyficznymi przeciwciatami IgGl, IgG2 i IgG3 (ale nie IgG4) lub IgM 7. Same
przeciwciala nie s3 w stanie zniszczy¢ antygenu z ktorym si¢ zwigzaly, jednak uruchamiajg
enzymy efektorowe dopelniacza. Przy braku przeciwciat specyficznych dla patogenu, Clq
moze inicjowacé obron¢ poprzez wigzanie bezposrednio na powierzchni patogendw, a takze
moze wchodzi¢ w interakcje z czasteczkami takimi jak wzorce molekularne zwiagzane
z uszkodzeniem (DAMP) oraz wzorce molekularne zwigzane z patogenami (PAMP) lub
substancjami takimi jak np.: pentraksyna 3, biatko C-reaktywne, mielina, fosfatydyloseryna,
laminina, aktyna, adiponektyna, fibryle amyloidowe, kardiolipina, fibronektyna. Wszystkie
z nich moga powodowacé silny stan zapalny "°. Najnowsze dane wskazuja, ze C1q jest rowniez
lokalnie produkowany w os$rodkowym ukladzie nerwowym i moze odgrywac roleg
w modulowaniu funkcji mikrogleju oraz w procesie eliminowania niektorych synaps ‘.
Wigzanie C1q indukuje zmiany konformacyjne i aktywacj¢ proteaz serynowych Clr i C1s 8,
Powstaly kompleks enzymatyczny C1qC1r2C1s2 posredniczy w rozszczepianiu natywnego
C4, a nastepnie rozszczepianiu C2 1 pdzniejszym tworzeniu konwertazy C3 (C4bC2a)
i dalszg aktywacji kaskady az do wytworzenia kompleksu atakujacego blone @787
(Rycina 3).

Droga lektynowa jest obecnie uwazana za najskuteczniejszg barier¢ immunologiczng

odpornosci wrodzong (Rycina 3). Proces jej aktywacji przypomina w duzej mierze
aktywacje szlaku klasycznego, jednak w tym przypadku antygen nie musi zosta¢ rozpoznany
przez przeciwciata. Struktury weglowodanowe lub biatka acetylowane wystepujace na
powierzchni uszkodzonych komorek sg rozpoznawane przez droge lektynowg. Wykorzystuje
ona inicjatory takie jak lektyny wigzgce mannoze (u ludzi: MBL; u gryzoni: dwie izoformy
MBL-A i -C), fikoliny (u ludzi: FCN-1, -2 -3; u gryzoni: FCN-A i -B) i kolektyny takie jak
kolektyna-11 (KL-11), ktore wykrywaja sygnaty o niebezpieczenstwie ze strony patogenow
1 innych zagrozen. Aktywowane przez te sygnaty enzymy (wigzace mannoze¢, skojarzone
z lektyna proteazy serynowe: MASP-1, -2 oraz - 3) posrednicza w produkeji C4b . Jednak
co wazne, to przy braku MASP-2, ale nie MASP-1/-3, zaobserwowano calkowite
zahamowanie aktywacji $ciezki lektynowej 8182 Od tego momentu szlak lektynowy obejmuje

te same etapy, co Sciezka klasyczna (Rycina 3). W skrocie, na drodze dalszych przemian
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polegajacych na rozszczepianiu kolejnych komplekséw i tworzeniu konwertaz, inicjowana

jest druga czes$¢ systemu - szlak lityczny, w ktorym powstaje kompleks atakujacy btone.

struktury weglowodanowe,
IgG, IgM biatka acetylowane

droga klasyczna | drogalektynowa

PAMP, DAMP rozpoznajgce
ligandy weglowodanowe

b

kompleks  kompleks  kompleks
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Rycina 3. Uproszczony schemat aktywacji ukladu dopetniacza trzema gtéwnymi drogami: klasyczng, lektynowa
i alternatywng. W przypadku drogi klasycznej najcze$ciej nastepuje wigzanie Clq przez immunoglobuling. Jednak
Clq moze wigza¢ réwniez inne czgsteczki jak PAMP oraz DAMP. Tymczasem droga lektynowa jest inicjowana
przez wigzanie lektyny wiazacej mannoze (MBL), kolektyny 11 (KL-11), fikoliny (FCN) z PAMP lub DAMP
rozpoznajacymi ligandy weglowodanowe. Na schemacie przedstawiono rowniez mechanizm obejscia C4,
w ktorym MASP-2 w polaczeniu z czasteczkami lektyny bezposrednio rozszczepia C3. Droga alternatywna jest
aktywowana przez wigzanie C3b z powierzchnig komorki i dziata jako proces amplifikacji centralnego sktadnika
dopehiacza C3, w ktorym zbiegaja si¢ zarowno szlaki lektynowy, jak i klasyczny. Poprzez szereg konwertaz
generowane s3 enzymy efektorowe ukladu dopetniacza, s3 to: C3b i jego metabolit C3d (posrednicza
w opsonizacji i adhezji komoérka-komorka), kompleks atakujacy btong (MAC, C5b-9) C3ai Cbha (anafilatoksyny).
Czynniki, ktorych zaangazowania w transmisj¢ nocyceptywng dowiedziono, zaznaczone zostaly czerwong obwodka

— schemat opracowany wedtug Nauser i wsp., 2018 8, zmieniony na podstawie literatury 8+
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Uktad dopetniacza, sktadajacy si¢ z licznych biatek i receptorow, pelni wazng funkcje
w odpowiedzi immunologicznej po uszkodzeniu os$rodkowego i obwodowego uktadu
nerwowego. Dane kliniczne dostarczajg dowoddéw na jego zaangazowanie w liczne schorzenia
dotyczace uszkodzenia obwodowego uktadu nerwowego takie jak: zespot Guillaina-

88,89

Barrégo ¥, przewlekla zapalna polineuropatia demielinizacyjna , czy bol neuropatyczny

% a takze w liczne schorzenia osrodkowego uktadu nerwowego jak na przyktad stwardnienie

%09 stwardnienie zanikowe boczne %, autoimmunologiczne zapalenie méozgu *,

rozsiane
choroba Alzheimera %, choroba Huntingtona °" i schizofrenia ®. Ponadto jego aktywacja
moze wystepowaé na rdéznych etapach postepujacej patogenezy osrodkowego uktadu
nerwowego "°. W przypadku urazowego uszkodzenia moézgu, wykazano, ze w wyniku
aktywacji uktadu dopetniacza moze dochodzi¢ do naruszenia bariery krew-mozg i rozwoju
procesOw neurodegeneracyjnych 99-101. Dotychczasowe badania na myszach wykazaly
tendencje do zwigkszonej ekspresji mRNA C1q po urazowym uszkodzeniu mézgu, zarowno
we wzgorzu, jak i korze mozgowej %, podczas gdy transkrypty C1r i C1s nie zostaty wykryte.
Znany jest rowniez fakt znacznej kumulacji Clq na synapsach w hipokampie, co jak
wykazano prowadzi do ich utraty 30 dni po urazie . Nie badano natomiast dotychczas
inicjatoréw klasycznej drogi aktywacji dopetniacza w prazkowiu, dlatego stato si¢ to
przedmiotem analiz bedacych czescig tej pracy. Jeszcze mnig wiadomo bylo na temat
zaangazowania drogi lektynowej w rozwdj urazowego uszkodzenia mozgu, a dostepne dane
literaturowe dotyczyly glownie zmian poziomu jej inicjatordw w o0soczu pacjentow.
Zaobserwowano m.in., ze wyzsze poziomy FCN-2, -3, a w szczegolnosci MASP-2 wczesnie
po urazie byly skorelowane z rozwojem niekorzystnych symptoméw po 90 dniach. Objawy
obejmowaty ciezka niepelnosprawnos$¢, stan wegetatywny, czy nawet $mierc > Podobne
konkluzje ptyna z badah grupy prof. M.G. De Simoni. Naukowcy Ci dowiedli, ze myszy
MASP-2-/-, MBL-/- i FCN-A-/- wykazywaly poprawe deficytow czuciowo-ruchowych
w poréwnaniu z myszami typu dzikiego, a sposrod nich zwierzeta MASP-2-/- najwieksza 1%
Niekompletne dane literaturowe przyczynily si¢ do przeprowadzenia w ramach te pracy
kompleksowych badan na poziomie tkanki mozgowej. Ich celem stalo si¢ okreslenie
zdolno$ci syntezy inicjatorow drogi Klasyczng i lektynowel w korze mozgowej (czyli
w miejscu uszkodzenia) oraz réwniez W glebszych strukturach mézgu, w wielu punktach
czasowych. Poznanie zaleznych od czasu zmian ekspre§i poszczegélnych czynnikow
odpowiedzialnych za inicjacj¢ aktywacji uktadu dopelniacza stwarza bowiem mozliwosci
jego modulacji w fazie poczatkowej i duze pole do planowania przysztych terapii uszkodzen

uktadu nerwowego.
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1.3.2. Chemokiny

Chemokiny to bardzo duza grupa cytokin o wcigz nie w pelni poznang roli
w osrodkowym ukladzie nerwowym. U ludzi zidentyfikowano co najmniej 46 chemokin
i 24 receptory chemokin %, natomiast u myszy 39 chemokin i 19 receptoréw chemokin 2.
Obecnie obowigzujagca nomenklatura zostala stworzona przez Ztotnik 1 wsp., ktorzy
wprowadzili system klasyfikacji opisujacy ligandy chemokinowe jako ,,L” i receptory jako
LR % Ze wzgledu na reszty cysteinowe w czasteczkach podzielili chemokiny na 4 grupy,
czyli CC-, CXC-, XC- i CX3C-. Kazda chemokina nosi nazwg¢ zawierajacg przedrostek CCL-,
CXCL-, XCL- lub CX3CL-, areceptor CCR-, CXCR-, XCR- lub CX3CR- (Rycina 4).

Grupa CC- jest najwigksza 1 charakteryzuje ja wystgpowanie bezposrednio po sobie
dwoch pierwszych, konserwatywnych reszt cysteinowych, a jej cztonkowie maja szerokie
spektrum dziatania '®. Chemokiny nalezace do tej grupy odgrywaja wazna role w rozwoju
m.in. choréb autoimmunologicznych oraz neurodegeneracyjnych co zostalo juz dobrze

106-108

udokumentowane . Najnowsza literatura sugeruje, ze ostabienie dziatania zaréwno

CCL2, jak i CCL5 moze by¢ korzystne w leczeniu urazowego uszkodzenia mozgu .
Réwniez u pacjentéw po udarze wystepuje wzrost ekspresji CCL2 w plynie mézgowo-

MO i qyrowicy 2. Ponadto dowiedziono, ze poziom CCL5 jest podniesiony

rdzeniowym
w osoczu po uszkodzeniu moézgu, a jedo stezenie koreluje ze zlym rokowaniem
u pacjentow 3. W badaniach prowadzonych w ramach grantu ERA-NET, jednak nie
stanowigcych czesci tej pracy doktorskiej, pokazano po raz pierwszy wzrost CCL2 nie tylko
w korze mozgowej, czyli w miejscu bezposredniego uszkodzenia, ale takze w strukturach
glebszych takich jak wzgorze i prazkowie, w roznych punktach czasowych 4. Dodatkowo

udowodniono, ze CCL7 i CCLI12 ulegaja podobnym zmianom **

. Jak pokazuja prace
badawcze prowadzone od lat w Zaktadzie Farmakologii Bolu przez zesp6t prof. Joanny Miki,
az 11 chemokin z grupy CC- ma bardzo silne wlasciwosci pronocyceptywne po podaniu
podpajeczynéwkowym: CCL1 °; ccL2 M. ccLa3 "8 ccL4 M8 ccLs '; ccL7
velr. ccrg ', ccLo HM8: ccLir M9 ccLz1 i ccL22 0. 7 kolei neutralizacja
niektorych z nich, np. CCL1 °, CCL2 ™°, CCL7 ™° oraz blokada kilku receptorow
chemokinowych np. CCR2 '®, CCR3 2!, CCR4 '# | CCR5 '® zmniejsza rozwdj objawow
bolowych w zwierzgcych modelach neuropatii. W badaniach prowadzonych w ramach tej
pracy doktorskiej skupilismy si¢ na stabo do tej pory poznanych trzech chemokinach (CCL3,
CCL4, CCL9) z rodziny MIP-1 oraz ich receptorach CCR1 i CCRS, co jest doktadniej

opisane w nastgpnym podrozdziale.
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Rycina 4. Wystepowanie i powinowactwo chemokin do klasycznych receptoréw chemokinowych sprzezonych
z bialkiem G oraz do ich atypowych receptoréw. Chemokiny, ktorych probolowych wiasciwosci dowiedziono
w badaniach na myszach, zaznaczone zostaly czerwona obwoddka — schemat opracowany wedlug Hughes
i Nibbs, 2018 %, zmieniony na podstawie literatury > 18120124341 | egenda: 21ser — izoforma serynowa liganda
chemokinowego z rodziny CC-; 3L1 — ligand chemokinowy 3 z rodziny CC- podobny do 1; 4L1- ligand
chemokinowy 4 z rodziny CC- podobny do 1; ACKR — atypowy receptor chemokinowy; CCL- ligandy
chemokinowe z rodziny CC-; CXCL - ligandy chemokinowe z rodziny CXC-; CX3CL - ligandy chemokinowe
zrodziny CX3C-; DARC - antygen Duffy; XCL — ligandy chemokinowe z rodziny XC-

Grupa CXC- jest druga co do wielkosci *® i charakteryzuje sic wystepowaniem
pojedynczego aminokwasu migdzy dwiema pierwszymi resztami cysteiny i liczy 17
przedstawicieli. Dowiedziono zmian wielu z nich po urazowym uszkodzeniu moézgu, mi¢gdzy
innymi  wzrostu poziomu CXCL1Y?, CXCL8 M CXcL10 '®M314  cxcriz2 1%
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CXCL13 15 ponadto pokazano zwickszona ekspresje osi CXCL12-CX CR4 w hipokampie
pacjentow z padaczka skroniowa, gtéwnie w mikrogleju, ale takze w astroglgu %
Wykazano, ze CXCL12 aktywuje mikroglej oraz nasila uwalnianie glutaminianu, powodujgc
nadpobudliwo$¢ neuronow **°. Rowniez po udarze mézgu zaobserwowano wyzszy poziom
CXCL12 . Tak jak wspominano wczesniej, bol osrodkowy jest czesto odczuwany
u pacjentéw po uszkodzeniach médzgu, w tym w obszarach oddalonych od miejsca urazu.
Niewiele doniesien ttumaczy, dlaczego tak si¢ dzieje. Natomiast ngjnowsze dane literaturowe
sugeruja, ze na poziomie rdzenia kr¢gowego po urazowym uszkodzeniu mézgu, dochodzi do
zaburzen w zstepujacych drogach bélowych co powoduje aktywacje chemokin, w tym tych
bedacych ligandami CXCR2 *. Dowiedziono, ze CXCR2 przyczynia si¢ do sensytyzacji
osrodkowej po urazowym uszkodzeniu mozgu, a podanie selektywnego antagonisty CXCR2
(SCH527123) * usmierza bol. Co wazne wiele chemokin z grupy CXC ma juz bardzo dobrze
udokumentowane dziatanie probdlowe, na przyktad CXCL1 141, CXCL2 141, CXCL3 141,
CXCL4 *°, CXCL9 **°, CXCL10 **°, CXCL11 ', cXCL12 **¥, CXCL13 **, CXCL14 *¥
i CXCL17 % aich blokowanie za pomoca przeciwciat neutralizujacych oraz przy uzyciu
antagonistow ich receptorow wykazuje efekty anagetyczne. Zaobserwowano zmiany
CXCL1, CXCL11, CXCL12, CXCL13 w modelu podwigzania nerwu rdzeniowego 150-153
oraz CXCL4, CXCL9, CXCL10, CXCLI1 w modelu podwigzania nerwu kulszowego 154
a takze CXCL1, CXCLS5, CXCL9, CXCLI12 w bolesnej neuropatii cukrzycowej 124 ponadito,
blokada i/lub inaktywacja gendéw receptorow chemokinowych CXCR2'!, CXCR3 ',
CXCR4 **® oraz CXCR5 , przynosi ulge w bélu neuropatycznym. Podsumowujac, udziat
chemokin z grupy CXC- zaréwno w procesach neurodegeneracyjnych jak i nocyceptywnych
po uszkodzeniu uktadu nerwowego jest bardzo dobrze udokumentowany, wciaz jednak
brakuje narz¢dzi farmakologicznych, ktére mogtyby by¢ z powodzeniem zastosowane
w Klinice.

Grupa XC- sklada si¢ z dwoch blisko spokrewnionych czasteczek: XCL1 i XCL2
155156 ktore maja tylko dwie z czterech konserwatywnych cystein. Gen kodujacy XCL1, ale
nie XCL2, wystepuje u myszy **°, stad nie uwzgledniliémy tej drugiej chemokiny w opisanych
w tg pracy badaniach. Wiadomo od dawna, ze XCL1 dziata poprzez receptor chemokinowy
XCR1 ", natomiast w ostatnich latach pojawity si¢ dane pochodzace z badan in vitro ktére
pokazaty, ze ta chemokina wykazuje rowniez powinowactwo do integryny alfa-9 (ITGA9) %8,
CO jest niezmiernie ciekawe i wptyneto na nasze postulaty badawcze. Co szczego6lnie istotne,
nie ma wielu badan dotyczacych zmian poziomu XCLI u ludzi po uszkodzeniach ukladu

nerwowego. Nie byl on badany u pacjentow po uszkodzeniu mozgu, ani nerwow
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obwodowych. Dlatego informacje na temat tej stabo poznanej grupy XC- pochodza jedynie
z nielicznych badan na zwierzetach, co zostato przyblizone w podrozdziale ponize;.
Do grupy CX3C- nalezy tylko jedna chemokina mianowicie CX3CL1, powszechnie

znana jako fraktalkina '%°. Charakteryzuje si¢ ona posiadaniem trzech niekonserwatywnych
aminokwasow pomiedzy dwiema pierwszymi resztami cysteinowymi. Wykazano, ze

CX3CL1 jest produkowana gléwnie przez komoérki neuronalne i dziata poprzez CX3CRI,
ktéry znajduje si¢ w osrodkowym uktadzie nerwowym gléwnie na mikrogleju *°. Chociaz
wydaje si¢, ze zarbwno zwigzane z blong, jak i rozpuszczalne formy CX3CL1 wchodza

W interakcje z CX3CR1, prawdopodobnie maja one rézne zdolnosci sygnalizacyjne %

180 3 jej poziom znacznie wzrasta w korze mozgowej

CX3CL1 sprzyja neurodegeneraci
w modelu urazowego uszkodzenia moézgu u szczurOw przyczyniajac si¢ do aktywacji
mikroglgju *®'. Ponadto w neuropatii 0§ CX3CL1/CX3CRI1 bierze udzial w rozwoju

162163 Niewatpliwie nalezy dokladniej zbadaé interakcje

nadwrazliwosci bdlowej
neuroimmunologiczne, posredniczone przez CX3CLL/CX3CR1, ktorych zaburzenia
obserwuje si¢ po uszkodzeniach uktadu nerwowego o rdznej etiologii 164 Modulacja
CX3CR1 jest obecnie mozliwa ze wzgledu na dostgpnosé niedawno odkrytego antagonisty
AZD8797 ', a takie badania moga zaowocowaé poprawa terapii w przysztosci.
Podsumowujac, zaréwno po urazowym uszkodzeniu moézgu jak 1 nerwow
obwodowych, odpowiedZz chemokin nie jest uniwersalna i charakteryzuje si¢ duzym
zroznicowaniem. Dlatego wnikliwe zbadanie tych czynnikow 1 doktadne rozroznienie wzorca
ich aktywacji w patologiach uktadu nerwowego o odmienng etiologii wydaja si¢ niezwykle
istotne. Obiecujace, lecz wcigz nickompletne dane kliniczne i eksperymentalne spowodowaty,
ze celem badan planowanych w ramach te pracy doktorskiej stalo si¢ okreslenie zmian

I poznanie roli trzech chemokin z grupy CC- oraz jedng z grupy XC- w procesach

nastepujacych po uszkodzeniach osrodkowego 1 obwodowego uktadu nerwowego.

1.3.2.1. CCL3,CCL4, CCL9i ich receptory

Trzy chemokiny CCL3 (MIP-1-alfa), CCL4 (MIP-1-beta) i CCL9 (MIP-1-gamma)
okreslane sa zbiorczo nazwa rodzina MIP-1 (rodzina biatka zapalnego makrofagow 1).
Dotychczas pokazano wzrost poziomu CCL3 w moézgu w eksperymentalnym szczurzym

1% oraz podczas stresu

modelu padaczki skroniowej wywotanej iniekcjg kwasu kainowego
oksydacyjnego wywolanego podaniem LPS 187 " Ponadto dowiedziono, ze CCL3 jest
zZlokalizowana gtownie w komorkach OX-42+ ' Dotychczas udokumentowano wzrost
poziomu CCL3 i CCL9 w rdzeniu krggowym i/lub zwojach korzeni grzbietowych po
uszkodzeniu nerwu, zaréwno u myszy i szczurow %0, Zaobserwowano tez wzrost poziomu
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MRNA CCL3 w korze i hipokampie u myszy w modelu urazowego uszkodzenia moézgu,
jednakze eksperymenty przeprowadzono jedynie w 3 dniu *. Co wazne, u pacjentéw po
stluczeniu mézgu pokazano zwigkszenie ekspresji CCL3 1 CCL4 w istocie biatej 172 co moze
$wiadczy¢ o ich zaangazowaniu W procesy neurodegeneracyjne. Ponadto, neutralizacja CCL3
zapobiega rozwojowi zardéwno ostrych, jak i nawracajacych objawow stwardnieniarozsianego
(w modelu eksperymentalnego autoimmunizacyjnego zapalenia rdzenia krggowego i mozgu)
oraz naciekaniu komorek jednojadrzastych do osrodkowego uktadu nerwowego 1737,
Dotychczas brakowato danych dotyczacych zmian chemokin z rodziny MIP-1 w réznych
strukturach moézgu oraz w wielu punktach czasowych, w zwigzku z tym stalo si¢ to
przedmiotem analiz tej pracy doktorskig.- Pozostale eksperymenty przeprowadzilismy
roOwniez na poziomie rdzenia krggowego po uszkodzeniu nerwu kulszowego.
Z wczesniejszych badan zespotu prof. Miki wynikato, ze chemokiny z rodziny MIP-1 maja
silne wlasciwosci pronocyceptywne 718 i sa zaangazowane w rozw6j bolu neuropatycznego
spowodowanego cukrzyca %, Natomiast szczegblowa rola tych chemokin w transmisji
nocyceptywnej pozostawata nie do konca wyjasniona, Stala si¢ wiec kolgjnym przedmiotem
naszych badan.

Chemokiny z omawianej rodziny oddziatujg na komorki poprzez receptory sprzezone
z bialkiem G, mianowicie CCR1 i CCR5 7°, Obydwa te receptory 1 ich ligandy odgrywaja
niebagatelna rol¢ w patologii stwardnienia rozsianego, co pokazano po raz pierwszy modelu
eksperymentalnego autoimmunizacyjnego zapaenia rdzenia krggowego i mozgu. We
wspomnianym modelu myszy pozbawione genu CCR1 wykazuja zmniejszong nadwrazliwo$é
bolowa po podraznieniu acetonem oraz dochodzi u nich do slabszej aktywacji komorek
immunologicznych na poziomie o$rodkowego uktadu nerwowego *”’. Co wazne analizy
immunohistochemiczne wykonane na tkance moézgowej pochodzacel od pacjentow ze
stwardnieniem rozsianym wykazaty duzg liczbe mikrogleju/makrofagéw posiadajacych na
swej powierzchni CCR1 ' de nie CCRS. Jednakze dane literaturowe $wiadcza o tym, ze
oba receptory maja znaczenie w przebiegu i cigzkos$ci tej choroby 179180 Nieliczne odkrycia
dotyczace zaangazowania CCR1 i CCRS5 w procesy neurodegeneracyjne zachodzace po
uszkodzeniach moézgu sklonity nas do wykonania analizy na poziomie mMRNA
i biatka w kilku strukturach moézgu, w mysim modelu urazowego uszkodzenia modzgu.
Wiadomo byto jedynie, ze ekspresa CCR5 wzrasta po udarze, a zablokowanie tego receptora
korzystnie wptywa na regeneracje 181 Co wazne badania kliniczne przeprowadzone w grupie
pacjentow po udarze dowodza, ze nosiciele naturalnie wystepujacej mutacji powodujacej

utrate funkcji CCRS, szybciej wracajg do zdrowia, a co wiecej dochodzi u nich do poprawy
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funkcji poznawczych *%'%% \Wykazano tez, ze zablokowanie CCR5 poprzez podanie
marawiroku w modelach zwierzgcych korzystnie wplywa na regeneracj¢ motoryczng po
udarze *® oraz przyczynia si¢ do poprawy funkcji poznawczych po urazowym uszkodzeniu
moézgu *®. Ponadto, wyniki badania przeprowadzonego przez zespot prof. Miki w modelu
neuropatii cukrzycowej dowiodly, ze pojedyncze podpajeczynéwkowe podanie antagonisty
CCR1 (J113863) w sposob zalezny od dawki zmniejsza nadwrazliwo$é bolowa u myszy M8,
Oproécz tego, badania zespotu udowodnity, ze u szczuréw po uszkodzeniu nerwu, marawirok
podawany wielokrotnie podpajeczyndwkowo zmniejsza odpowiedz immunologiczng

123,186

w osrodkowym ukladzie nerwowym W  przypadku jednorazowych podan

podpajeczynowkowych u myszy marawirok wykazuje jednak mniejsza skutecznosé 7.
Dlatego ze wzgledu na mozliwos$¢ zastosowania niebadanych dotychczas pod tym katem,
silnych i selektywnych antagonistow CCR5 (TAK-220 i AZD-5672) kontynuowali$my
eksperymenty nad rolg tego receptora w neuropatii. Ponadto, wczesniej uzyskano obiecujace
wyniki po podaniu zwigzkéw bedacych podwodjnymi antagonistami, czyli cenicriwiroku
(antagonisty CCR2/5) '° oraz UCB35625 (antagonisty CCR1/3) . Skionito nas to do
sprawdzenia czy jednoczesna, podwodjna blokada CCR1 i CCR5 jest skutecznigjsza od

pojedyncze blokady kazdego z tych receptoréw, w usmierzaniu bélu neuropatycznego.

1.3.2.2. XCL1i jg receptory
Na temat roli XCL1, znanej rowniez jako limfotaktyna lub SCM-la, po
uszkodzeniach obwodowego i osrodkowego uktadu nerwowego dostgpna jest ograniczona

liczba danych literaturowych. Natomiast dowiedziono jeg podwyzszonego poziomu

187 188,189
1

U pacjentow z reumatoidalnym zapaleniem stawow ~ ', w chorobie nowotworowe
Lesniowskiego-Crohna **° oraz w zakazeniu HIV-1 ***, Bird i wsp. w badaniach na skrawkach
mozgu pokazali, ze po ekspozycji tkanki pnia moézgu i nerwu trojdzielnego na XCL1
nastepuje zwiekszenie poziomu c-Fos, pERK i pp38, ktoére moga przyczyniaé si¢ do rozwoju
osrodkowej sensytyzacji 192 Co wazne badacze dowiedli takze, ze zwigkszona przez XCL1
eksprega wspomnianych czynnikéw i pobudliwo$¢ neuronalna jest znaczaco ostabiana

192

poprzez podania antagonisty XCR1 (vMIP-11) ~*. Publikacja ta wskazuje, ze po uszkodzeniu

nerwu brodkowego u szczuréw poziom XCL1 i XCR1 wzrastaw migjscu urazu, a XCL1 jest

czynnikiem pronocyceptywnym w bolu ustno-twarzowym %

. Réwniez wczesniejsze badania
zespotu prof. Miki dostarczyly dowodow na silne whasciwosci probolowe XCL1 po podaniu
podpajeczynéwkowym zwierzetom zdrowym 2. Od dawna znanym jest fakt, ze XCL1 moze
dziata¢ poprzez klasyczny receptor sprzezony z biatkiem G - XCR1 ™. Jednak, co

przetomowe, w ostatnich latach okazato si¢, ze XCR1 nie jest jedynym receptorem dla XCL1.
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Matsumoto i wsp. wykazali, ze XCL1 wptywa na migracj¢ fibroblastow dziatajac poprzez
ITGA9 8 co niewatpliwie znacznie poszerzylo horyzonty badawcze. W ramach tej pracy
doktorskiej postanowiliSmy sprawdzi¢ czy oba te receptory sg zlokalizowane na poziomie

moézgu i rdzenia kregowego oraz czy mogg by¢ zaangazowane W zaburzenia transmigi

nocyceptywne.

1.4. Terapia

Bo6l ma rozng etiologie i jest trudny do scharakteryzowania, dlatego wielokrotnie
prébowano stworzy¢ jego adekwatng definicje. Wedlug Miedzynarodowego Towarzystwa
Badania Bolu (ang. International Association for the Study of Pain, IASP) nazywamy nim
LHhieprzyjemne doswiadczenie czuciowe i emocjonalne, zwigzane z, lub przypominajgce to
zwigzane z faktycznym lub potencjalnym uszkodzeniem tkanki” 198 W 1986 roku Swiatowa
Organizacja Zdrowia (WHO) zaproponowata schemat leczenia bdlu, ktory nazwano drabing
analgetyczna . Mial on na celu poprawe strategii leczenia bolu nowotworowego.
To postgpowanie przeszio na przestrzeni lat kilka modyfikacji i obecnie jest stosowane
w leczeniu zarowno bolu nowotworowego, jak | nienowotworowego, W tym
neuropatycznego %, ktory jest niezwykle trudny do u$mierzenia. Dotyczy to zardwno bolu
neuropatycznego obwodowego, ktory powstaje w wyniku uszkodzenia | neuronu czuciowego,
jak 1 osrodkowego, ktéry rozwija si¢ po uszkodzeniu II lub III neuronu czuciowego w obrebie
rdzenia krggowego, pnia lub péotkul moézgowych. Wedhug statystyk jedynie u 50% cierpigcych
z powodu neuropatii udaje si¢ zatagodzi¢ symptomy bolowe, niestety z umiarkowang
skutecznoscia wynoszaca zaledwie 30-50% %% Stosowanie strategii leczenia bélu zgodnie
z drabing analgetyczng WHO pozwala na jego zindywidualizowang terapi¢ oraz ha
zmniejszanie niepozadanych dziatan lekéw przeciwbolowych. Najnowsza drabina
anal getyczna sktada si¢ z czterech stopni:
PIERWSZY - obejmuje leczenie bolu tagodnego: stosuje si¢ nieopioidowe leki
przeciwbolowe (niesteroidowe leki przeciwzapalne, paracetamol i metamizol) oraz
opcjonalnie leki wspomagajace %1%,
DRUGI — dotyczy leczenia bolu umiarkowanego: stosuje si¢ stabe opioidy (hydrokodon,
kodeina, tramadol) oraz analgetyki nieopioidowe i opcjonalnie leki wspomagajace *%%°
TRZECI — obgmuje leczenie bolu silnego: stosuje si¢ Silne opioidy (morfina, metadon,
fentanyl, oksykodon, buprenorfina, tapentadol, hydromorfon, oksymorfon) oraz opcjonalnie

analgetyki nieopioidowe i leki wspomagajace "%,
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CZWARTY - obgjmuje procedury niefarmakologiczne, czyli np. zabiegi interwencyjne takie
jak znieczulenie zewnatrzoponowe, dokanalowe podawanie lekéw przeciwbdlowych
1 miejscowo znieczulajacych z pompa lub bez, zabiegi neurochirurgiczne (blokady nerwow,
procedury ablacyjne, w tym krioablacje, alkoholizacje, fale radiowe, mikrofale, termoterapie
indukowang laserem, nieodwracalng elektroporacje, elektrochemioterapi¢, cementoplastyke,
a takze radioterapic paliatywna) "%,

W leczeniu neuropatii najczesciej stosowane sa leki I11 stopnia drabiny analgetycznej oraz

198-200

procedury |V stopnia . Dodatkowo, w przypadku bdlu po urazie mozgu stosuje si¢ leki

uspokajajace, poniewaz dowiedziono, ze sedacja poprawia parametry takie jak cisnienie

20 Istotng grupa lekéw stanowig leki

srddczaszkowe 1 mozgowy przeptyw krwi
wspomagajace, zwane takze koanalgetykami, ktore czesto sg takze stosowane w celu nasilenia
dziatania lekéw przeciwbolowych oraz zmniejszania ich efektow niepozadanych. Zgodnie
z rekomendacjami WHO w terapii bolu neuropatycznego w pierwszej kolejnosci nalezy
rozwazy¢ zastosowanie lekow przeciwdrgawkowych (pregabaliny, gabapentyny), aw drugiegj
lekow przeciwdepresyjnych z grupy trojeyklicznych antydepresantow (amitryptylina,
imipramina, doksepina), inhibitorow wychwytu zwrotnego serotoniny (fluoksetyna,
fluwoksamina, paroksetyna, sertralina, citalopram) lub inhibitorow wychwytu zwrotnego
serotoniny i noradrenaliny (wenlafaksyna, duloksetyna, milnacipram). Stosowane sg rowniez
miejscowe Srodki znieczulajgce (kapsaicyna), kortykosteroidy i1 kannabinoidy 1% Silne
opioidy sa lekami trzeciego wyboru w terapii bolu neuropatycznego **, aich stosowanie jest
ograniczone ze wzgledu na dziatania niepozadane, takie jak utrata przeciwbolowych
wilasciwosci, nudnosci, czy zaparcia. W leczeniu bolu neuropatycznego skuteczny efekt
obserwuje si¢ po podaniu duzo wyzszych dawek anizeli w bolu ostrym, a nagwigksza

21 Do najczesciej

skuteczno$¢ po tacznych podaniach z lekami wspomagajacymi
stosowanych lekéw opioidowych naleza morfina i buprenorfina, ktore staty si¢ przedmiotem
badan przedstawionych w te pracy. Istnicja dowody sugerujace, ze wyciag
z maku lekarskiego byt stosowany juz w 3000 roku p.n.e. natomiast morfina zostata
wyizolowana z opium dopiero w 1803 r. przez F. Sertiirnera i to doprowadzito do jej
zastosowania w terapii bolu w klinice 2%®3, Lek ten jest silnym agonista receptora
opioidowego p (MOR) oraz stabym & (DOR) i k (KOR) **. Wsrdd je skutkow
niepozadanych nalezy wymieni¢ depresj¢ oddechowa, a takze zaparcia, nudno$ci, wymioty,
$wiad, sztywno$¢é mieéni, zwezenie zrenic 2. Diugotrwala terapia z wykorzystaniem tego
zwiazku moze tez przyczyniaé¢ sie do uposledzenia funkcji poznawczych oraz dysforii 2.

Ponadto, udowodniono Zze w neuropatii morfina czgsciowo traci swojg efektywnosc,
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aponadto bardzo szybko rozwija si¢ tolerancja na jej efekty analgetyczne, ktorej nastgpstwem
jest stopniowe zwigkszanie dawki, a co za tym idzie pojawianie si¢ coraz silniejszych efektow
niepozadanych 2% Natomiast buprenorfina jest stosunkowo nowym, pélsyntetycznym,
silnym opioidem o bardziej zlozonym mechanizmie dziatania niz morfina - jest bowiem
czesciowym agonista MOR, receptora nocyceptynowego (NOR) oraz antagonista DOR
i KOR 282%°2!1 Byprenorfina ma 30 razy silniejsze i 2 razy dhuzsze dzialanie w poréwnaniu

212213 ponadto nie zaburza funkdji

poznawczych . Jest wykorzystywana w przypadku silnego bolu neuropatycznego °.

z morfing, co umozliwia jej rzadsze dawkowanie

Niestety obydwa leki opioidowe wykazuja ograniczong skuteczno$¢ i dlatego wcigz
poszukuje sie innowacyjnych narzedzi farmakologicznych #°.
Sygnalizacja opioidowa jest niewatpliwie 2zwigzana z chemokinami, poniewaz

16 i utraty analgezji morfinowej

przyczyniaja si¢ one do rozwoju tolerancji na morfing 2
W neuropatii ?’. Tworzenie heterodimeréw z receptorami MOR i DOR przez receptory
chemokinowe ma wptyw na efekty przeciwbolowe wielu konwencjonalnie stosowanych
lekow 28%° Wecigz istnieja mozliwosci stworzenia terapii opartej 0 nowe immunologiczne
punkty uchwytu. Co wazne zmiany neuroimmunologiczne pojawiajace si¢ na poziomie
mozgu 1 rdzenia kregowego po uszkodzeniu uktadu nerwowego sa podobne, chociaz nie
identyczne dlatego ciagle potrzebne sa dalsze badania w zwierzecych modelach. W naszej
opinii, farmakoterapia skojarzona oparta na dwoch lekach przeciwbdlowych jest uzasadniona,
jesli stosowane leki posiadaja rézne mechanizmy dziatania, jak w przypadku modulacji
systemow opioidowych i chemokinowych. Skuteczne przetozenie bogactwa danych z modeli
zwierzecych do wykorzystaniaw klinice moze w przysztosci skutkowaé opracowaniem nowej

terapii.
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2. CEL BADAN

Gléownym celem niniejszej pracy doktorskiej bylo zbadanie i poréwnanie zmian poziomu markerow
wybranych komoérek immunologicznych i glejowych oraz wydzielanych przez te komérki czynnikéw na
poziomie moézgu i/lub rdzenia kregowego, odpowiednio po uszkodzeniu osrodkowego i obwodowego
ukladu nerwowego. Ponadto kolggnym celem bylo sprawdzenie efektéw farmakologicznej modulacji
wybranych chemokin i ich receptoré6w u myszy w modelu bélu neuropatycznego.

CELE SZCZEGOLOWE

Po kontrolowanym stluczeniu kory mézgowej (bezposrednie uszkodzenie o§rodkowego ukladu nerwowego)

I. Zbadanie zaangazowania komorek oraz inicjatorow ukladu dopelniacza poprzez okreslenie:

ex e zmian ekspregi wybranych markeréw komoérkowych i czynnikow uktadu dopetniacza zachodzacych
vIivo naprzestrzeni 5 tygodni po urazie (w 1, 4, 7, 14, 35 dniu), w czterech wybranych strukturach mézgu
(kora, wzgorze, prazkowie, hipokamp)
o 7rodta komorkowego C1q - inicjatora klasycznej drogi uktadu dopetniacza
in e w pierwotnych hodowlach komoérkowych, czy mikroglej moze by¢ zrodtem dla inicjatorow
vItro klasycznej i/lub lektynowej drogi aktywacji uktadu dopetniacza

I1. Okreslenie roli rodziny MIP-1 poprzez sprawdzenie:

ex e zmian ekspregi CCL3, CCL4, CCL9, CCRI, CCR5 =zachodzacych na przestrzeni
Vivo 5 tygodni po urazie (w 1, 4, 7, 14, 35 dniu), w czterech wybranych strukturach moézgu (kora,
wzgorze, prazkowie, hipokamp)
in e w pierwotnych hodowlach komérkowych zmian ekspregi CCR1 i CCRS na powierzchni komoérek
vitro mikroglgju i astrogleju po stymulacji LPS

II1. Sprawdzenie zaangazowania XCL1 poprzez zweryfikowanie:

ex o zmian ekspregi XCL1, XCRI1, ITGA9 zachodzgcych na przestrzeni 5 tygodni po urazie (w 1, 4, 7,
VIVO 14, 35 dniu), w trzech wybranych strukturach mézgu (kora, wzgorze, hipokamp)

in o zmian ekspregi XCL1, XCRI1, ITGA9 w hodowli komérek mikrogleju i astrogleju po stymulagji
vitro LPS

e zmian w wydzielaniu wybranych cytokin przez pierwotne hodowle komorkowe mikrogleju
i astrogleju po zastosowaniu XCL 1

Po podwigzaniu nerwu kulszowego (bezposrednie uszkodzenie obwodowego ukladu nerwowego)

I. Zbadanie zaangazowania komoérek ukladu immunologicznego poprzez okreslenie:

ex
Vivo

e zmian ekspregi wybranych markerow komoérkowych zachodzacych na przestrzeni 5 tygodni po
urazie (w 1, 4, 7, 14, 35 dniu) w rdzeniu kregowym

I1. OKreslenie roli rodziny MIP-1 popr zez sprawdzenie:

ex e zmian ekspresi CCL3, CCL4, CCLY9, CCR1, CCR5 zachodzacych w rdzeniu kregowym na
VIVO przestrzeni 5 tygodni po urazie (w 1, 4, 7, 14, 35 dniu)

in e wplywu neutralizacji CCL3 i CCL4 oraz blokady CCR1i CCR5:
vivo

» na objawy bolu neuropatycznego
» na efekty przeciwbolowe lekow opioidowych

o efektywnosci jednoczesnej blokady receptorow CCR1 i CCRS:
» na objawy bolu neuropatycznego

II1. Sprawdzenie zaangazowania XCL1 poprzez zweryfikowanie:

ex e zmian ekspregi XCL1, XCR1, ITGA9 zachodzacych na przestrzeni 5 tygodni po urazie (w 1, 4, 7,
vivo 14, 35 dniu) w rdzeniu kregowym
o 7rodta XCLI1 i lokalizacji komorkowej XCR1, ITGA9
in przez ktéry receptor XCL 1 wykazuje probolowe dziatanie (u myszy zdrowych)
vivo

o wplywu neutralizacji XCL1 oraz zablokowaniajej receptorow:
» na objawy bolu neuropatycznego
> na efekty przeciwbolowe lekow opioidowych
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3. METODOLOGIA BADAN =

Badania in vivo:

e w_modelu urazowego uszkodzenia mézgu (ang.
Traumatic Brain Injury — model TBI, opracowany przez
Lighthall i wspotpracownikow w latach 1988-1990)
prowadzone byly badania we wspotpracy z grupa wtoska
prof. M.G. De Simoni, na samcach myszy C57BL/6J
(Charles River, Wtochy). Wszystkie procedury dotyczace
zwierzat i opieki nad nimi przeprowadzono w Instituto di
Ricerche Farmacologiche Mario Negri zgodnie z wytycznymi krgjowymi i przepisami
polityki miedzynarodowej (prot.9F5F5.81 nr 753/2017-PR). Wyniki opublikowano w 3
pracach oryginalnych Ciechanowska i wsp. | mmunobiology 2020, Pharmacol Rep 2020, I nt
J Mol Sci 2021 ?*>?2 Kontrolowane stluczenie kory mézgowej (ang. Controlled Cortical
Impact), przy pomocy specjalistycznej aparatury, pozwala na nadzorowanie sily i predkosci
z jakimi przeprowadzane jest urazowe uszkodzenie moézgu. To przyczynia si¢ do
niezawodnosci, doktadnosci 1 co bardzo wazne powtarzalno$ci modelu. Przed przystapieniem
do procedury myszy znieczulano za pomocag izofluranu i1 umieszczano Ww aparacie
stereotaktycznym. Zwierzeta poddawano kraniotomii (Rycina 5A) wysrodkowanej pomiedzy
szwem strzatkowym, a wiencowym (z granicami w poblizu lambda i bregma) po stronie
lewej, a nastgpnie wykonywano kontrolowane stluczenie kory mozgowe. Do
przeprowadzenia urazu wykorzystywano sztywny 3-milimetrowy pret napedzany przez
pneumatyczny tlok, ktory byt osadzony stabilnie pod katem 20° do ptaszczyzny pionowe;j
i prostopadle do odstonigtej opony twardej (Rycina 5). Poruszat si¢ on z predkoscig 5 m/s
1 docierat do 1 mm w glab tkanki mdézgowej, co powodowato uraz. Nastgpnie wykonywano
kranioplastyke 1 zszywano skore gtowy. Myszy pozornie uszkodzone (sham) zostaty poddane
identycznym procedurom operacyjnym z pomini¢ciem uszkodzenia.

e w modelu podwiazania nerwu kulszowego (ang. Chronic Constriction Injury of the sciatic
nerve — model CCIl opracowany przez Bennetta & Xie w 1988) prowadzone byty
eksperymenty na samcach myszy Albino Swiss (Charles River, Niemcy). Jest to procedura od
lat wykorzystywana z powodzeniem w Zakladzie Farmakologii Bolu. Wszystkie
doswiadczenia przeprowadzono w Instytucie Farmakologii im. Jerzego Maja zgodnie
z zaleceniami Migdzynarodowego Towarzystwa Badania Bolu (International Association for
the Study of Pain, IASP) oraz zasadami Narodowego Instytutu Zdrowia (National Institute of
Health, NIH) dotyczacymi opieki nad
zwierze¢tami laboratoryjnymi oraz za zgoda II
LKE do Spraw Do$wiadczen na Zwierzetach
(nr 1277/2015, 301/2017, 75/2017, 305/2017,
235/2020, 40/2023, 236/2021, 297/2021,
89/2021, 98/2022). Podczas zabiegu,

Rycina 5. Model urazowego
uszkodzenia m6zgu — schemat wtasny

w znieczuleniu izofluranem, nacinano skore e s | VAN
na prawym udzie, odstaniano nerw kulszowy, =5 2
ktory byt nastepnie trzykrotnie, luzno Rycina 6. Model podwigzania nerwu kulszowego

podwigzywany w odstgpie 1 mm (Rycina6), _ ghemat wiasny
az do zaobserwowania krotkiego drgnigcia

w operowanej konczynie. Wyniki opublikowano w 2 pracach oryginalnych Ciechanowska
i wsp. Front Immunol 2022, Brain Sci 2023 27,
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e material do badan biochemicznych pochodzil ze zwierzat kontrolnych oraz poddanych
zabiegom, w nastgpujacych punktach czasowych: 1, 4, 7, 14, 35 dni. W pierwszym cyklu
badan analizy prowadzono na korze moézgowej, wzgdrzu, prazkowiu i/lub hipokampie po
urazowym uszkodzeniu moézgu Ciechanowska i wsp. Immunobiology 2020, Pharmacol
Rep 2020, Int J Mol Sci 2021 ?°?%2 natomiast w drugim pobierano odcinek L4-L6 rdzenia
kregowego po uszkodzeniu nerwu kulszowego Ciechanowska i wsp. Front |mmunol 2022,
Brain Sci 2023 "%,

o narzedzia farmakologiczne zastosowano celem okreslania ich wptywu na procesy
nocycepcji, awyniki opublikowano w 2 pracach Ciechanowska i wsp. Front Immunol 2022,
Brain Sci 2023 "%, Substancje podawano jednorazowo, podpajeczynéwkowo w dniu 7,
w wybranych dawkach: CCL3 nAb (0.5, 2, 4 pg/5 uL), CCL9 nAb (0.5, 2, 4 ug/5 puL), XCL1
nAb (1, 4, 8, 16 ng/5 puL), J113863 (1, 15, 30 pg/5 uL), TAK-220 (0.5, 2, 4, 15 ug/5 ul),
AZD-5672 (0.5, 2, 4, 15 pg/5 uL), vMIP-II (0.05, 0.5, 1 pg/5 uL), YA4 (0.05, 0.5, 1 pg/5
pL), morfing (2.5 pg/5 uL), buprenorfing (2.5 pg/5 pL). Ponadto minocykline (30 mg/kg)
podawano dootrzewnowo, wielokrotnie, a doktadniej 16 godzin 1 1 godzing przed

podwigzaniem nerwu kulszowego,
anastepnie dwa razy dziennie przez 7 dni.

e testy behawioralne przeprowadzano po
podaniu wyzej wymienionych substancji,
a takze zwierzetom kontrolnym. Wyniki
opublikowano w 2 pracach: Ciechanowska e
i wsp. Front Immunol 2022, Brain Sci 2023 T
121223 Badano nadwrazliwo$¢ na bodzce
mechaniczne (Rycina 7A, test von Frey’a) .
i termiczne (Rycina 7B, test zimnej ptytki). Rycina 7. Testy behawioralne
Badania rozpoczynano od przeprowadzenia — schemat wlasny
testow wstepnych majacych na celu sprawdzenie prawidtowego wyksztalcenia
nadwrazliwos$ci nocyceptywnej po uszkodzeniu nerwu kulszowego w dniu 7. Kontrole
stanowity zarowno zwierzeta, ktorym podawano rozpuszczalnik, jak 1 zwierzgta zdrowe.

Badania in vitro: wyniki badan z uzyciem pierwotnych hodowli komoérek mikrogleju
1 astrogleju z kory moézgowej pobranej od nowonarodzonych myszy szczepu CS57BL/6J
opublikowano w 3 pracach Ciechanowska i wsp. Immunobiology 2020, Pharmacol Rep
2020, Int J Mol Sci 2021 22 Hodowle wykorzystano do okreslenia lokalizacji
receptorow, a takze zrédta komoérkowego badanych czynnikdéw. Ponadto sprawdzano jak
zastosowanie zarowno LPS jak i chemokiny XCL1 wptywa na wydzielanie przez pierwotne
komorki mikrogleju i astrogleju czynnikéw immunologicznych.

Badania ex vivo: pomiar zmian w poziomie mRNA przeprowadzono metoda RT-gPCR,
natomiast do oceny zmian w poziomie biatka postuzyty metody takie jak ELISA 1 Western
blot. Wykonano réwniez barwienia immunofluorescencyjne metodg immunohistochemii.

Analiza statystyczna: wyniki eksperymentoéw byly analizowane w programie GraphPad
Prism werga 8.1.1 (330) z wykorzystaniem testu t-studenta oraz jednoczynnikowe)
i dwuczynnikowe] analizy wariancji, a nast¢pnie testu post hoc z korektg Bonferroniego.
Liczba wszystkich zwierzat wykorzystanych w badaniach in vivo i ex vivo wynosi 850 myszy.

A.teg von Frey’a B. test zimnej ptytki

1
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4. GLOWNE ZAGADANIENIA DOKTORATU

4.1. Zbadanie poziomu markerow wybranych populacji komorek
immunologicznych i glgowych, a takze inicjatorow oraz enzyméw efektorowych
klasycznej i lektynowej drogi aktywacji ukladu dopelniacza podczas rozwoju
zmian zachodzacych w mysim modelu urazowego uszkodzenia moézgu
- Ciechanowska i wsp. | mmunobiology 2020 oraz Int J Mol Sci 2021

Urazowe uszkodzenie moézgu jest jedng z gldwnych przyczyn niepetlnosprawnosci

1 S$miertelnosci w dzisiejszym $wiecie. Wiadomo, ze jest ono zwigzane zardwno
z pierwotnym, mechanicznym uszkodzeniem tkanek oraz z wyzwaanymi w jego
konsekwencji kaskadami sygnalowymi. Wcigz jednak nie do konca znane sg populacje
komorek oraz wydzielane przez nie czynniki, ktdre sg zaangazowane w rozwijajace si¢
wtorne uszkodzenie. Jak wiadomo, uktad dopelniacza silnie moduluje aktywacje komorek
immunol ogicznych

i glejowych. W dwoch Tabela 1. Zmiany ekspresi mRNA wybranych populagi komérkowych w 7 dniu po

urazowym uszkodzeniumozgu U myszy. Legenda: brak zmian 3 wzrostpoziomu 4}

pracach oryginanych BADANE CZYNNIKI
bedacych podstawa tej BADANA | neutrofile | limfocyty T | oligodendrocyty | astroglej | makrofagi/ | mikroglej
¢dacych p 4 19 TKANKA: mikog'd
rozprawy — doktorskiej | ot CowA O 4 [ ahs ghs =
(Immunobiology 2020, woorzE | =@ | 4 = o
lzgfzzg Mol = 20 ol HIPOKAMP @ iy gis ety ity @
)  pokazaliSmy PRAZKOWIE 4 2ty — gis @ s

zmiany wybranych
markerow komorkowych oraz inicjatorow klasycznej 1 lektynowej drogi aktywacji uktadu
dopetniacza na poziomie mRNA i/lub bialka w az czterech strukturach mozgu (kora,
prazkowie, wzgdrze i hipokamp), w szerokim spektrum czasu po uszkodzeniu (24 godziny — 5
tygodni) (Tabela 1,2).

WykazaliSmy wzrost ekspresji MRNA markera neutrofili (Cd177) nie tylko w korze
moézgowej, czyli w miejscu bezposredniego uszkodzenia, co bylo juz wczesniej opisane przez
innych autoréw, ale réwniez w prazkowiu 1 hipokampie, a zmiany te utrzymywaty si¢ do 7
dni. Wzrostu Cd177 nie obserwowali$smy we wzgorzu (Int J Mol Sci 2021 %), Natomiast na
poziomie biatka, juz dobg po urazie zauwazyliSmy silny wzrost poziomu markera neutrofili
(MPO) w korze mézgowej (I mmunobiology 2020 ). Neutrofile przyczyniaja sie do rozwoju
ciezkich powiktan produkujac mediatory zapalne takie jak cytokiny. Niewatpliwie ich liczny
naptyw w tak wczesne] fazie urazu moze przyczynia¢ si¢ do powstania powaznych
uszkodzen, ktore przekraczaja mozliwosci systemow naprawczych. Do 4 dni po urazie
wzrasta rowniez ekspresja mRNA markera oligodendrocytow (Olig2) w korze, prazkowiu
I hipokampie. W przeciwienstwie do neutrofili i oligodendrocytow, odgrywajacych rolg we
wczesng fazie, nasze badania sugeruja, ze po uszkodzeniu diugotrwale wzrasta liczba
limfocytow T Cd8+. Co znaczace, podobne zmiany zachodzg réwniez w prazkowiu, wzgdrzu
oraz hipokampie 1 utrzymujg si¢ nawet do 5 tygodnia. Dlatego, sadzimy, Zze to wlasnie
limfocyty T Cd8+ sprzyjaja wtornemu uszkodzeniu w badanych rejonach moézgu.
W dalszych analizach stwierdzili§my réwniez znaczace zmiany poziomu mRNA i/lub biatka
markerow astrogleju (GFAP) oraz mikrogleju/makrofagéw (IBA-1), co wazne we wszystkich
4 badanych strukturach moézgu. Przy wykorzystaniu markera rdéznicujacego komorki
mikrogleju od makrofagow (TMEM119) wykazaliémy wzrost jego ekspresji na poziomie
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mRNA w korze moézgowej, hipokampie i prazkowiu, gtdéwnie w pierwszym tygodniu po
urazie. Uzyskane wyniki pozwalajg stwierdzi¢, ze w zaleznosci od uplywajacego czasu
i badanego obszaru, rézne typy komorek odgrywaja rol¢ po bezposrednim uszkodzeniu
mozgu, a wydzielane przez nie czynniki immunologiczne staty si¢ przedmiotem naszych
dalszych eksperymentow.

Uzyskane w kolejngj czesci badan rezultaty (Int J Mol Sci 2021 %?) dowodza istotnych
zmian inicjatoréw klasycznej drogi aktywacji dopelniacza (Tabela 2). Migdzy innymi
zaobserwowali$§my wzrost poziomu mRNA C1q do 2 tygodni zaréwno w korze mozgowe;j,
prazkowiu jak 1 wzgdrzu, natomiast w hipokampie zmiany utrzymywaly si¢ kroce;.
W przypadku C1s, wzrost ekspresji mRNA odnotowaliSmy we wszystkich badanych
obszarach moézgu, natomiast w korze mozgowej byt on istotnie podniesiony we wszystkich
badanych punktach czasowych. Wzrost poziomu mRNA C1r takze nastgpowat we wszystkich
badanych cze$ciach mozgu, ale w mniejszym stopniu. Analiza przeprowadzona metoda
immunofluorescencji

. . .,  Tabela 2. Zmiany ekspresi mRNA wybranych sktadowych uktadu dopetniacza w 7 dniu
potwierdzita  obecnos¢ y Sprey yoranyel siaconyel uidacu dopemacza po

urazowym uszkodzeniumézgu u myszy. Legenda: brak zmian 3 wzrost poziomu 4}

Clg w sgsiedztwie BADANE CZYNNIKI

mikroglej wmakro fagéw, TB}?EGQI: Clq Cls Clr kolektynall | fikolinaA | fikolinaB
de nie astroglgu. L oramozGOWA 4 1 o = afs =
W badaniach in vitro WZGORZE = ) =) = =
w pierwotnej hodowli HIPOKAMP 7 als @ hy ah) =
komorek mikrogleju PRAZKOWIE > i 1 iy oy =

wykazaliSmy  istotnie
wyzszy poziom mRNA Clq, C1si C1r po stymulacji LPS sugerujacy, ze to wlasnie mikroglej
moze by¢ istotnym Zrodlem tych czynnikow. Wyniki dotyczace Clqg sa zgodne z danymi
literaturowymi, jednak po raz pierwszy dowiedliSmy, ze komorki te mogg by¢ rowniez
zrodtem Clsi Clr. Natomiast w przypadku lektynowe drogi aktywacji uktadu dopetniacza,
wykryliSmy w analizowanych strukturach mézgu mRNA KL-11, FCN-A i -B, ale nie MBL-A
i -C. Znaczace zmiany zaobserwowaliSmy jedynie w poziomie mRNA dla FCN-A, we
wczesng fazie, we wszystkich analizowanych obszarach, do dnia 7 w korze i hipokampie,
a do 2 tygodni w prazkowiu (Tabela 2).

Wyniki przedstawionych eksperymentow wskazuja, ze wazna cze$cia rozwoju
terapii uszkodzen osrodkowego ukladu nerwowego powinno staé si¢ zastosowanie lekow
modulujacych funkcje komérek immunologicznych, ktore naplywaja do miejsca urazu,
jak chociazby neutrofile oraz limfocyty T Cd8+, a takze komérek glejowych takich jak
mikroglej, astroglel i oligodendrocyty. Ponadto dowiedziono, ze wsréd inicjatorow
dopelniacza kompleks C1 (Clg, Clr, Cls) odgrywa szczegolnie wazna role po
uszkodzeniu mozgu we wszystkich badanych strukturach (kora, prazkowie, wzgorze
I hipokamp). Opisane eksperymenty w hodowli pierwotng komoérek mikrogleju
sugeruja, ze moga one by¢ w duzej mierze odpowiedzialne za biosyntez¢ inicjatorow
szlaku klasycznego, ale w bardzo niewielkim stopniu szlaku lektynowego. Celowanie
w kompleks C1 i fikoling A moze by¢ skuteczng strategia w leczeniu skutkéw uszkodzen
moézgu, jednak wymagane sa badania farmakologiczne w celu zweryfikowania te

hipotezy.
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4.2. Zbadanie poziomu chemokin z rodziny MIP-1 oraz ich receptorow podczas
rozwoju zmian zachodzacych w mysim modelu urazowego uszkodzenia mozgu
- Ciechanowska i wsp. | mmunobiology 2020

Badania dotyczace odpowiedzi immunologicznej wywotanej urazowym uszkodzeniem
mozgu podkreslaja wazng role chemokin. Rola cztonkow rodziny MIP-1 nie zostata jednak
dotad zbadana pod tym katem. Dlatego zdecydowali$my si¢ przeprowadzi¢ eksperymenty
majace na celu sprawdzenie, czy poziomy CCL3, CCL4 i CCL9 oraz ich receptoréw (CCR1
i CCR5) ulegaja zmianom w mysim modelu urazowego uszkodzenia moézgu. Anaizy
przeprowadziliSmy az w czterech strukturach mozgu (kora, hipokamp, wzgorze 1 prazkowie),
w szerokim spektrum czasu (24 godziny 5 tygodni).

Nasze badania po raz pierwszy ujawnity wzrost ekspresji mRNA wszystkich trzech
badanych chemokin, we wszystkich 4 badanych strukturach moézgu. Najsilniejsze zmiany
byly obserwowane zaraz po uszkodzeniu, jednakze utrzymywaty si¢ az do 5 tygodni.
Na poziomie biatka zdecydowanie najsilniejszg aktywacje wszystkich trzech chemokin
zaobserwowali§my w pierwszym dniu po urazie, w korze mozgowej. Natomiast zmiany te
utrzymywaty si¢ do 7 dnia w przypadku CCL3 i CCL4 (Tabela 3). Jest to wazny wynik,
poniewaz te dwie chemokiny wystepuja rowniez U ludzi, w przeciwienstwie do CCL9.
Analizy ekspresi mRNA CCR1 i CCR5 wykazaty wzrost we wszystkich czterech strukturach
mozgu, gtdéwnie we wczesnych fazach po urazie (24 h, 4 dni i 7 dni). Analiza biatka wykazata
wzrost poziomu CCR1 i CCRS jedynie we wzgorzu, 24 godziny po uszkodzeniu mozgu, zato
brak jakichkolwiek zmian w korze mozgowej (Tabela3). Dlatego uwazamy, ze za
obserwowane efekty odpowiada ekspozycja badanych receptorow na ich agonistow z rodziny
MIP-1, co moze prowadzi¢ do ich internalizacji. Prowadzone przez nas rownolegle
eksperymenty w pierwotnych hodowlach komoérkowych potwierdzity obecnos¢ CCRI1
i CCR5 na komorkach mikrogleju i astrogleju uzyskanych z kory mozgowej mysich oseskow,
co wskazuje na wazna rolg¢ obu tych receptoréw we wtornym uszkodzeniu mozgu.

Tabela 3. Zmiany ekspresji biatka chemokin z rodziny MIP-1 i ich receptorow 24 h i 7 dni po
urazowym uszkodzeniu mozgu u myszy. Legenda:  brek zmian [ wzrost poziomu

BADANE CZYNNIKI
BADANA CCL3 ccL4 cCL9 CCR1 CCR5
TKANKA: o [7d | 24n | 7d |24n]| 7d | 24h 241

7d 7d
KORA
MOZGOWA ﬁﬁﬁﬁﬁlﬂlﬂmmm

WZGORZE :ll:lﬁl:lﬁl:lﬁl:lﬁl:l

Biorac pod uwage opisane obserwacje mozna wnioskowa¢é, ze dwie chemokiny
z rodziny MIP-1 (CCL4 i CCL3) i ich receptory (CCR1 i CCR5) stanowia obiecujace
punkty uchwytu do modulacji wtornych zmian po uszkodzeniu mézgu. Prezentowane
doniesienia by¢ moze w przyszloSci zaowocuja poprawa terapii licznych objawéw
powstajacych w wyniku tego urazu.
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4.3. Zbadanie poziomu chemokiny XCL1 oraz jej receptoréw podczas rozwoju
zmian zachodzacych w mysim modelu urazowego uszkodzenia mozgu -
Ciechanowska i wsp. Pharmacol Rep 2020

Wystepujaca u ludzi chemokina XCL1 jest znana jako wazny czynnik w rozwoju
chorob autoimmunologicznych, a ostatnio réwniez dowiedziono wzrostu jej poziomu
w tkance mozgowej pacjentdw z pourazowymi sttuczeniami mozgu. Jednakze nie okreslono
dotychczas, jakie sa mechanizmy dziatania XCL1 w patologii uszkodzenia mozgu. Wydato
nam si¢ to szczegodlnie ciekawe do zbadania w $wietle najnowszych doniesien, ze XCL1
dziata nie tylko przez klasyczny receptor XCR1, ale rowniez przez integryng a9 - ITGA9. To
zachgcilo nas by sprawdzi¢ zmiany zarowno w poziome mRNA oraz biatka XCL1 i obydwu
jej receptorow, w trzech wybranych strukturach mozgu (kora, wzgdrze i hipokamp), rowniez
w bardzo szerokim przedziale czasowym (24 godziny — 5 tygodni) po zainicjowaniu
urazowego uszkodzenia m(')zgu.u myszy. . Tabela 4. Zmiany ekspresi

Przeprowadzone do$wiadczenia wykazaly zalezny od  piatka XCL1 24 hi 7 dni po
czasu wzrost ekspresi mMRNA XCL1 oraz jej receptorow XCR1  urazowym uszkodzeniu mézgu
i ITGA9 we wszystkich badanych obszarach moézgu (kora, UM%

Co .o . Legenda: brak zmian 3
wzgorze i hipokamp), z wyjatkiem ITGA9 we wzgérzu. Andiza  wzrost poziomu 4}

poziomu biatka XCR1 i ITGA9 nie wykazata zmian w badanych XCL1
strukturach mozgu. Co wazne, po raz pierwszy dostarczyliSmy BADANA

dowodow, ze we wszystkich badanych obszarach podniesiony TKANKA: 24h ) 7d
jest poziom biatka XCL1 24 godziny po urazie moézgu, co KORAMOZGOWA | {} | =3

sugeruje jej udziat w inicjacji wtornych zmian zachodzacych po WZGORZE =]

uszkodzeniu (Tabela 4). HIPOKAMP | £ | ©¢

Nasze eksperymenty prowadzone w pierwotnej hodowli komoérkowej dowiodly, ze
stymulacja LPS komorek astrogleju, ale nie mikrogleju powoduje zwigkszong ekspresje
XCL1, na poziomie mRNA. Co wazne zastosowanie XCL1 okazato si¢ nie wywolywaé
zadnych zmian w poziomie mRNA CCL3, CCL4, CCL9, IL-1p, IL-18, IL-6, IL-10 oraz IL-
18BP w pierwotnych hodowlach komoérek mikrogleju, ani astrogleju (Tabela 5). Uzyskane
wyniki sugeruja, ze XCL1 moze dziata¢ poprzez neuronalnie zlokalizowane receptory.

Tabela 5. Zmiany ekspresjii mRNA wybranych cytokin w pierwotnych hodowlach komérek
mikroglejui astrogleju pouptywie 6 h od stymulacji XCL1.Legenda: brak zmian 3

BADANE CZYNNIKI
STYMULACJA
XCL1: IL-1pB IL-6 IL-18 CCL3 CCL4 CCL9 IL-10 | IL-18BP
MIKROGLEJ (| () (| (] (| (] (] (|
ASTROGLEJ c - c c c c c c

XCL1 wydaje si¢ byé jednym z kluczowych czynnikow zaangazowanych
W rozwoj wtérnych zmian po uszkodzeniach osrodkowego ukladu nerwowego. Obydwa
receptory te chemokiny, nie tylko klasyczny XCR1, ale takze niedawno
zidentyfikowany w tej roli ITGA9, moga by¢ waznymi punktami uchwytu dla
interwencji farmakologicznej po urazowym uszkodzeniu mozgu.
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4.4. Zbadanie poziomu markerow wybranych populacji komodrek
immunologicznych i glgowych podczas rozwoju zmian zachodzacych w mysim
modelu bolu neuropatycznego wywolanego podwiazaniem nerwu kulszowego —
Ciechanowska i wsp, Front |mmunol 2022 oraz Brain Sci 2023

Dostepne, cho¢ wcigz niekompletne dane literaturowe sugeruja, ze zaktywowane
komorki immunologiczne i glejowe odgrywaja istotng role podczas powstawania obwodowe;j
1 osrodkowej sensytyzacji w neuropatii o roznej etiologii. Sktonito nas to do przeprowadzenia
badan w modelu bdélu neuropatycznego wywotanego podwigzaniem nerwu kulszowego
u myszy i oceny zmian ekspre§i mRNA i biatlka markeréw wybranych komorek
immunologicznych (makrofagéw/mikrogleju, mikrogleju astrogleju i/lub oligodendrocytow)
w szerokim spektrum czasu (24 godziny — 5 tygodni).

WykazaliSmy, przy uzyciu markera aktywacji mikrogleju/makrofagow (IBA-1), wzrost
jego ekspresji na poziomie mRNA juz w 1 dniu po uszkodzeniu nerwu kulszowego, natomiast
zmiany w poziomie markera aktywacji mikroglegu (TMEM119) pojawity si¢ poznigj, czyli
W 4-7 dniu. Wyniki naszych badan pokazuja, ze prawdopodobnie w pierwszej kolejnosci po
uszkodzeniu nerwu kulszowego sa aktywowane makrofagi, a nastepnie mikroglej (Front
Immunol 2022 *2%). Niewielkie zmiany zaobserwowali$my w poziomie mRNA dla markera
astrogleju, a pojawily si¢ one w dniu 4. W dalszych analizach stwierdziliSmy jednak znaczacy
wzrost poziomu biatka markeréw zaré6wno mikrogleju/makrofagow (IBA-1, 7 dzien) jak
i astrogleju (GFAP, 7-35 dzien) po podwiazaniu nerwu kulszowego (Brain Sci 2023 %),
Obserwowane zmiany s3 zgodne z danymi literaturowymi wskazujacymi, ze to
prawdopodobnie

) Tabela 6. Zmiany ekspresi mRNA wybranych populagi komérkowych w 7 dniu po
uszkodzone  widkna podwiazaniu nerwu kulszowegou myszy. Legenda:  brak zmian 3 wzrost poziomu 4}

aferentne  uwalniga BADANE CZYNNIKI
o . BADANA - : - - - - -
czynmkl aktyqua,ce R neutrofile limfocyty T | oligodendrocyty | astroglej rPn?irrc()Eg;/ mikrogle)
makrofagi i mikrogleg), ,
. : RDZEN 78 = = = 78 78
a takze wywolujg | KREGOWY
Pawlik i wsp.2% | pawlik i wsp. 135

proliferacje 1 naplyw
tych komorek. To z kolei prowadzi do opdozniong aktywacji astrogleju, w naszych badaniach
obserwowang] az do 35 dnia. Natomiast ekspresja mRNA oligodendrocytow (Olig2) nie
ulegata zmianie (Brain Sci 2023 ). Jednakze w pracy, ktorej jestem wspotautorem, ale nie
bedacej podstawa tego doktoratu, wykazaliémy brak zmian w poziomie markera limfocytéw
T Cd8+, natomiast podniesiong ekspresj¢ markera neutrofili (MPO) w rdzeniu kregowym od
2 do 14 dnia, a biatka w dniu 12 ***. Te dane sugeruja, ze po uszkodzeniu nerwu limfocyty
T Cd8+ na poziomie rdzenia kregowego sa w niewielkim stopniu zaangazowane,
w przeciwienstwie do tego co obserwowaliSmy po bezposrednim uszkodzeniu mozgu (Int
J Mol Sci 2021 %), Co jednak wazne udzial neutrofili, makrofagoéw, mikrogleju i astrogleju
wydaje si¢ by¢ rownie istotny (T abela 6).

Podsumowujac, po uszkodzeniu nerwow obwodowych, podobnie jak obserwowano
po urazie mozgu, wzrasta ekspresja markerow zaréwno komorek immunologicznych
(makrofagi, neutrofile), jak i glggowych (mikrogle, astrogle). Biorac pod uwage
powyzsze wyniki, modulacja tych komérek moze mieé¢ znaczny potencjal terapeutyczny,
zarowno po uszkodzeniach obwodowego, jak i oSrodkowego ukladu nerwowego.
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4.5. Zbadanie poziomu chemokin z rodziny MIP-1 oraz ich receptoréw, a takze
wplywu ich modulacji na symptomy bélowe, w mysm modelu bélu
neur opatycznego wywolanego podwiazaniem nerwu kulszowego — Ciechanowska
I wsp. Brain Sci 2023

Waznym powodem braku skutecznej terapii bolu neuropatycznego jest niepeine
zrozumienie jego patofizjologii, dlatego badania nad mechanizmem jego powstawania sg tak
bardzo istotne. Dowiedziono juz, ze czlonkowie rodziny MIP-1 majg silne wlasciwosci
pronocyceptywne u zdrowych myszy. Nie bylo jednak danych pokazujacych zaangazowania
tych chemokin w rozwdj neuropatii po uszkodzeniu nerwow, a takze czy i w jaki sposob ich
farmakologiczna modulacja moze wptyna¢ na symptomy bolu neuropatycznego. Stad naszym
celem stata si¢ zar6wno ocena zmian CCL3, CCL4, CCL9 oraz ich receptorow CCR1 i CCR5
w szerokim spektrum czasu po podwigzaniu nerwu kulszowego (24 godziny — 5 tygodni), jak
rowniez sprawdzenie, w jaki sposob ich farmakologiczna blokada moze wptyna¢ na procesy
nocycepcji W neuropatii.

Prowadzone przez nas eksperymenty wykazaly, ze rozw6j nadwrazliwosci u myszy
idzie w parze ze wzrostem poziomu mMRNA wszystkich chemokin z rodziny MIP-1 w rdzeniu

krggowym. Jednakze podniesiony

iom bialka ob 0v byt Tabela 7. Zmiany ekspregi biatka chemokin z rodziny MIP-1 i ich
poz1o atka o SGI‘WOW&II y by receptorow 24hi 7 dni po podwiazaniu nerwu kulszowego u myszy.
tylko w przypadku CCL3 i CCL9 Legenda brak zmian £3 wzrost {} spadekpoziomu {b

od 1 do 7 dnia po uszkodzeniu BADANE CZYNNIKI
(Tabela 7). Dadsze badania 1‘?}?5@2‘:_ ccL3 CCL4 CCL9 CCR1 CCR5
. . ©  |24h| 7d |24h| 7d |24h| 7d | 24h| 7d | 24h | 7d
behawioralne = wskazaly, ze %
RDZEN KREGOWY ﬁ ﬁ OO ﬁ ﬁ (] Q [

blokowanie obydwu tych
chemokin za pomoca jednorazowych, podpajeczyndéwkowych podan przeciwciat
neutralizujgcych ostabia symptomy boélu neuropatycznego, potwierdzajac ich wazng role
w procesach nocycepcji. Warto pamigta¢ jednak, ze sposrdd nich u ludzi wystepuje tylko
CCL3. Co ciekawe poziom biatka CCR1 i CCRS nie wzrasta w rdzeniu kregowym 7 dni po
uszkodzeniu nerwu, a nawet spada w przypadku CCR1 (Tabela 7). Jest to zapewne
spowodowane jego silng internalizacja po ekspozycji na endogenne ligandy, ktorych
eksprega wzrasta w neuropatii. Co wazne, blokada receptorow poprzez jednorazowe,
podpajeczynowkowe podania antagonistow, to jest J113863 (CCR1), TAK-220 (CCR5)
I AZD-5672 (CCRS5) odwraca dobrze rozwinigta nadwrazliwo$¢ mechaniczng i termiczng
u myszy. Pragniemy podkresli¢, Zze w naszych eksperymentach wykazaliSmy po raz pierwszy
duzg skutecznos¢ silnych i1 selektywnych antagonistow CCRS, niebadanych wczesniej pod
katem tagodzenia objawow bolowych. Co szczegdlnie cenne z klinicznego punktu widzenia,
zarOwno przeciwciala neutralizujgce CCL3, jak 1 antagoni$ci obu receptorow nie tylko
skutecznie obnizaja nadwrazliwos¢, ale rowniez podnoszg analgetyczne wtasciwosci morfiny.

Uzyskane wyniki dowodza waznegj roli dwéch chemokin z rodziny MIP-1, CCL 3
i CCL9, w patologii bolu neuropatycznego u myszy, ze wzgledu na ich silne zmiany na
poziomie rdzenia kregowego oraz efekty analgetyczne uzyskane w wyniku ich blokady.
Przeprowadzone eksperymenty wskazuja na CCR1 i CCRS jako nowe potencjalne
punkty uchwytu w leczeniu bélu neuropatycznego. Ponadto, co wazne, far makologiczna
blokada CCL 3, jak i CCR1, CCRS5 moze by¢ korzystna w przypadku terapii skojar zoneg
z lekami opioidowymi.
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4.6. Zbadanie poziomu chemokiny XCL1 oraz jej receptoréw, a takze wpltywu ich
modulacji na symptomy bélowe, w mysim modelu bélu neuropatycznego
wywolanego podwigzaniem nerwu kulszowego — Ciechanowska i wsp. Front
| mmunol 2022

Badania w modelu neuropatii cukrzycowej dowiodly znacznego udzialu XCLI
w transmisji nocyceptywnej, jednak rola jej receptorow nie zostata wowczas zgtebiona. Byto
to prawdopodobnie spowodowane brakiem odpowiednich narz¢dzi farmakologicznych
w tamtym czasie. W $wietle ngjnowszych doniesien o dwoch funkcjonalnych receptorach,
postanowiliSmy sprawdzi¢ zmiany w poziomie XCL1, XCR1 i ITGA9, w szerokim spektrum
czasu po podwigzaniu nerwu kulszowego (24 godziny — 5 tygodni), a takze jak ich
farmakologiczna modulacja wplywa na objawy bolu neuropatycznego oraz efekty

przeciwbolowe dwoch lekéw opioidowych.
W pierwszym etapie badan wykazali$my istotny

Tabela 8. Zmiany ekspresji biatka XCL1 i jgj receptorow
W 7 dniu po podwiazaniu nerwu kulszowego u myszy.

wzrost XCL1 na poziomie mRNA i biatka (Tabela8) Legenda brak zmian 3 wzrost 4} spadek poziomu L1

utrzymujacy si¢ do 5 tygodni. W przypadku receptorow BADANE CZYNNIKI
obserwowalismy wzrost w poziomie biatka XCR1 do 7 TBP? E,\'T 2‘:‘: 24):1(:"; 24?CLi y ZJIGAfd
dni oraz nieznaczny spadek poziomu ITGA9 w dniu 7 ¢ KREGOWY | O | O O | O 2| O

(Tabela 8). Bogatsi o wiedz¢ o istnieniu dwoch
funkcjonalnych receptorow XCL1 postanowiliémy sprawdzi¢ przede wszystkim, za pomoca
ktorego z nich chemokina ta wywoluje probdlowe dziatanie i udowodnili§my, ze obydwa
receptory s3 zaangazowane w rozwdj nadwrazliwosci na bodzce mechaniczne i termiczne.
Ponadto neutralizacja XCL1 oraz blokada obydwu receptorow za pomoca vMIP-II
(antagonista XCR1) i YA4 (przeciwciato neutralizujagce ITGA9) zmniejsza nadwrazliwo$¢
termicznga 1 mechaniczng. W nastgpnym etapie, po podaniu przeciwcial neutralizujgcych
XCL1 wykazaliSmy wzmocnione dziatanie morfiny. Z kolei blokada XCR1 pozytywnie
wplyngta na skuteczno$¢ buprenorfiny, a neutrdizacja ITGA9 wzmacniala zaréwno
analgetyczne dziatanie buprenorfiny, jak i morfiny. Jednak, sposrod zastosowanych narzedzi
farmakologicznych, to neutralizacja XCL1 zasluguje na szczegdlng uwage ze wzgledu na
dhugi czas utrzymywania si¢ efektow, czyli co najmniej 48 godzin. PrzeprowadziliSmy takze
badanie immunofluorescencyjne ktére wykazato, ze XCLI1 jest uwalniana przez astroglej
w rdzeniu kr¢gowym, podczas gdy obydwa badane receptory sa zlokalizowane na neuronach.
Co wazne to odkrycie jest spojne z wynikami uzyskanymi wczesniej (Pharmacol
Rep 2020 %) i tlumaczy dlaczego XCL1 w warunkach in vitro nie powoduje aktywagji
pierwotnych hodowli mikrogleju 1 astrogleju. Nasza praca rzuca roOwniez nowe Swiatto na
spektrum dzialania minocykliny. Pokazalismy bowiem, ze jej silny potencjat przeciwbolowy
W neuropatii, moze by¢ spowodowany faktem, ze substancja ta wpltywa na wigcej czynnikow
immunologicznych niz wcze$niej sagdzono, w tym obniza poziom XCLI.

Przedstawione badania pokazuja po raz pierwszy, ze sygnalizacja XCL1/XCR1
i XCLIITGA9 przyczynia si¢ do rozwoju nadwrazliwosci bolowej. Sposrod
przebadanych receptoréw, to atypowy ITGA9 wydaje si¢ by¢ lepszym punktem uchwytu
dla terapii, jednak obydwa sa godne uwagi w poszukiwaniu skutecznej strategii leczenia
bolu neuropatycznego. Co wazne, zarowno blokada XCL1, jak i obu przebadanych
receptorow wydaje si¢ ciekawym podejsciem ze wzgledu na jej korzystny wplyw na
efektywnos¢ lekow opioidowych.
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Abstract: The complement system is involved in promoting secondary injury after traumatic brain
injury (TBI), but the roles of the classical and lectin pathways leading to complement activation
need to be clarified. To this end, we aimed to determine the ability of the brain to activate the
synthesis of classical and lectin pathway initiators in response to TBI and to examine their expression
in primary microglial cell cultures. We have modeled TBI in mice by controlled cortical impact
(CCI), a clinically relevant experimental model. Using Real-time quantitative polymerase chain
reaction (RT-qPCR) we analyzed the expression of initiators of classical the complement component
1q, 1Ir and 1s (C1g, C1r, and C1s) and lectin (mannose binding lectin A, mannose binding lectin C,
collectin 11, ficolin A, and ficolin B) complement pathways and other cellular markers in four brain
areas (cortex, striatum, thalamus and hippocampus) of mice exposed to CCI from 24 h and up to
5 weeks. In all murine ipsilateral brain structures assessed, we detected long-lasting, time- and area-
dependent significant increases in the mRINA levels of all classical (C1g, C1s, C1r) and some lectin
(collectin 11, ficolin A, ficolin B) initiator molecules after TBI. In parallel, we observed significantly en-
hanced expression of cellular markers for neutrophils (Cd177), T cells (Cd8), astrocytes (glial fibrillary
acidic protein—GFAP), microglia/macrophages (allograft inflammatory factor 1 —IBA-1), and mi-
croglia (transmembrane protein 119—TMEM119); moreover, we detected astrocytes (GFAP) and
microglia/macrophages (IBA-1) protein level strong upregulation in all analyzed brain areas. Further,
the results obtained in primary microglial cell cultures suggested that these cells may be largely
responsible for the biosynthesis of classical pathway initiators. However, microglia are unlikely to
be responsible for the production of the lectin pathway initiators. Immunofluorescence analysis
confirmed that at the site of brain injury, the C1q is localized in microglia/macrophages and neurons
but not in astroglial cells. In sum, the brain strongly reacts to TBI by activating the local synthesis of
classical and lectin complement pathway activators. Thus, the brain responds to TBI with a strong,
widespread and persistent upregulation of complement components, the targeting of which may
provide protection in TBL

Keywords: complement component 1q (C19); complement component 1s (C1s); complement compo-
nent 1r (CIr); collectin 11; ficolin A; ficolin B; mannose binding lectin A (MBL-A); mannose binding
lectin C (MBL-C); cortex; striatum; thalamus; hippocampus
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1. Introduction

Traumatic brain injury (TBI) persists as a leading cause of disability and mortality
affecting the worldwide community. TBI is known to be associated with primary me-
chanical damage that results in secondary pathogenic cellular cascades, activated within
minutes following injury, that interacts in a complex network, which leads to cell death
or recovery [1]. In patients surviving TBI, this secondary injury cascade, which is closely
related to activation of the inflammatory response, is believed to be responsible for the
evolution of the brain damage [2,3]. Not enough is known about the cellular and molecular
changes occurring during the secondary damage, which evolves over days after the injury.
Gaining knowledge about these changes will be very important for development of novel
pharmacological and therapeutic interventions [4].

The complement system is a powerful effector tool of innate and adaptive immu-
nity. In the brain, the complement system is known to subserve multiple functions,
including regulation of synaptic pruning during development, control of homeostatic
functions in the uninjured brain, and coordination of the inflammatory response following
injury. There are three pathways leading to full activation of the complement cascade:
the classical, the alternative, and the lectin pathway, each responding to specific danger
signals and characterized by specific initiators and enzymes. The classical pathway is acti-
vated following the binding of the C1q-C1s-Clr complex to antigen-antibody complexes or
directly to specific molecules (i.e., beta-amyloid, C reactive protein, DNA, and apoptotic
bodies). The lectin pathway activator molecules include different pattern recognition
molecules, such as mannose binding lectins (MBLs, found in rodents in two isoforms:
A and C) and collectin-11, or by ficolins (found in rodents in two isoforms: A and B),
which bind to high-density arrays of mannose, fucose, and N-acetylated sugars present
on the surface of injured cells or pathogens. Spontaneous hydrolysis of circulating C3
(tick-over process) into C3 (H,O) on cellular surfaces acts as activator of the alternative
pathway. The three pathways converge into a common pathway, resulting in the formation
of the terminal C5b-9 complement complex the effector of cell lysis. A few fragments which
are produced along the cascade, such as C3b, C4b, and C5b, possess direct inflammatory
properties and act as opsonins, inducing an overactivation of the phagocytic response.
In addition, the complement components coordinate an innate and adaptive immune
reaction by interacting with multiple immune cells [5]. Complement activation results in
the production of anaphylatoxins (C3a and Cb5a), powerful mediators of inflammation,
which causes recruitment and activation of different cells, including neutrophils, T cells and
macrophages. Neutrophils, which are the most abundant leukocytes in circulation, are also
the first-line immune cells that reach the sites of injury [6,7]. Brain Cd8+ T cells may impact
prolonged motor deficits and myelin pathology. Moreover, TBI-related neuroinflammation
is also characterized by changes in the morphology and number of oligodendrocytes,
astrocytes and microglia/macrophages [6-9]. Recently, clinical studies have supported
these data, showing the maintenance of sustained astrocytes and microglial activation in
the brains of TBI patients [10,11].

The complement system contributes to secondary injury in TBI [5,12], but while it is
well established that injury activates the complement cascade as a systemic response and
that circulating complement components get into the brain through the injured blood-brain
barrier (BBB), little is known about local activation. Therefore, the purpose of our research
was to determine the ability of the brain to activate the synthesis of classical and lectin path-
way initiators in response to TBI and to examine their expression in different types of brain
cells. Based on previous experiments, we performed controlled cortical impact (CCI) in
mice, which is a clinically relevant experimental model of TBI that causes a large inflamma-
tory response and drives the progression of brain injury [3,13,14]. We examined concomitant
spatiotemporal changes occurring at the mRNA and/or protein levels of classical (Clq, Cls,
and Cl1r) and lectin (MBL-A, MBL-C, collectin 11, ficolin A, and ficolin B) complement factors
as well as cellular markers of neutrophils (Cd177), T cells (Cd8), oligodendrocytes (oligoden-
drocyte transcription factor 2—Olig?2), astrocytes (GFAP), microglia/macrophages (IBA-1),
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and microglia (TMEM119) in various brain structures (cortex, striatum, thalamus, and hip-
pocampus) after TBI. Moreover, we used confocal microscopy to study the Clq cellular
localization in the contused cortex after TBL. We also studied the effect of lipopolysaccha-
ride (LPS), an inflammatory stimulus, on the levels of a few classical and lectin pathway
components in primary microglial cell cultures.

2. Results
2.1. Time-Dependent Study of Cd177, Cd8 and Olig2 mRNA Expression in the Cortex, Striatum,
Thalamus, and Hippocampus after TBI in Mice

The elevated mRNA expression of Cd177 (a cellular marker of neutrophils) was
observed in the cortex, striatum, and hippocampus (Figure 1A,B,D). In the cortex and
striatum, Cd177 upregulation began 24 h after TBI, was the highest on the 4th day and
remained elevated until the 7th day after traumatic brain injury when compared to that of
sham-operated animals (Figure 1A,B).
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Figure 1. (A-L). The mRNA expression changes of Cd177, Cd8, and Olig2 in the cortex, striatum, thalamus, and hippocampus of
TBI compared to sham-injured animals at different time points (24 h-5 weeks). The data are given as fold changes relative to the
control as mean + SEM (standard error of the mean) (sham groups, n = 5-8; TBI groups, nn = 4-8). * p < 0.05; ** p < 0.01; *** p < 0.001
show differences considered statistically significant between the sham and TBI groups, + p < 0.05; ++ p < 0.01; +++ p < 0.001 show
differences considered statistically significant comparing to the 24 h TBI group; # p < 0.05; ## p < 0.01; ### p < 0.001 show differences
considered statistically significant comparing to the 4th day TBI group; & p < 0.05; &&é& p < 0.001 show differences considered

statistically significant when comparing to the 7th day TBI group; " p < 0.05; " p < 0.001 show differences considered statistically

significant comparing to the 2 weeks TBI group as estimated by two-way ANOVA followed by Bonferroni’s post hoc test.
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In the hippocampus, Cd177 upregulation began and reached a peak 4 days after brain
injury and then decreased after day 7. We did not observe any changes in expression
of Cd177 in the thalamus (Figure 1C). For the mRNA expression of Cd177, the two-way
ANOVA confirmed a significant interaction between the considered time points and TBI for
the cortex (F4 55 = 9.34; p < 0.0001) (Figure 1A), striatum (F4 55 = 7.88; p < 0.0001) (Figure 1B),
and hippocampus (F4 5, = 7.47; p < 0.0001) (Figure 1D).

Upregulation of Cd8 mRNA expression (a cellular marker of T cells) was observed in all
studied structures. The changes began in the cortex 4 days after injury and in the striatum and
hippocampus on the 7th day. When comparing to the mRNA level of sham-operated animals,
the highest value was observed 2 weeks after brain injury in cortex and striatum and 5 weeks
after injury in the hippocampus. In the cortex and hippocampus, Cd8 mRNA remained ele-
vated until the 5th week, which was the last time point (Figure 1E,H). For the mRNA expres-
sion of Cd8, the two-way ANOVA confirmed a significant interaction between the considered
time points and TBI in the cortex (F4 55 = 8.76; p < 0.0001) (Figure 1E), striatum (F4 55 = 3.52;
p = 0.0125) (Figure 1F), and hippocampus (F4 53 = 2.76; p = 0.0372) (Figure 1H). Moreover,
after TBIL, we observed upregulation of Cd8 in the thalamus (Figure 1G) between the 7th
day and 5th week when compared to that in sham animals, according to Bonferroni’s post
hoc analysis.

The expression of Olig2 (a marker of oligodendrocytes) was significantly elevated
in the cortex, and the upregulation was observed 4 days after injury. For the mRNA
expression of Olig2 in the cortex, two-way ANOVA confirmed a significant interaction
between the considered time points and TBI (F4 54 = 7.06; p = 0.0001) (Figure 1I). Moreover,
we observed upregulation of Olig2 in the striatum (Figure 1]) on the 4th day and 2nd
week and hippocampus on the day 7th after TBI when compared to that in sham animals,
according to Bonferroni’s post hoc analysis. No changes in mRNA expression were obtained
in the thalamus.

2.2. Time-Dependent Study of GFAP, IBA-1 and TMEM119 mRNA Expression in the Cortex,
Striatum, Thalamus, and Hippocampus after TBI in Mice

GFAP (a marker of astroglia) expression was elevated in all studied brain struc-
tures, and the strongest changes were observed in the cortex, striatum, and hippocam-
pus 4-7 days after injury. In the cortex, the GFAP upregulation began 24 h after injury,
reached the highest value on day 4 and then significantly declined until the 5th week
following injury (Figure 2A). For the striatum and hippocampus, GFAP upregulation also
started 24 h after TBI and reached a maximum on the same day. For the mRNA expression
of GFAP, two-way ANOVA confirmed a significant interaction between the considered time
points and TBI in the cortex (F4 56 = 15.34; p < 0.0001) (Figure 2A), striatum (F4 54 = 21.30;
p < 0.0001) (Figure 2B), and hippocampus (F451 = 3.88; p = 0.0080) (Figure 2D). Moreover,
we observed GFAP upregulation in the thalamus (Figure 2C) from the 4th day and 2nd
week after TBI when comparing with that in sham animals, according to Bonferroni’s post
hoc analysis.

We observed a significant increase in IBA-1 (a marker of microglia/macrophages)
mRNA levels in all analyzed brain structures (cortex, striatum, thalamus, and hippocam-
pus). The upregulation was observed in all analyzed brain areas on the 4th day after injury,
except the thalamus where the mRNA increase was observed 24 h after TBI. The peak
was observed on days 4-7 in the analyzed brain areas, and the level remained elevated
in all cases at least to 7 days after brain injury compared to the level in sham-operated
animals (Figure 2E-H). In the thalamus, the upregulation was maintained until 5 weeks
after injury (Figure 2G). For mRNA expression of IBA-1, two-way ANOVA confirmed a sig-
nificant interaction between the considered time points and TBI for the cortex (F4 56 = 13.64;
p < 0.0001) (Figure 2E), striatum (F4 56 = 14.77; p < 0.0001) (Figure 2F), thalamus (F4 56 = 2.90;
p = 0.0299) (Figure 2G), and hippocampus (F4 54 = 5.97; p = 0.0005) (Figure 2H).
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Figure 2. (A-L). The mRNA expression changes of GFAP, IBA-1, and TMEM119 in the cortex, striatum, thalamus,
and hippocampus of TBI compared to sham-injured animals at different time points (24 h-5 weeks). The data are
given as fold changes relative to the control as mean £ SEM (sham groups, n = 4-8; TBI groups, n = 5-8). * p < 0.05;
** p <0.01; *** p < 0.001 show differences considered statistically significant between the sham and TBI groups, + p < 0.05;
++ p < 0.01; +++ p < 0.001 show differences considered statistically significant comparing to the 24 h TBI group; # p < 0.05;
## p < 0.01; ### p < 0.001 show differences considered statistically significant comparing to the 4th day TBI group; & p < 0.05;
&& p < 0.01; &&& p < 0.001 show differences considered statistically significant when comparing to the 7th day TBI group;

™ p < 0.001 shows differences considered statistically significant comparing to the 2 weeks TBI group as estimated by
two-way ANOVA followed by Bonferroni’s post hoc test.

Elevated mRNA expression of TMEM119 (a marker of microglia) was observed in
the cortex, striatum, and hippocampus (Figure 2IJ,L). In the cortex and striatum, the up-
regulation was first observed and it reached the highest level on the 4th day after injury
(Figure 21]). In the hippocampus, mRNA upregulation also began 4 days after brain injury
but reached a peak 4-7 days after injury, after which it decreased (Figure 2L). For mRNA
expression of TMEM119, two-way ANOVA confirmed a significant interaction between
the considered time points and TBI in the cortex (F456 = 20.89; p < 0.0001) (Figure 2I),
striatum (Fy 55 = 6.84; p = 0.0002) (Figure 2]), and hippocampus (F453 = 4.51; p = 0.0033)
(Figure 2L).
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2.3. Study of GFAP and IBA-1 Protein Levels in the Cortex, Striatum, Thalamus,
and Hippocampus of TBI or Sham-Injured Mice at Selected Time Points

The GFAP protein level was increased in all tested brain regions 7 days after TBI
(Figure 3A-D). For GFAP protein expression, two-way ANOVA confirmed a significant in-
teraction between the considered time points and TBI in the cortex (F; 16 = 15.13; p = 0.0013)
(Figure 3A), striatum (F; 19 = 29.64; p < 0.0001) (Figure 3B), and hippocampus (F; 29 = 11.65;
p = 0.0028) (Figure 3D). Moreover, we observed elevated levels of GFAP in the thalamus
(Figure 3C) 24 h and 7 days after TBI when comparing to the levels in sham animals,
according to Bonferroni’s post hoc analysis. The upregulation of GFAP protein was signifi-
cantly higher on the 7th day after injury when compared to its level 24 h after injury in all
subjected brain areas, as evaluated by Bonferroni’s post hoc test.
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Figure 3. (A-H). The protein expression changes of IBA-1 and GFAP in the cortex, striatum, thalamus,
and hippocampus of TBI compared to sham-injured animals at different time points (24 h and 7th
days). The data are given as fold changes relative to the control as mean = SEM (sham groups,
n = 4-6; TBI groups, n = 4-6). * p < 0.05; ** p < 0.001 show differences considered statistically
significant between the sham and TBI groups, + p < 0.05; +++ p < 0.001 show differences considered
statistically significant comparing to the 24 h TBI group as estimated by two-way ANOVA followed
by Bonferroni’s post hoc test.
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Similar to the GFAP, IBA-1 protein levels were elevated in all tested structures 7 days
after TBI (Figure 3E-H). Moreover, upregulation of IBA-1 was observed in the thalamus 24 h
after injury (Figure 3G). For IBA-1 protein expression, two-way ANOVA confirmed a sig-
nificant interaction between the considered time points and TBI in the cortex (Fy 14 = 10.30;
p = 0.0063) (Figure 3E) and hippocampus (Fy 19 = 4.56; p = 0.0459) (Figure 3H). Moreover,
we observed elevated levels of IBA-1 in the striatum on the 7th day (Figure 3F) and tha-
lamus (Figure 3G) 24 h and 7 days after injury when comparing with the levels in sham
animals, according to Bonferroni’s post hoc analysis.

2.4. Time-Dependent Study of C1q, C1s, and C1r mRNA Expression in the Cortex, Striatum,
Thalamus, and Hippocampus After TBI in Mice

We observed a significant C1g mRNA increase in the cortex, striatum, and thalamus
from 4 days to 2 weeks following injury and in the hippocampus from 4 to 7 days fol-
lowing injury. The highest level was observed on the 4th day in the cortex and striatum,
on week 2nd in the thalamus and on days 4-7 in the hippocampus when comparing to
sham-operated animals (Figure 4A-D). For C1g mRNA expression, two-way ANOVA
confirmed a significant interaction between the considered time points and TBI in the
cortex (Fy 55 = 19.57; p < 0.0001) (Figure 4A), striatum (F4 56 = 11.81; p < 0.0001) (Figure 4B),
thalamus (Fy55 = 3.74; p = 0.0092) (Figure 4C), and hippocampus (F4 56 = 3.67; p = 0.0101)
(Figure 4D).

Elevated C1s mRNA expression was observed in the cortex, striatum, thalamus and
hippocampus. In the cortex, the upregulation began 24 h after TBI and remained elevated
until 5 weeks (Figure 4E). In the hippocampus, the upregulation began 7 days after TBI and
also remained elevated until 5 weeks. (Figure 4H). For C1s mRNA expression, two-way
ANOVA confirmed a significant interaction between the considered time points and TBI in
the cortex (Fy 55 = 2.69; p < 0.0406) (Figure 4E) and hippocampus (F4 55 = 3.16; p = 0.0206)
(Figure 4H). Moreover, according to Bonferroni’s post hoc analysis, we observed elevated
levels of CIs in the striatum (Figure 4F) and the thalamus (Figure 4G) after TBI compared
with levels in sham animals. Increased C1s levels were observed between 24 h and 7 days
after injury in the striatum and between 24 h and 4 days after injury in the thalamus.

Elevated expression of C1r was observed in the striatum and thalamus 24 h after
brain injury. In the hippocampus, C1r upregulation began 7 days after TBI and remained
elevated until 5 weeks (Figure 4L). The highest levels of C1r upregulation were observed
24 h after injury in the striatum and thalamus and 7 days after injury in the hippocampus
(Figure 4J-L). For C1r mRNA expression, two-way ANOVA confirmed a significant inter-
action between the considered time points and TBI in the striatum (Fy54 = 2.94; p = 0.0285)
(Figure 4]), thalamus (F449 = 3.07; p < 0.0246) (Figure 4K), and hippocampus (F4 45 = 3.18;
p < 0.0214). Moreover, according to Bonferroni’s post hoc analysis, we observed elevated
levels of C1r in the cortex (Figure 4I) 24 h, 4 days, and 2 weeks after TBI when compared
with levels in sham animals.
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Figure 4. (A-L). The mRNA expression changes of C1g, CIs, and CIr in the cortex, striatum, thalamus, and hippocampus of

TBI compared to sham-injured animals at different time points (24 h-5 weeks). The data are given as fold changes relative to

the control as mean + SEM (sham groups, n = 3-8; TBI groups, n = 4-8). * p < 0.05; ** p < 0.01; *** p < 0.001 show differences

considered statistically significant between the sham and TBI groups, + p < 0.05; ++ p < 0.01; +++ p < 0.001 show differences

considered statistically significant comparing to the 24 h TBI group; # p < 0.05; ## p < 0.01; ### p < 0.001 show differences

considered statistically significant comparing to the 4th day TBI group; & p < 0.05; && p < 0.01 show differences considered

statistically significant when comparing to the 7th day TBI group; **

p <0.01; ™ p < 0.001 show differences considered

statistically significant comparing to the 2 weeks TBI group as estimated by two-way ANOVA followed by Bonferroni’s

post hoc test.

2.5. Clq Localization in the Contused Tissue

Immunofluorescence analysis confirmed the presence of Clq in the contused cortex 96 h
after TBI. Interestingly, C1q localizes to brain vessels and cell-like structures (Figure 5A).
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Figure 5. (A,B). Confocal analysis of C1q localization in the contused cortex 96 h after TBI. (A) Clq (green) is present on
brain vessels (IB4, red) and in cell-like structures (arrows). Nuclei are in blue. (B) Three-dimensional image rendering
shows Clq in vessels. Images are representative of at least two independent experiments. Scale bar = 20 um.

Confocal analysis was performed of C1q and microglia/macrophage localization in
the contused cortex 96 h after TBI (Figure 6). Panels A and D show that Clq does not
generally colocalize with microglia/macrophages, although it localizes in close proximity
to them. Instead, C1q appears with vessel-like morphology, as shown in Figure 5. Panels B
and C show the high magnification, three-dimensional image rendering of Clq inside
Cd45 positive cells. Panels E and F show the high magnification, three-dimensional image
rendering of C1q surrounded by microglia/macrophages. Images are representative of at
least two independent experiments.
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Figure 6. (A-F). Confocal analysis of C1q and microglia/macrophage reciprocal localization in the con-
tused cortex 96 h after TBL. (A,D) Clq (green) does not generally colocalize with microglia/macrophages
(Cd45, red) although it appears in close proximity to them (arrow in A). Clq appears with vessels-like
morphology (arrow in D), as shown in Figure 5. Scale bar = 50 um. (B,C). High magnification, three-
dimensional image rendering shows C1q localization inside Cd45 positive cells. (E,F) High magnification,
three-dimensional image rendering shows Clq surrounded by microglia/macrophages. Images are
representative of at least two independent experiments. Nuclei are in blue. Scale bar = 5 um.

Figure 7 shows confocal analysis of Clq and astrocyte localization in the contused
cortex 96 h after TBIL. Clq is present along the border of the lesion, but it does not specifically
co-localize with astrocytes.
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Figure 7. Confocal analysis of C1q and astrocyte reciprocal localization in the contused cortex 96 h after TBI. A high
magnification image shows that Clq (green) does not specifically colocalize with astrocytes (GFAP, red). Nuclei are in blue.
Images are representative of at least two independent experiments. Scale bar = 10 pm.

Figure 8 shows confocal analysis of C1q and neuronal localization in the contused
cortex 96 h after TBL
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Figure 8. (A-D). Confocal analysis of C1q and neuron reciprocal localization in the contused cortex 96 h after TBI. (A,C) Clq
(green) is present along the border of the lesion close to neurons (NeuN, red). C1q frequently localizes in close proximity to
neurons. (B-D) Three-dimensional image rendering shows C1q colocalization with neurons, possibly driving apoptosis.
Images are representative of at least two independent experiments. Nuclei are in blue. Scale bar = 10 um.

2.6. Time-Dependent Study of Mannose Binding Lectin A and C, Collectin 11, Ficolin A and
Ficolin B mRNA Expression in the Cortex, Striatum, Thalamus, and Hippocampus After TBI
in Mice

Basal mRNA levels of collectin 11 (Figure 9A-D), ficolin A (Figure 9E-H) and ficolin B
(Figure 91-L) were detected in the brains of control mice, but mannose binding lectin A and
mannose binding lectin C mRNA were not detected (Table 1).
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Figure 9. (A-L). The mRNA expression changes of collectin 11, ficolin A, and ficolin B in the cortex, striatum, thalamus,
and hippocampus of TBI compared to sham-injured animals at different time points (24 h-5 weeks). The data are given as
fold changes relative to the control as mean &+ SEM (sham groups, n = 3-8; TBI groups, n = 4-8). * p < 0.05; *** p < 0.001 show
differences considered statistically significant between the sham and TBI groups, + p < 0.05; ++ p < 0.01; +++ p < 0.001 show
differences considered statistically significant comparing to the 24 h TBI group; # p < 0.05; ## p < 0.01; ### p < 0.001 show
differences considered statistically significant comparing to the 4th day TBI group; & p < 0.05; && p < 0.01; show differences
considered statistically significant when comparing to the 7th day TBI group; " p < 0.05; ** p < 0.001 show differences
considered statistically significant comparing to the 2 weeks TBI group as estimated by two-way ANOVA followed by
Bonferroni’s post hoc test.

Table 1. The mannose binding lectin A (MBL-A) and mannose binding lectin C (MBL-C) mRNA expression
in brain structures (cortex, striatum, thalamus, and hippocampus) of sham/TBI-injured mice at
selected time points (24 h, 4 days, 7 days, 2 weeks, 5 weeks) was not detected.

Brain Areas MBL-A MBL-C
cortex not detected not detected
striatum not detected not detected
thalamus not detected not detected

hippocampus not detected not detected
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Moreover, changes in collectin 11 (Figure 9A-D), ficolin A (Figure 9E-H) and ficolin B
(Figure 91-L) mRNAs were also detected after brain injury. Following TBI, elevated collectin
11 mRNA levels were observed in the cortex and striatum, beginning on 4 days after TBI
and were observed until 2 weeks following injury when compared to the levels observed
in the sham group (Figure 9A,B). We did not observe any changes in expression of col-
lectin 11 in the thalamus (Figure 9C). For collectin 11 mRNA expression, two-way ANOVA
confirmed a significant interaction between the considered time points and TBI in the cor-
tex (Fys56 = 3.54; p = 0.0121) (Figure 9A) and striatum (Fy56 = 3.24; p = 0.0184) (Figure 9B).
Moreover, according to Bonferroni’s post hoc analysis, we observed elevated collectin 11 lev-
els in the hippocampus (Figure 9D) on the 7th day after TBI when compared to the levels in
sham animals.

After TBI, ficolin A mRNA levels were significantly increased in all analyzed brain
structures (the cortex, striatum, thalamus, and hippocampus) in comparison to the lev-
els in sham-operated animals. The upregulation was observed in all brain structures on
the 4th day after TBI and also peaked on the 4th day after injury in the cortex, striatum,
and thalamus (Figure 9E-G). However, the highest hippocampal ficolin A mRNA lev-
els were observed on days 4-7 after injury (Figure 9H). For ficolin A mRNA expression,
two-way ANOVA confirmed a significant interaction between the considered time points
and TBI in the cortex (F4 56 = 14.38; p < 0.0001) (Figure 9E), striatum (F4 56 = 13.41; p < 0.0001)
(Figure 9F), thalamus (F4 56 = 7.28; p < 0.0001) (Figure 9G), and hippocampus (Fy 5, = 4.04;
p = 0.0063) (Figure 9H).

Moreover, according to Bonferroni’s post hoc analysis, we observed elevated levels of
ficolin B in the cortex and hippocampus after TBI (Figure 91,K,L) when comparing to levels
in sham animals.

2.7. Study of Clq, C1s, C1r, Mannose Binding Lectin A, Mannose Binding Lectin C, Collectin 11,
Ficolin A, and Ficolin B mRNA Expression in Primary Microglial Cultures After LPS Treatment

The basal mRNA levels of C1g (Figure 10A), C1s (Figure 10B), and Clr (Figure 10C)
were assessed in primary microglia cell cultures. After LPS stimulation, a significant in-
crease in all the initiators of the classical pathway was observed (Figure 10A-C). In primary
microglial cell cultures, after LPS stimulation, increased mRNA levels were observed for
Clq (1.74 £ 0.14 (t4 = 4.96; p = 0.0077)) (Figure 10A), Cls (6.84 = 1.79 (t4 = 3.25; p = 0.0314))
(Figure 10B), and CIr (7.92+ 1.72 (t4 = 4.01; p = 0.0160)) (Figure 10C).

Further, the basal mRNA levels of collectin 11 (Figure 10D) and ficolin A (Figure 10E)
but not ficolin B, mannose binding lectin A, or mannose binding lectin C (Figure 10F) were
assessed in primary microglial cell cultures. After LPS stimulation, a significant decrease
in ficolin A (0.65 & 0.44 (t4 = 3.4; p = 0.0273)) (Figure 10E) was observed.
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Figure 10. (A-F). The changes in initiators of classical pathway [green]: C1g, C1s, C1r; lectin pathway [blue]: mannose
binding lectin A and C (MBL-A, MBL-C), collectin 11, ficolin A, and ficolin B mRNA expression in primary microglial cultures.
The data are the mean = SEM (n = 3). * p < 0.05; ** p < 0.01 indicate significant differences between non-stimulated (-) and
LPS-stimulated (+) cultures.

3. Discussion

The contribution of the complement system to acute brain injury is well known.
While it is widely recognized that circulating complement cascade components enter the
brain through a damaged blood-brain barrier, the possibility that the brain itself may
respond to injury with a local synthesis of complement components has been scarcely
explored. Herein, we have documented the ipsilateral spatiotemporal activation and
mRNA expression of initiators of the classical (C1q, C1s, C1r) and lectin (collectin-11, ficolin A,
ficolin B) complement pathways in murine brain structures after TBI. Importantly, our study
has revealed, for the first time, that these complement changes are detected not only in the
cortex but also in other brain regions, such as the striatum, hippocampus, and thalamus.
In parallel, we have detected significant changes in the mRNA levels of a wide spectrum
of cellular markers for neutrophils, Cd8+ T cells, astroglia, and microglia/macrophages.
Our data added to the knowledge that Clq, Cls and Clr (the Clq complex), and ficolin A
are important factors in the brain, and we assert that the roles of these proteins should be
fully elucidated.

Interestingly, C1q and its complex components are detected in strongly activated
microglial cells. Moreover, our in vitro experiments using primary cells cultures confirmed
that microglial cells can synthesize classical pathway initiators but are unlikely to be
responsible for elevated levels of lectin pathway initiators. Therefore, strategies that
modulate microglial activation and/or blockade of the Cl1q complex may represent a
promising opportunity for effective therapies in brain damage. It has been previously
shown that Cl-inhibitor protects from focal brain trauma in mice by reducing thrombo
inflammation and diminishing upregulation of proinflammatory factors, such as CCL2,
CCL3, IL-beta, and tumor Necrosis Factor alpha (TNF-«) [15]. Previous studies also
show that administration of Cl-inhibitor shortly after TBI, attenuates cognitive deficits
and histological damage [16]. Moreover, it was reported that Cl-inhibitor attenuates
neurobehavioral deficits and reduces contusion volume after TBI in mice [17]. Therefore,
the role of the C1q complex requires in-depth pharmacological investigation.

Brain injury is known to evoke an inflammatory reaction that involves several interre-
lated mechanisms, including release of intracellular components from damaged cells to the
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parenchyma, production of complement factors and cytokines, activation of brain-resident
cells, and recruitment of peripheral immune cells into the brain [18,19]. Many of these pro-
cesses influence each other, leading to complex interactions. Over the last years, because of
heterogeneous changes observed in patients with TBI, different animal models have been
developed with the aim of reproducing a complex clinical condition and to obtain tools to
better recognize the underlying pathophysiology [20]. Among them, 3 models are widely
used in particular: CCI [13,21,22], fluid percussion injury (FPI) [23] and impact accelera-
tion model of diffuse traumatic brain injury (DTBI) [24]. CCl is a dynamic direct impact
injury which replicates clinical brain injury with skull deformation and related cortical
compression. It offers a very good control of injury parameters such as velocity of impact,
depth, and angle, resulting in a highly reproducible impact [13,21,22], a potential advan-
tage over other models such as FPI. A few changes measured in our study using CCI are
similar to those observed by others in FPI model, for example after one week both injuries
show enhanced cortical and/or hippocampal infiltration and/or activation of GFAP+,
IBA-1+, and TMEM+ cells [7,25-27]. Importantly, CCI reproduces changes reported in
clinical head injuries and documented in several studies such as: concussion, contusion,
hemorrhage, traumatic axonal injury and cortical inflammatory changes, brain edema,
elevated intracerebral pressure, reduced cortical perfusion, decreased cerebral blood flow,
neuroendocrine, and both inflammatory and metabolic changes [10,20,28,29]. Therefore,
learning about neuroimmune interactions from animal models of TBI may foster the devel-
opment of future therapies. Knowledge about the brain regions affected by the cascade of
events triggered by TBI is limited; therefore, we decided to expand our studies to other
brain areas. The results demonstrated that cellular changes in CCI occurred not only in
the cortex (which was the injury site corresponding to the most expected changes) but
also in the striatum, hippocampus, and thalamus. We showed the spatiotemporal mRNA
expression of cellular markers and complement initiators in different brain areas (cortex,
striatum, thalamus, and hippocampus), which were previously suggested to be especially
susceptible in TBI [30-32]. It was previously demonstrated in a closed head diffuse injury
rat model that TBI leads to wide, long-lasting microstructural alterations in white and
gray matter [33]. Moreover, the same brain areas we studied (cortex, striatum, thalamus,
and hippocampus) appeared to be especially susceptible to ongoing post-TBI pathology in
previous studies, which was confirmed by volumetric changes in these areas and/or signif-
icantly higher activation of microglia/macrophages when compared to the sham group
(up to 30 days) [33]. Additionally, after TBI, positron emission tomography confirmed an
increased level of inflammation in the thalamus [10].

One of the most important first-line players at the sites of injury are neutrophils [34].
Our results showed that the mRNA level of Cd177 (a marker of neutrophils) is upregulated
and peaks on the 4th day after brain damage in the cortex and also in the striatum and
hippocampus to a lesser extent. This observation is in agreement with previous studies,
which show that recruitment of neutrophils into the injured cortex occurs over a period
of approximately 3 days [6]. In early stages of injury, activated neutrophils bind to the
endothelium and platelets and as a consequence, hinder the blood flow through vessels [35].
Moreover, as a source of several inflammatory mediators, such as proinflammatory cy-
tokines, reactive oxygen species (ROS) and matrix metalloproteinases (MMPs), neutrophils
contribute to the development of severe complications after TBI [36,37]. Conversely,
some studies have shown that neutrophils also affect nerve repair by releasing trans-
forming growth factor 3 (TGF-f), nerve growth factor (NGF), IL-4, and IL-10 [6], and that
is why the role of those cells is rather dualistic. Neutrophils are regarded as important
short-lived players in brain injury, in contrast to Cd8+T cells [38—40]. After TBI in mice,
an increase in Cd8+ T cells can be observed in the cortex up to 8 weeks after injury [41].
Additionally, it has been shown, in experimental stroke, that mice display improved be-
havioral function and decreased neuronal loss following the depletion of Cd8+T cells [42].
Our data confirm the presence of Cd8+ T cells in the cortex both during early and later
phases; however, the maximal activation levels are reached at later time points. Importantly,
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our results give evidence that the observed changes are not limited to the cortex but are
also present in the striatum, thalamus, and hippocampus. Based on the literature [41],
one may believe that after TBIL, Cd8+ T cells promote secondary neuronal and myelin
degeneration not only in the cortex but also in other brain regions. Oligodendrocytes are
required for producing and maintaining myelin throughout the brain. Our data show that
after TBI, Olig2+, which is a marker of immature oligodendrocytes, is only briefly and
slightly upregulated in the cortex, striatum, and hippocampus after injury, which is in
agreement with others [43]. After TBI, decreased activity of CC-1+, which is a marker of
mature oligodendrocytes, has been reported in the literature [43], and this is in line with
our results showing that new immature oligodendrocytes do not form after TBI, which
contributes to the gradual degeneration of myelin. In contrast, TBI has been shown to
evoke the activation of astrocytes, the most abundant cell type in the brain [44,45]. This is
in agreement with our results showing the increased expression of GFAP, the astroglial ac-
tivation marker, in the cortex, striatum, thalamus, and hippocampus. Therefore, the serum
GFAP level appears to be a good prognostic marker of TBI [46]. The literature shows
that astrocytes can have some protective functions in the injured brain, e.g., through the
release of neurotrophic factors [47,48]. Homeostatic astrocytes are critical for maintaining
normal function of the blood-brain barrier [49]; however, the major result of astrocyte
activation is the formation of glial scars, which function as a barrier to axonal regener-
ation and extension [47,50]. Herein, we observed significant GFAP level changes in the
brain starting early after injury and lasting up to 5 weeks. In a very recent study, it was
shown that monitoring IBA-1 in serum might provide clinically relevant insights into the
underlying TBI pathophysiology [51]. The IBA-1 is a monocytes/microglia/macrophages-
specific calcium-binding protein that participates in membrane ruffling and phagocytosis
of those cells. Among IBA-1 positive cells, activated monocytes infiltrate into the brain
after injury and propagate breakdown of the BBB by secreting a variety of inflammatory
mediators. Recently Ly6C!® non-classical monocytes were suggested to be necessary for the
recruitment of neutrophils [52], while CD115*Ly6C ~hMCD62+CCR2M classical monocytes,
infiltrate into the injured brain, and become tissue macrophages [53]. Macrophages and
microglia are considered to be important players in maintaining brain homeostasis in
the response to injury [54,55]. Long-term increased IBA-1 levels after brain injury indi-
cate that those cells become activated and/or infiltrate to injured regions, both in early
and late phases [56]. These processes may lead to neuroinflammation, which may have
some protective functions but also may cause secondary brain injury and neurodegenera-
tion [56,57]. Our current study indicates that the upregulated mRNA and protein levels of
IBA-1 reflect long-term activation in the cortex and other brain regions, such as the striatum,
hippocampus, and thalamus. The role of microglia in TBI may also be confirmed by the
presence of transmembrane protein 119 (TMEM119), which is exclusively expressed on
those cells [58-60]. Our data has revealed for the first time that following TBI, TMEM119 is
upregulated for up to 2 weeks in the cortex, what may be connected with loss of microglia
homeostatic functions. Therefore, future studies are required to determine the exact role
of microglia during TBIL, including the role in complement activation. It has already been
shown that Clq can be produced by microglia cells [61,62]; however, our data provide
evidence that microglia are also a source of Cls and Clr. In sum, our results suggest that
microglia possess the machinery for production of the C1q complex, which can be triggered
after their activation. Whether or not this is related to activation of the complement cascade
or if C1q possess independent actions is still to be clarified. This may be similar to what
was recently shown for MBL, which can exert a direct deleterious effect on ischemic brain
endothelial cells independently from complement activation [63].

Clq is a recognition and initiator molecule of the classical complement activation
pathway, which binds to targets (immune complexes), leading to serine protease Clr
activation, which cleaves and activated Cls—its substrate. C1q is synthesized by brain
macrophages and microglia [12,64,65] and is involved in the initiation of those cells ac-
tivation in the extrinsic plasma, during the occurrence of central nervous system (CNS)
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diseases characterized by BBB impairment [12]. Moreover, Clq is synthesized by activated
microglia/macrophages and because of that, it is considered to be the marker of their activa-
tion [66], which is in agreement with the results of our IHC and in vitro analysis. A previous
in vitro study has shown that C1q evokes calcium signaling in microglia/macrophages
and triggers the release of cytokines [12]. Therefore, it appears that this defense protein
complex is likely to contribute, in an autocrine/paracrine way, to microglia/macrophages
homeostasis. Under physiological conditions, the level of Clq is low in the CNS, but it
increases significantly after damage or during infections, which is evident in animal model
studies of blood-brain barrier dysfunction [64], transient global cerebral ischemia [65],
virus infections [67], and spinal cord injury [68]. Importantly, C1q upregulation has been
reported in humans during neurodegenerative impairments, such as Alzheimer’s dis-
ease, frontal temporal dementia, West Nile Virus infection, and schizophrenia [69-72].
Additionally, studies in Clg-deficient mice reveal that C1q has a detrimental effect on the
development of CNS diseases, such as Alzheimer’s [73] and prion [74] diseases. Further,
it has been shown that C1q deficiency improves histological and functional locomotor out-
comes after spinal cord injury [75]; however, motor function recovery has not been observed
after brain injury [76]. It has been shown that accumulation of Clq on synapses within
the hippocampus occur in parallel with synapse loss 30 days post TBI [77]. It was also
demonstrated that C1g-dependent complement activation contributes to hypoxic-ischemic
brain injury in mice, and deletion of the Cl1g gene confers significant and long-lasting
neuroprotection [78]. However, Clq is not only the classical complement pathway ini-
tiator, but it has also been implicated in several functions that may be independent of
the complement cascade, including the regulation of synaptic pruning, protection against
neurotoxicity, and promotion of angiogenesis [79]. In the TBI model, we also observed
a significant upregulation in C1g mRNA with major changes on days 4-7 and 2 weeks
in the thalamus, and this enhancement was maintained up to 2 weeks after injury in all
studied brain regions (except the hippocampus). Importantly, these changes occurred in
parallel with the IBA-1 mRNA upregulation, suggesting that microglia/macrophages are
the source of Clq. This is confirmed by IHC results, showing the co-localization of Clq
and Cd45. In 2017, Thielens et al. proposed that the role of Clq in the brain may not
be related only to activation of the classical pathway [80]. There are different ways by
which Cl1q can bind to the receptors and target the cells: by the collagen-like tail (cC1gR)
and the globular head of the molecule (gC1qR), also by different ligands like heparan
sulfate [80,81]. Therefore, C1q has also been reported to induce expression of adhesion
molecules [82], enhance the release of proinflammatory cytokines [83], recognize apoptotic
endothelial cells [84], and stimulate expression of genes in neurons that are associated
with neuroprotection [85]. Interestingly, an in vitro study showed that C1q suppresses the
LPS-evoked production of proinflammatory factors TNF-«, IL-13, and IL-6, suggesting
its homoeostatic and anti-inflammatory role in the CNS [86]. Importantly, in vitro studies
show that Clq, in the absence of Clr and Cls, induces gene expression that is critical
for neuronal survival and neurite outgrowth [85,87] and protects against oligomeric and
fibrillar Ap-induced (amyloid beta induced) neuronal death [79]. However, after TBI,
the mRNA levels of Clg, C1r, and CIs increase, which may be one of the reasons for
secondary injury development after TBI. Moreover, these changes are not only observed in
the cortex but are also observed in other brain regions, such as the striatum, hippocampus,
and thalamus, and may contribute to the progression of neurodegeneration. Our results
are in line with those obtained in FPI model in injured cortex and hippocampus [88].
In addition, our study provides the first evidence that strong changes appear in striatum,
a structure involved in movement planning, as well as in cognition and reward processes
and in the thalamus, an area important for consciousness, arousal, cognition, behavior,
working memory, executive function, motor control, sustained, and vigilant attention [89].
Noticeable changes are also detected in the hippocampus, the brain region responsible for
cognition, memory deficits, and epileptic seizures associated with TBI [31]. Thus, our data
demonstrate that in these important areas of the brain, there is a strong activation of the
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initiators of the classical complement activation pathway, paving the way to the devel-
opment of novel effective pharmaceutical agents. It appears that Clq is neuroprotective
only when acting independently (without Clr and C1s); however, during TBI, the entire C1q
complex appears to be involved. Recently, the Cl-inhibitor has been proposed as an attrac-
tive candidate for treatment of neurological disorders associated with inflammation [15],
including stroke [90] and TBI [17]. In our opinion, because there are many diseases wherein
Clg-complex targeting may be successful, further studies addressing the downstream con-
sequences of activation of this multifunctional complex will be critical to develop therapy
for TBI and other neuroinflammation-related diseases.

While the C1g-complex components may be synthesized in the brain, MBL is mainly
produced by liver and is the typical source of complement proteins [91,92]. Our results
give evidence for a lack of MBL-A and MBL-C mRNA in all studied brain structures,
even after TBI. Further, our in vitro experiments confirm the lack of MBLs biosynthesis
by primary microglia, even after their activation. However, it is conceivable that MBL
can enter the brain from the blood through the injured blood-brain barrier and may act as
a chemoattractant for immune cells [93]. Although MBL is not synthesized in the brain,
it plays an important role after brain injury. Notably, MBL knockout mice or mice receiving
an MBL inhibitor show attenuated motor deficits and reduced neuronal cell loss following
injury [94]. Unlike MBL, collectin-11 shows cerebral synthesis and its mRNA expression
is activated by TBI. It has been previously shown that expression of collectin 11 rapidly
increases in the post-ischemic period and colocalizes with complement proteins deposited
along the basolateral surface of the proximal renal tubule [95]. Our experimental results
show, for the first time, that there is slight upregulation of collectin-11 mRNA in the mouse
cortex, hippocampus, and striatum after TBI. Moreover, since there is no upregulation
of collectin-11 mRNA in primary microglia after their activation, those cells may not be
the main source of collectin-11 in the brain. Moreover, it has been recently reported that
collectin-11 knock-out mice do not show an improved sensorimotor response compared to
wild type mice [96], which suggests that this initiator of the lectin pathway is not crucial
in TBL

We have previously demonstrated that ficolin-1, -2, and -3 are present in the contused
human brain; however, their role remains unclear. Therefore, ficolins were investigated in
the murine model herein. In humans, ficolin-1 can be detected close to vasculature and
in brain parenchyma, while ficolin-2 and -3 are predominately identified at low levels in
proximity to brain vessels [29]. The levels of ficolin-2 and -3 increase (2.2 and 6.0 times)
in brains after TBI [29], but ficolin-1 levels remain unchanged. In mice, only two types of
ficolins, called ficolin A (related to human ficolin 2) and ficolin B (related to human ficolin 1),
are present [97,98]. Our results indicate that after TBI in mice, ficolin A mRNA is upregulated
in the early phase, and slight increases in ficolin B mRNA are observed later. The changes
in ficolin B are very low in mice, so it may be biologically irrelevant, which fits well with
the previous results obtained in humans [29]. The transcriptome database [99] reports
that ficolin A is expressed almost exclusively in microglia and macrophages, in contrast
to ficolin B, which can be produced by neutrophils [100]. This is in line with our in vitro
results showing that ficolin A but not B can be produced by microglial cells. Moreover,
the transcriptome database [99] supports our in vitro results showing the lack of ficolin B
mRNA in microglia, even after their stimulation. Importantly, recently published findings
give evidence that after TBI, ficolin A knockout mice have better outcome scores when
compared to wild-type mice [96], suggesting that ficolin A may play a role in TBL

Based on our results and available literature, we conclude that role of complement
in TBI is greater than previously assumed, with long-term changes observed not only in
the cortex, but also in the striatum, hippocampus, and thalamus. Especially interesting
is a fact that not only C1q, but also C1s and Cl1r can be produced by activated microglial
cells under TBI. Therefore, strategies that modulate microglia/macrophages activation
and/or blockade of the C1q complex might represent a promising opportunity for novel,
effective therapies in brain damage. As mentioned above, Cl-inhibitor has been shown
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to act as an important tool in reducing functional and neuropathological consequences of
TBI [15,17]. Importantly, this molecule is already available for clinical use in patients suf-
fering from hereditary angioedema [101]. In addition, other novel inhibitors are presently
being designed to block C1q such as a functional C1q antibody that binds to the globular
head domain of C1 and prevents activation of Clr/s. Preliminary research indicates that
this antibody enters the brain and decreases synapse loss and cognitive dysfunction [72].
In light of our results, it seems that using such a functional C1q antibody in TBI models
might contribute to a deeper understanding of pathomechanism and will bring us closer to
developing more effective therapy. Currently developed Clr/s inhibitors could also hold
promise in future research if brain penetrant compounds would be established. Moreover,
our research highlights significant changes in ficolin A not only in the cortex but even in
other brain areas following TBI. So far, ficolin A and ficolin 1 have been considered as
plasma markers of severity after brain injury, including in clinic [102]. Ficolin 1 is consid-
ered as a target for autoimmune diseases therapy [103]. However, further more research is
still required to prove the anti-inflammatory effect of anti-ficolin 1 monoclonal antibody
in CNS, especially in the light of current results showing the interest of performing such
studies in TBI models. Overall, a deeper understanding the role of complement factors and
their spatial and temporal fluctuations will be pivotal for development of novel therapeutic
strategies for TBL

4. Materials and Methods
4.1. Animals

Procedures involving animals and their care were conducted in conformity with
institutional guidelines in compliance with national and international laws and policies
(prot.9F5F5.81 authorization n° 753/2017-PR). All animals had free access to food and water
and were maintained at a temperature of 22 & 2 °C and a relative humidity of 55 £ 10%
on a 12 h light/dark cycle. We used male 9 week old C57BL/6] mice weighing 22-28 g
(purchased from Charles River, Calco, Italy). Pregnant C57BL/6] female mice (purchased
from Charles River, Cologne, Germany) were used to obtain 1-day-old mouse pups for
primary glial cell culture studies.

4.2. Experimental Traumatic Brain Injury (TBI Model)

Inhalation anesthesia (isoflurane—induction, 3% and maintenance, 1.5%) in N,O/O,
(70/30%) was used to anesthetize mice that were immobilized in a stereotaxic frame.
Animals were exposed to a craniotomy on the left side of the skull and then to TBI through
the controlled cortical impact using a previously established procedure [13,21,22]. The TBI
was performed using a 3 mm diameter rigid impactor driven by a pneumatic piston
rigidly mounted at an angle of 20° from the vertical plane and applied vertically to the
exposed dura mater, between bregma and lambda, over the left parieto-temporal cortex.
The impactor velocity of 5 m/s and depth of 1 mm were set, which resulted in severe brain
injury. After CCI, craniotomy and scalp stitching were performed. Sham-injured mice
were exposed to the same anesthesia and surgery without brain injury. No animals died
after surgery. Typical TBI mice present a mean cortical lesion of 17 mm? 6 weeks after
injury [3,96].

4.3. Primary Microglial Cell Cultures

Primary microglial cell cultures (prepared from the cerebral cortex obtained from new-
born C57BL/6] mice) were used to perform in vitro studies, as described in our previ-
ous papers [104,105]. The cells were plated in culture medium consisting of high-glucose
GlutaMAX™ DMEM supplemented with 10% heat-inactivated fetal bovine serum, 0.1 mg/mL
streptomycin and 100 U/mL penicillin (Gibco, Gaithersburg, MD, USA) on poly-L-lysine-
coated 75-cm? culture flasks (at a seeding density of 3 x 10° cells/cm?) and grown in an
incubator with a humidified atmosphere (37 °C, 5% CO; in air). The culture medium was
replaced with fresh medium every 4 days. The microglial cells, which were loosely attached
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to the monolayer, were gently harvested by shaking at 70 revolutions per minute (RPM)
for 1 h and then at 90 RPM for 15 min and then were centrifuged (800 RPM—10 min) on
the 16th day of culture. The viability of cells in culture was determined using Trypan
blue (Bio-Rad, Warsaw, Poland) exclusion method. The primary microglial cultures were
treated with lipopolysaccharide (LPS, 100 ng/mL, Sigma-Aldrich, St. Louis, MO, USA) for
24 h. Cells were seeded at a density of 2 x 10° cells/well on 24 well plates and cultured
for 24 h followed by analysis of the mRNA levels. IBA-1 (microglial marker) was used
to assess cell specificity. A minimum essential number of newborn animals were used
for culture generation. Although LPS stimulation does not directly imitate TBI-induced
inflammation, we decided to use it since it is one of the most widely-used pro-inflammatory
factor to study immune response of glial cells. As previously reported [106], some of the
genes up-regulated by LPS are also strongly expressed by microglia after TBI, as shown
in ex vivo studies. Additionally comparison of LPS stimulation with that obtained using
interferon-y (IFNvy) and tumor necrosis factor-o (TNFx) showed that both treatments
increased numerous inflammatory genes, however the changes observed after LPS were
most pronounced [107].

4.4. Biochemical Analysis
4.4.1. RT-qPCR

To assess gene expression, tissue obtained from selected brain ipsilateral areas, includ-
ing cortex (with all the tissue above the rhinal fissure), striatum, thalamus, and hippocam-
pus, and cell culture lysates were used. Samples from ex vivo experiments were dissected
from sham and TBI mice at five time points (24 h, 4 days, 7 days, 2 weeks and 5 weeks),
immersed in RN A-later (Ambion, Inc, Austin, TX, USA) and frozen at —80 °C before use.
For RT-qPCR, total RNA was extracted [108] with TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) as previously described [109]. The total RNA concentration was measured using
a DeNovix DS-11 Spectrophotometer (DeNovix Inc., Wilmington, DE, USA). Reverse tran-
scription was performed on 1000 ng (for tissue) or 500 ng (for cultured cell) of total RNA
using Omniscript Reverse Transcriptase (Qiagen Inc., Hilden, Germany) at 37 °C for 60 min.
The resulting cDNA was diluted 1:10 with HO. RT-qPCR was performed using Assay-On-
Demand TagMan probes according to the manufacturer’s protocol (Applied Biosystems,
Foster City, CA, USA) and was run on an iCycler device (BioRad, Hercules, Warsaw,
Poland). The following TagMan primers were used: Mm00446968_m1 (hypoxanthine
guanine phosphoribosyl transferase, Hprt), Mm00479862_g1 (allograft inflammatory factor
1, IBA-1), MmO00525305_m1 (transmembrane protein 119, TMEM119), Mm01253033_m1
(glial fibrillary acidic protein, GEAP), Mm00503537_m1 (Cd177), Mm01210556_m1 (oligo-
dendrocyte transcription factor 2, Olig2), Mm01182107_g1 (Cd§), Mm00432142_m1 (com-
plement component 1, q subcomponent, alpha polypeptide, CIga), Mm00663210_mH
(complement component 1, s subcomponent 1, C1s1), Mm04206253_g1 (complement com-
ponent 1, r subcomponent A, C1ra), Mm01289834_m1 (collectin 11), Mm00484287_m1
(ficolin A), Mm01332438_m1 (ficolin B), Mm00495413_m1 (mannose binding lectin A, MBL-A),
and Mm00487623_m1 (mannose binding lectin C, MBL-C). Expression of the Hprt transcript
(a housekeeping gene) was quantified to control for variations in the amount of cDNA.
The cycle threshold values were calculated automatically using iCycler IQ 3.0 software
with the default parameters. The abundance of RNA was calculated as 2~ (threshold cycle),

4.4.2. Western Blotting

Ipsilateral cortical, striatal, thalamic, and hippocampal tissues harvested 24 h and
7 days after TBI or sham procedure were used for our study. The tissue was placed
in radioimmunoprecipitation assay buffer (RIPA) buffer supplemented with a protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). All the samples were cleared by
14,000 g centrifugation for 30 min at 4 °C. The total protein concentration was measured
using the bicinchoninic acid method. Protein samples were heated for 8 min at 98 °C
in loading buffer (4x Laemmli Buffer, Bio-Rad, Warsaw, Poland). Samples were then
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loaded on 4-15% Criterion TGX precast polyacrylamide gels (Bio-Rad, Warsaw, Poland) to
carry out electrophoresis. Samples were then transferred to Immun-Blot polyvinylidene
fluoride (PVDF) Membranes (Bio-Rad, Warsaw, Poland) by semidry transfer (30 min, 25 V).
Membranes were blocked with 5% nonfat dry milk (Bio-Rad, Warsaw, Poland) in TBST
(Tris-buffered saline with 0.1% Tween 20) for 1 h, washed with TBST buffer, and incubated
with the following commercially available primary antibodies overnight at 4 °C: mouse anti-
GAPDH (1:5000; Merck, Darmstadt, Germany), rabbit anti-IBA-1 (1:500; Novus Biologicals,
Centennial, USA), and rabbit anti-GFAP (1:10,000; Novus Biologicals, Centennial, CO,
USA). The membranes were then placed in horseradish peroxidase-conjugated anti-rabbit
or anti-mouse secondary antibodies (Vector Laboratories, Burlingame, CA, USA) at a
dilution of 1:5000 for 1 h at room temperature (RT). The primary and secondary antibodies
were dissolved in SignalBoost Immunoreaction Enhancer Kit (Merck, Darmstadt, Germany)
solutions. Membranes were washed in TBST. Immune complexes were detected by the
Clarity Western enhanced chemiluminescence (ECL) Substrate (Bio-Rad, Warsaw, Poland)
and visualized using a Fujifilm LAS-4000 Fluor Imager system. Quantification of the bands
was performed using the Fujifilm Multi Gauge system. The membranes are available for
review in the Supplementary Materials file (Supplementary 1).

4.4.3. Immunofluorescence and Confocal Analysis

Immunofluorescence was performed on 20 um coronal sections in the brain ipsilateral
cortex. After thorough washing with 0.01 M phosphate-buffered saline (PBS), sections were
incubated for 1 h at RT with blocking solution containing 10% normal goat serum (NGS)
and 0.3% Triton X-100 and then with rabbit anti-mouse C1q (1.177 mg/mL, 1:500; Abcam,
Cambridge, UK). Positive cells were stained with an Alexa 488-conjugated goat secondary
antibody (4 pg/mL, Life Sciences, Hercules, CA, USA). Sections were then incubated
for 1 h with the following primary antibodies: mouse anti-mouse NeuN (10 pg/mL,
1:250; Merck Millipore; Burlington; MA; USA), goat anti-mouse glial fibrillary acid protein
(GFAP, 0.5 ng/mL, 1:2000; Chemicon), or biotin rat anti-mouse Cd45 (0.5 mg/mL; 1:800;
BD Bioscience, San Jose, CA, USA) followed by incubation with the appropriate Alexa 546-
or Alexa 555-conjugated goat secondary antibody (4 ng/mL, Life Sciences, Hercules, CA,
USA). Vessels were stained with isolectin IB4-647 (IB-4; 1 mg/mL; Invitrogen, Carlsbad,
CA). Cell nuclei were stained with Hoechst (1 mg/mL, Invitrogen, Carlsbad, CA, USA).
For negative control staining, the primary antibodies were omitted, and no staining was
observed. Immunofluorescence images were acquired by an IX81 microscope equipped
with a confocal scan unit FV500 with 4 laser lines: Ar-Kr (488 nm), He-Ne red (646 nm),
He-Ne green (532 nm) (Olympus, Tokyo, Japan), and a ultraviolet (UV) diode, using the
scanning sequential mode to avoid bleed-through effects. Three-dimensional volumes
were acquired over 10 um stacks, with 0.23 pm step sizes. Imaris v.6 (Bitplane) and GNU
Image Manipulation Program (GIMP) were used to obtain three-dimensional renderings of
the images.

4.5. Statistical Analysis

Mice were randomly selected for surgery and were assigned across all cages and
days. To minimize variability, all surgeries were performed by the same investigator.
The results of the RT-qPCR analyses are presented as the normalized averages derived from
the threshold cycle. For the tissue study (Figures 1-4 and 9) and the primary cell culture
study (Figure 10), the RT-qPCR and western blot results are presented as fold changes
relative to the control (sham group (Figures 1-4 and 9); unstimulated cells (Figure 10)).
To determine the particular time points x TBI interaction (Figures 1-4 and 9), ex vivo results
(mean 4 SEM) were evaluated using two-way ANOVA followed by Bonferroni’s multiple
comparisons post hoc test. Additionally, the in vitro results (mean 4+ SEM) were evaluated
using a t-test (Figure 10). All statistical analyses were performed with GraphPad Prism ver.
8.1.1 (330) (GraphPad Software, Inc., San Diego, CA, USA).



Int. J. Mol. Sci. 2021, 22, 45

23 of 29

5. Conclusions

Depending on the elapsed time and brain regions, different cell types, such as neu-
trophils, Cd8+ cells, astroglia, macrophages, and microglia, play an essential role after
TBI. Importantly, our results indicate that initiators of complement system activation in
the ipsilateral brain structures may be responsible for cellular activation and chemotaxis.
Among the complement initiators, it appears that the C1q/Cl1r/C1s complex plays an es-
pecially important role after brain damage in all studied brain structures (cortex, striatum,
thalamus, and hippocampus). The primary microglial cell culture experiments herein
suggest that those cells may be largely responsible for the biosynthesis of the initiators
of the classical pathway but contributes very little to the production of lectin pathway
initiators. In our opinion, selective targeting of microglia/macrophages and/or the Clq
complex and ficolin A may be an effective strategy for human TBI therapy and in other
neuroinflammation-related diseases; however, additional studies are required to investigate
this hypothesis.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
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ARTICLE INFO ABSTRACT

Keywords: A deep knowledge of the profound immunological response induced by traumatic brain injury (TBI) raises the
CCL3 possibility of novel therapeutic interventions. Existing studies have highlighted the important roles of C-C motif
CCL4 ligands in the development of neuroinflammation after brain injury; however, the participation of macrophage
CCL9 inflammatory protein-1 (MIP-1) family members in this phenomenon is still undefined. Therefore, the goal of our
ggié study was to evaluate changes in macrophage inflammatory protein-1 (MIP-1) family members (CCL3, CCL4, and
Chemokine CCL9) and their receptors (CCR1 and CCR5) in a mouse model of TBI (induced by controlled cortical impact

(CCI)). We also investigated the pattern of activation of immunological cells (such as neutrophils, microglia and
astroglia), which on one hand express CCR1/CCR5, and on the other hand might be a source of the tested
chemokines in the injured brain. We investigated changes in mRNA (RT-qPCR) and/or protein (ELISA and
Western blot) expression in brain structures (the cortex, hippocampus, thalamus, and striatum) at different time
points (24 h, 4 days, 7 days, 2 weeks, and/or 5 weeks) after trauma. Our time-course studies revealed the
upregulation of the mRNA expression of all members of the MIP-1 family (CCL3, CCL4, and CCL9) in all tested
brain structures, mainly in the early stages after injury. A similar pattern of activation was observed at the
protein level in the cortex and thalamus, where the strongest activation was observed 1 day after CCI; however,
we did not observe any change in CCL3 in the thalamus. Analyses of CCRI and CCR5 demonstrated the upre-
gulation of the mRNA expression of both receptors in all tested cerebral structures, mainly in the early phases
post injury (24 h, 4 days and 7 days). Protein analysis showed the upregulation of CCR1 and CCR5 in the
thalamus 24 h after TBI, but we did not detect any change in the cortex. We also observed the upregulation of
neutrophil marker (MPO) at the early time points (24 h and 7 days) in the cortex, while the profound activation
of microglia (IBA-1) and astroglia (GFAP) was observed mainly on day 7. Our findings highlight for the first time
that CCL3, CCL4, CCL9 and their receptors offer promising targets for influencing secondary neuronal injury and
improving TBI therapy. The results suggest that the MIP-1 family is an important target for pharmacological
intervention for brain injury.

1. Introduction

Traumatic brain injury (TBI) is caused by the rapid impact on the
brain during an accident, a violence, a sporting activity or other in-
cidents (Iverson et al., 2019; Risling et al., 2019) and may be considered
one of the most serious issues worldwide because of its critical locali-
zation on the body, dangerous outcomes, and complicated and het-
erogeneous course. Additionally, TBI is a growing public health pro-
blem that generates large medical and social costs. Therapeutic
strategies based on targeting pathological mechanisms induced by brain

injury are essential to improve its prognosis. Injury-induced in-
flammation perpetuates the initial trauma and leads to secondary in-
jury, which is caused by the activation of a variety of pathological
events. Targeting secondary injury represents an opportunity to ther-
apeutically interfere with brain damage. Major players of inflammation
after brain injury include infiltrated peripheral blood immune cells
[such as neutrophiles] (Das et al., 2012; Witcher et al., 2015) as well as
native immune cells [such as macrophages and microglia] (Faden,
2011; Hsieh et al., 2013; Ramlackhansingh et al., 2011). All these cells
are able to produce proinflammatory factors, including chemokines,
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whose pivotal role in brain injury has been clearly established (Gao
et al., 2017; Gyoneva and Ransohoff, 2015; Xu et al., 2017). Therefore,
identifying changes in C-C motif chemokine ligands of the MIP-1 family
in the development of neuroinflammation after brain injury is highly
important.

Chemokines are low-molecular-weight chemotactic cytokines that
mediate the accumulation of cells at the site of injury (Charo and
Ransohoff, 2006), including TBI (Gyoneva and Ransohoff, 2015). CCL3,
also known as macrophage inflammatory protein-1-alpha (MIP-1-
alpha), belongs to the MIP-1 family, which, in mice, includes two ad-
ditional chemokines: CCL4 (MIP-1-beta) and CCL9 (MIP-1-gamma). In
kainic acid-induced status epilepticus (Zhu et al., 2019), lipopoly-
saccharide-induced brain injury (Zhu et al., 2016) and TBI (Clausen
et al., 2019; Forstner et al., 2018) CCL3 levels are highly elevated. To
the best of our knowledge, the mRNA and protein levels of other
members of the MIP-1 family have not been studied in detail thus far.
The upregulation of CCL3 and CCL4 has been reported in patients with
posttraumatic cerebral contusion (Stefini et al., 2008), suggesting their
role in brain damage. MIP-1 family chemokines exert their biological
effects through G-protein-coupled receptors, namely, CCR1 and CCR5
(Maurer and von Stebut, 2004). Recently, Joy et al. (Joy et al., 2019)
suggested that CCR5 is upregulated in neurons after stroke and that its
knockdown induces motor recovery. Accordingly, we recently showed
that maraviroc, a CCR5 antagonist, diminishes the neuroimmunological
response observed in the central nervous system (CNS) after peripheral
nerve injury (Kwiatkowski et al., 2016; Piotrowska et al., 2016). Thus
far, the time-dependent changes in CCR1 and CCR5 mRNA and protein
levels after TBI have not been studied. Results from the past year have
highlighted the close association between TBI neuropathology and in-
flammation (Das et al., 2019; Zeng et al., 2019), the latter emerging as
an important therapeutic target. Therefore, the aim of our study was to
examine the possible changes in the mRNA and/or protein levels of
MIP-1 family members and their most important receptors (selected by
their degree of affinity for CCL3 [CCR1 and CCR5], CCL4 [CCR5], or
CCL9 [CCR1]) (Maurer and von Stebut, 2004) in various brain struc-
tures (the cortex, thalamus, striatum, and hippocampus) after TBI. TBI
was induced by controlled cortical impact (CCI), a well-established and
clinically relevant animal model (Chen et al., 2014; Clark et al., 1994;
Lee et al., 2019), that reproduces not only the physical injury leading to
brain tissue destruction but also the inflammatory response, a serious
pathological process that aggravates injury progression. In later ex-
periments, we analyzed the cortical pattern of the activation of im-
munological cells that may contribute to the effects of MIP-1 family
members, namely, neutrophils (CD177 and MPO), microglia (IBA-1)
and astroglia (GFAP). Looking at the pro-inflammatory chemokines
involved in the immune response after injury is a very innovative ap-
proach to the issue of TBI development and treatment.

2. Materials and methods
2.1. Animals

Male C57BL/6 J mice (9-11 weeks old, weighing 22 — 27 g) (Charles
River, Italy) were used in this study. The animals were housed 4/5 per
cage at a temperature of 22 + 2 °C and a relative humidity 55 + 10 %
on a 12-h light/dark cycle with free access to food and water. All
procedures involving animals and their care were conducted in con-
formity with institutional guidelines in compliance with national and
international laws and policies.

2.2. Induction of the traumatic brain injury model

Mice were anesthetized by inhalation of isoflurane (induction, 3 %;
maintenance, 1.5 %) in N»O/O, (70/30 %) and placed in a stereotaxic
frame. They were subjected to craniotomy on the left side and then to
TBI by controlled cortical impact, as previously described (De Blasio
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et al., 2017). The injury model used a rigid 3-mm impactor driven by a
pneumatic piston stably mounted at an angle of 20° from the vertical
plane and applied perpendicularly to the exposed dura mater over the
left parietotemporal cortex at a velocity of 5 m/s and a depth of 1 mm.
The craniotomy was then covered with a cranioplasty, and the scalp
was sutured. Sham-injured mice received identical anesthesia and sur-
gery without brain injury. No animals died after surgery.

2.3. Primary microglial and astroglial cell cultures

In vitro studies were performed using primary microglial and as-
troglial cell cultures prepared from the cerebral cortex obtained from
new born C57BL/6 J mice, similarly as described in our previous papers
(Piotrowska et al., 2016; Rojewska et al., 2018). The cells were plated
at a seeding density of 3 x 10° cells/cm? in culture medium consisting
of high-glucose GlutaMAX™ DMEM supplemented with 10 % heat-in-
activated fetal bovine serum, 0.1 mg/ml streptomycin and 100 U/ml
penicillin (Gibco, New York, USA), on poly-i-lysine-coated 75-cm?
culture flasks and grown in a 37 °C incubator with a humidified at-
mosphere of 5 % CO, in air. The culture medium was replaced after 4
days. On day 16, the microglial cells, loosely attached to the monolayer,
were harvested by gentle shaking (70 rpm for 1 h and 90 rpm for 15
min.) and centrifugation (800 rpm for 10 min.), cell viability was de-
termined using trypan blue (Bio-Rad, Warsaw, Poland) exclusion
method. Then the fresh medium was added to the same culture bottles.
After few days, the astroglia cells were prepared by shaking the flasks
for 4 h and trypsinization using 0.05 % trypsin-EDTA solution (Sigma-
Aldrich, Saint Louis, USA). For protein analysis both, microglia and
astroglia were seeded in density of 1.2 x 10° cells/well on 6-well plates
and incubated for 24 h. IBA-1 and GFAP markers were used to assess
the cells specifity. Only the minimal essential number of animals was
used, and all of the procedures were performed according to the re-
commendations of NIH Guide for the Care and Use of Laboratory Ani-
mals.

2.4. Biochemical tests

2.4.1. Analysis of gene expression by RT-qPCR

For biochemical studies, selected brain areas were collected from
sham and TBI mice, sacrificed at the following time points: 24 h, 4 days
and 7 days, 2 weeks and 5 weeks. Tissues from the ipsilateral cortex
(including all the tissue above the rhinal fissure), striatum, hippo-
campus and from the thalamus were dissected out, rapidly loaded into
RNA-later (Ambion, Inc, Austin, USA), frozen and stored at —80 °C
until use. For RT-qPCR, total RNA was extracted according to
Chomczynski and Sacchi (1987) (Chomczynski and Sacchi, 1987) with
TRIzol reagent (Invitrogen, Carlsbad, USA) as previously described
(Kwiatkowski et al., 2017). The RNA concentration was measured using
a DeNovix DS-11 Spectrophotometer (DeNovix Inc., Wilmington, USA).
Reverse transcription was performed on 1000 ng of total RNA using
Omniscript Reverse Transcriptase (Qiagen Inc., Hilden, Germany) at 37
°C for 60 min. The resulting cDNA was diluted 1:10 with H,O. RT-qPCR
was performed using Assay-On-Demand TagMan probes according to
the manufacturer's protocol (Applied Biosystems, Foster City, USA) and
was run on an iCycler device (BioRad, Hercules, Warsaw, Poland). The
following TaqMan primers were used: MmO00446968 ml (Hprt),
MmO00441259_g1 (CCL3), Mm00443111_m1 (CCL4), Mm00441260_m1
(CCL9), Mm00438260s1 (CCR1), MmO01963251s1 (CCRb5),
MmO00503537_m1 (€d177), MmO00479862_g1 (IBA-1) and
MmO01253033_m1 (GFAP). The expression of the Hprt transcript (a
housekeeping gene) was quantified to control for variations in the
amount of cDNA. The cycle threshold values were calculated auto-
matically using iCycler IQ 3.0 software with the default parameters.
The abundance of RNA was calculated as 2~ (threshold cycle)
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Fig. 1. Time-dependent changes in CCL3 mRNA expression in the cortex (A), striatum (B), thalamus (C) and hippocampus (D) of TBI or sham-injured mice at selected
time points. The data are the means = S.E.M. (n = 5-8). *p < 0.05; **p < 0.01; ***p < 0.001 indicate significant differences between the sham and TBI groups at

each selected time point evaluated by t-test.

2.4.2. Enzyme-linked immunosorbent assay (ELISA) analysis

Cortical and thalamic tissues obtained at two time points (24 h and
7 days) after TBI or sham procedure were used for enzyme-linked im-
munosorbent assays (ELISAs) according to the manufacturer’s re-
commendations. First, lysates from the tissues were fixed in RIPA
buffer. The levels of CCL3 (Mouse CCL3/MIP-1 Alpha ELISA Kit;
Sandwich ELISA, User Manual, LifeSpan Biosciences, Seattle, USA);
CCL4 (Mouse CCL4/MIP-1 Beta ELISA Kit; Sandwich ELISA, User
Manual, LifeSpan Biosciences, Seattle, USA); CCL9 (Mouse CCL9/MIP-1
Gamma ELISA Kit; Sandwich ELISA, User Manual, LifeSpan Biosciences,
Seattle, USA) were measured in the cortical and thalamic homogenates.
The detection ranges were as follows: CCL3: 31.2-2000 pg/ml; CCL4: 4
- 500 pg/ml; and CCL9: 7.8-500 pg/ml. Positive controls for each assay
were provided by the manufacturer.

2.4.3. Western blot protein analysis

Cortical and thalamic tissues obtained at two time points (24 h and
7 days) after TBI or sham procedure and the cell lysates from primary
microglial and astroglial cultures were collected and used for study. The
tissue/cell lysates were placed in RIPA buffer supplemented with a
protease inhibitor cocktail. Then the samples cleared by 14.000 xg
centrifugation for 30 min at 4 °C. The total protein concentration was
measured using the bicinchoninic acid (BCA) method. Protein samples
(20 pg and 8 pug from the tissues and cells, respectively) were heated for
8 min at 98 °C in loading buffer (4 x Laemmli Buffer, Bio-Rad, Warsaw,
Poland). In the next step, the samples were loaded on 4-15 % Criterion
TGX precast polyacrylamide gels (Bio-Rad, Warsaw, Poland) and,
through the use of a semidry transfer system (30 min, 25 V), transferred
to Immune-Blot PVDF membranes (Bio-Rad, Warsaw, Poland). Then,
the membranes were blocked with dry milk (5 %, nonfat, Bio-Rad,
Warsaw, Poland) in Tris-buffered saline with TBST (0.1 % Tween 20)
for 1 h, washed with TBST, and incubated with the following com-
mercially available primary antibodies overnight at 4 °C: mouse anti-
GAPDH (1:5000; Merck, Darmstadt, Germany), rabbit anti—CCR1
(1:500; Novus Biologicals, Centennial, USA), rabbit anti — CCR5 (1:500;
Novus Biologicals, Centennial, USA), rabbit anti-GFAP (1:10,000;
Novus Biologicals, Centennial, USA), rabbit anti-IBA1 (1:250;
Proteintech, Rosemont, USA), and rabbit anti-MPO (1:1000; Abcam,
Cambridge, Great Britain). Then, the membranes were incubated in
horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary
antibodies with dilutions 1:5000 for 1 h at room temperature. The

primary and secondary antibodies were dissolved in a SignalBoost
Immunoreaction Enhancer Kit (Merck, Darmstadt, Germany) solutions.
Membrane washes were performed in TBST. Immune complexes were
detected by the Clarity Western ECL Substrate (Bio-Rad, Warsaw,
Poland) and visualized using a Fujifilm LAS-4000 Fluor Imager system.
The quantification of the relative levels of the immunoreactive bands
was performed using Fujifilm Multi Gauge.

2.5. Statistical analysis

The data are presented as fold changes relative to the control (sham
group) +/- the S.E.M. of 5-8 mice per group. The results of the RT-
gPCR analyses are presented as the normalized averages derived from
the threshold cycle. The results were statistically evaluated using t-test.
*p < 0.05; **p < 0.01; ***p < 0.001. All statistical analyses men-
tioned above were performed with GraphPad Prism ver. 8.1.1 (330)
[GraphPad Software, Inc., San Diego, USA].

3. Results

3.1. Time-dependent changes in CCL3, CCL4 and CCL9 mRNA expression
in the cortex, striatum, thalamus and hippocampus of mice after TBI

We observed a strong and significant increase in CCL3 mRNA levels
at every time point tested (24 h, 4 day, 7 days, 2 weeks and 5 weeks)
postinjury in all brain structures analyzed (the cortex, thalamus,
striatum and hippocampus) compared to the level in sham-operated
animals, except for at week 5 in the thalamus (Fig. 1). In the cortex, the
highest upregulation was detected 24 h after trauma (42.45 = 9.04)
(Fig. 1A), after which the effect started to decrease through week 5,
when the level reached 9.64 = 1.29. In the striatum (Fig. 1B), we also
noticed a significant and robust increase in chemokine expression (the
highest on day 4: 37.56 * 5.78), which was maintained through week 5
(11.14 + 3.48). In the thalamus (Fig. 1C), increased CCL3 mRNA levels
were also apparent 24 h after injury (7.32 = 0.33) and were similar to
the levels attended in the following days (ranging from 11.87 to 14.12).
Strong activation of CCL3 was noted in the hippocampus (Fig. 1D) on
day 7 (51.43 = 17.28), and the level subsequently started to decrease
from week 2-5 (19.21 + 5.03).

Analysis of the second chemokine, CCL4, similarly revealed its up-
regulation after TBI in all tested brain structures (Fig. 2A— D). Cortical
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Fig. 2. Time-dependent changes in CCL4 mRNA expression in the cortex (A), striatum (B), thalamus (C) and hippocampus (D) of TBI or sham-injured mice at selected

time points. The data are the means = S.E.M. (n = 5-8). *p < 0.05; **p < 0.01; ***p < 0.001 indicate significant differences between the sham and TBI groups at

each selected time point evaluated by t-test.

level of CCL4 (Fig. 2A) started to grow 24 h after TBI, at which point the
level reached its highest value (74.72 * 14.38); its expression pro-
gressively decreased but remained significantly elevated through week
5(8.66 = 1.08). In the striatum, the pattern of changes was similar; the
strongest activation was observed 24 h after injury (59.45 *= 9.84), and
then the level decreased until week 5 (11.85 = 4.04) (Fig. 2B). The
alterations in CCL4 mRNA levels in the thalamus reached the highest
value 24 h after TBI (23.07 = 1.72) and then remained at a similar level
from day 4 to week 2 (11.73-14.80). The lowest, but still significant,
degree of activation was observed 5 weeks postinjury (6.30 * 1.9)
(Fig. 2C). Similarly, the highest level of CCL4 in the hippocampus was
observed 24 h after injury (73.77 + 13.04), after which it subsequently
started to decline.

The mRNA expression of last chemokine studied, CCL9, was weakly
increased in all selected brain areas (Fig. 3A- D). In the cortex (Fig. 3A),
the highest activation was reached at 24 h (7.32 + 1.64), and the level
then decreased in the following days, although it remained significantly
elevated. In the striatum (Fig. 3B), a similar increase was evident from
24 h after TBI (4.88 + 0.55) through day 4, day 7 and week 2 (ranging
from 4.32 to 6.71). The lowest but still significant activation was ob-
served at week 5 postinjury (2.26 + 0.49). A similar pattern of acti-
vation was observed in the thalamus (Fig. 3C), where, starting at 24 h
(3.18 £ 0.31), the level of this chemokine was significantly elevated
through week 2 (ranging from 3.42 to 6.14). After that time, the sig-
nificant upregulation diminish. The maximal activation of CCL9 in the
hippocampus (Fig. 3D) was observed 24 h after trauma (11.94 + 3.99),
and the expression persisted at a similar level through day 7 (8.70 =
2.06). At weeks 2 and 5, the activation was lower.

3.2. Time-dependent changes in CCL3, CCL4 and CCL9 protein levels in the
cortex and thalamus of mice after TBI

Here, we performed protein (ELISA) analysis of CCL3, CCL4 and
CCL9 at two selected time points after TBI (24 h and 7 days) in the
cortex and thalamus. CCL3 levels in the cortex (Fig. 4A) were higher 24
h after injury (2.59 = 0.18) than on day 7, when the level of this
chemokine was decreased but remained significantly higher than that
in sham animals (1.42 * 0.05). No statistically significant changes in
CCL3 protein levels were observed in the thalamus (Fig. 4D).

The second chemokine studied, CCL4, showed changes at the pro-
tein level in both tested brain areas (the cortex and thalamus) (Fig. 4B,

E). Cortical increases (Fig. 4B) were statistically significant 24 h (2.11
+ 0.21) and 7 days (1.75 £ 0.11) after injury. In the thalamus, we only
noticed a significant elevation 24 h after TBI (2.07 * 0.2) (Fig. 4E).

The CCL9 protein level (Fig. 4C) was upregulated in the cortex at 24
h (1.54 £ 0.15) but not on day 7. Similarly, in the thalamus (Fig. 4F), a
significant increase was observed 24 h after TBI (1.22 = 0.08), with no
activation on day 7.

3.3. Time-dependent changes in CCR1 and CCR5 mRNA expression in the
cortex, striatum, thalamus and hippocampus of mice after TBI

We observed significant upregulation of the expression of CCR1 in
all tested brain areas from 24 h after injury (Fig. 5A-D). In the cortex
(Fig. 5A), the highest level of CCR1 was detected early after injury, at
24 h and on day 4 (12.61 + 2.5, 16.45 + 2.73, respectively), and
statistical significance was maintained until week 2 after TBI (4.73 =
1.48). In the striatum (Fig. 5B), the highest mRNA activation was
reached at the first time point, 24 h after injury (20.79 *+ 2.46), and the
level remained significantly increased until day 7 (7.33 = 2.35). A si-
milar pattern of activation was noticed in the thalamus (Fig. 5C), where
activation was first noted 24 h after injury (5.95 * 0.58) and lasted
until days 4 and 7 (2.38 = 0.35, 1.90 + 0.2, respectively). Hippo-
campal (Fig. 5D) CCR1 expression was also strongly elevated 24 h after
injury (40.95 + 14.94) and was then declined at weeks 2 and 5. On day
7, we also observed an increase in CCR1 mRNA expression; however,
this increase was not statistically significant.

The expression of CCR5 (a second MIP-1 receptor) was upregulated
in the analyzed brain structures (Fig. 6A-D); however, the pattern of
activation differed from that of CCR1. Here, we detected the strongest
activation in the cortex on day 4 (6.60 = 0.71); at other tested time
points, the mRNA level of this receptor was also significantly increased.
A similar pattern was noted in the striatum, where the most profound
changes were noticed on day 4 (4.83 * 0.32); these changes were still
significant on day 7 (3.22 + 0.51) and at week 2 (2.64 = 0.2). In the
thalamus (Fig. 6C), CCR5 mRNA was elevated to approximately the
same extent at all tested time points (ranging from 1.64 to 2.25). Ele-
vation of CCR5 in the hippocampus (Fig. 6D) was observed as soon as
24 h after injury; however, the highest levels of activation were reached
on days 4 (8.17 £ 1.19) and 7 (7.54 = 1.92). An increase in CCR5
transcript levels was still maintained at weeks 2 and 5, although the
levels were lower than those observed at the earlier time points.
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Fig. 3. Time-dependent changes in CCL9 mRNA expression in the cortex (A), striatum (B), thalamus (C) and hippocampus (D) of TBI or sham-injured mice at selected
time points. The data are the means = S.E.M. (n = 5-8). *p < 0.05; **p < 0.01; ***p < 0.001 indicate significant differences between the sham and TBI groups at
each selected time point evaluated by t-test.

3.4. Time-dependent changes in CCR1 and CCRS5 protein levels in the cortex we noticed significant upregulation in the level of the receptor in the

and thalamus of mice after TBI thalamus at 24 h (1.52 = 0.18) (Fig. 7C). This elevated level was de-
creased on day 7.

Here, we performed protein (Western blot) analysis of CCR1 and The second receptor, CCR5, was also not changed in the cortex

CCRS5 at two selected time points after TBI (24 h and 7 days) in the (Fig. 7B). Our analysis revealed a slight but significant rise in expression

cortex and thalamus. We did not observe any changes in CCR1 protein in the thalamus (Fig. 7D), but similar to CCR1, the change was only

levels within the cortex (Fig. 7A) at the selected time points; however, noted 24 h (1.28 * 0.6) after trauma Fig. 7C.
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3.5. CCR1 and CCR5 protein levels in the microglial and astroglial cell
cultures

Using the Western blot analysis we confirmed the presence of CCR1
and CCR5 on microglia and astroglia by in vitro studies in primary
mouse brain cell cultures (Table 1).

3.6. Time-dependent changes in the mRNA and protein levels of neutrophil
(Cd177 and MPO), microglial (IBA-1) and astroglial (GFAP) markers in
the cortex of mice after TBI

We performed mRNA (RT-qPCR) and protein (Western blot) ana-
lysis of markers of cells involved in the immune or inflammatory re-
sponse in the area most affected by TBI, namely the cortex. The levels of
markers of neutrophils (Cd177 and MPO), microglia (IBA-1) and as-
troglia (GFAP) were studied at two selected time points after TBI (24 h
and 7 days). In the cortex, we observed strong and significant increase
of both (the mRNA and protein levels) of the neutrophil markers Cd177
(Fig. 8A) and MPO (Fig. 8D). Changes in Cd177 mRNA were present to
a similar extent at both time points tested (24 h: 11.27 * 2.61; 7 days:
7.94 + 1.83); however, 24 h after injury, we noticed profound acti-
vation of the MPO protein (7.9 = 1.18), which was decreased on day 7
(3.52 = 0.36). The upregulation of glial cell (microglial and astroglial)
markers exhibited a similar pattern at both the mRNA (Fig. 8B, C) and
protein (Fig. 8E, F) levels. We observed significant elevation of IBA-1
and GFAP mRNA 24 h after injury (2.03 = 0.13, 7.83 = 1.1, respec-
tively), and the levels were further increased on day 7 (4.33 = 0.81;
13.64 = 2.13, respectively). The corresponding protein levels were
significantly higher only on day 7 (microglia: 2.6 = 0.31, astroglia:
5.38 = 0.18).

4. Discussion

The results of the present study show that MIP-1 family members
(CCL3, CCL4 and CCL9) are strongly enhanced at the mRNA and/or
protein levels in different brain structures after TBL. Additionally, their
receptors, which are present in all studied brain structures, are highly
upregulated at the mRNA level; however, their protein levels in the
cortex remain unchanged after brain trauma, with the only exception of
a slight but significant change in the thalamus. Based on our results, we
suggest that this chemokine system deserves further study with the aim

of characterizing potential therapeutic targets for TBI treatment.

The members of the MIP-1 family were previously thought to ex-
clusively mediate chemotaxis of mononuclear cells (macrophages and
microglia) (Kataoka et al., 2009; Ravindran et al., 2010; Simpson et al.,
1998); however, more recent research has suggested that they are also
responsible for the recruitment of neutrophils (Johnson et al., 2011;
Reichel et al.,, 2012). In 2018, our immunohistochemical analysis
showed that CCL3 can be produced by neurons (Rojewska et al., 2018).
A subsequent study revealed the expression of CCL3 in neurons and
microglia (Kuijpers et al., 2010). Therefore, we hypothesize that, in the
early phases of TBI, neuronal cells are the cellular source of CCL3.
Consequently, first neutrophils, then microglia/macrophages and as-
troglial cells are recruited/activated, in agreement with several studies
(Faden, 2011; Hsieh et al., 2013; Piotrowska et al., 2016;
Ramlackhansingh et al., 2011; Xue et al., 2010). In the later phases of
neuroinflammation, CCL3 can also be produced by neurons (Kalkonde
et al., 2007; Rojewska et al., 2018), neutrophils (Bennouna et al., 2003;
Charmoy et al., 2010), macrophages and microglia (Kataoka et al.,
2009; Rojewska et al., 2018; Simpson et al., 1998) and astroglia
(Kalkonde et al., 2007). It seems that CCL3 can evoke effects in a
paracrine and autocrine manner. Moreover, CCL3 not only activates
neutrophils and glia but may also affect neuronal Ca®* signaling
(Meucci et al., 1998) and neuronal network activity, according to in
vitro data (Kuijpers et al., 2010). Furthermore, CCL3 has been found to
be associated with temporal lobe epilepsy (Guzik-Kornacka et al., 2011)
and Alzheimer’s disease (Liu et al., 2014; Xia et al., 1998). Recently, it
was proven that CCL3 is a hippocampal neuromodulator that is able to
regulate synaptic plasticity mechanisms involved in learning and
memory functions (Marciniak et al., 2015). Therefore, CCL3 signaling
may be an interesting target for the development of new therapeutic
strategies.

CCL4 is only weakly expressed in healthy brains; however, its levels
are enhanced in several chronic inflammatory diseases, including
Alzheimer’s disease (Xia et al., 1998; Zhu et al., 2014), type 1 diabetes
(Hanifi-Moghaddam et al., 2006), osteoarthritis (Koch et al., 1995), and
chronic bronchitis (Capelli et al., 1999). A strong increase in CCL4 is
observed in a mouse model of cerebral amyloid deposition and is sig-
nificantly correlated with age- and sex-dependent neurodegeneration
progression (Kang et al., 2018; Zhu et al., 2014). The important role of
this chemokine in host tissue damage was revealed by studies using
neutralizing antibodies against it (Bless et al., 2000; Manczak et al.,
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Fig. 6. Time-dependent changes in CCR5 mRNA expression in the cortex (A), striatum (B), thalamus (C) and hippocampus (D) of TBI or sham-injured mice at selected

time points. The data are the means = S.E.M. (n = 5-8). *p < 0.05; *

each selected time point evaluated by t-test.
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Table 1

The protein levels of CCR1 and CCRS5 in primary microglial and astroglial cell
cultures were evaluated by Western blot analysis. The biochemical data are
presented as a relative protein level (means = SEM).

2002). Our results support the hypothesis that, after TBI, CCL4 plays a
very important role in the onset of neuroinflammation. CCL4 is one of
the main brain microvascular endothelial chemokines that acts as an
attractant for neutrophils in brain tissue (Yang et al., 2017). These
chemokine is also released by neurons (MacNair et al., 2016), neu-
trophils (Bennouna et al., 2003; Charmoy et al., 2010) and glia

neutrophils
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(Rojewska et al., 2018). The immunohistochemical staining has shown
that it is expressed on reactive astroglia near the lesion site after brain
trauma (Ghirnikar et al., 1996). In the later stages of neuroinflamma-
tion, both glial cell types, microglia and astroglia, which are known to
be able to produce CCL4 (Ghirnikar et al., 1996; Rojewska et al., 2018;
Xia et al., 1998) become importantly activated. Since the strongest
changes in MIP family components are observed in CCL4 protein levels
in both the cortex and thalamus, it seems that this chemokine may be a
particularly interesting target for future therapeutic strategies.

Here, we also observed significant upregulation of CCL9 expression
after TBI at both the mRNA and protein levels. According to im-
munohistochemical results (Baba et al., 2019; Rojewska et al., 2018)
CCL9 colocalizes with a neuronal marker, but not with IBA-1 or GFAP,
pointing to neurons as the main source of this chemokine. It is also
known as a neutrophils attractant (Sadik et al., 2011). Therefore, the
CCL9 seems to be important in neuronal-glial and neuronal-neutrophil
crosstalk in the initial stage of neuroinflammation. Moreover, the in-
trathecal administration of a CCL9 neutralizing antibody effectively
diminishes spinal neurodegeneration in a diabetic model of neuropathic
pain (Rojewska et al., 2018). In the present study, we reported sig-
nificant changes in CCL9 mRNA and protein expression, although they
are far lower than those of CCL3 and CCL4. Therefore, we suggest that,
among MIP-1 family members, CCL9 is probably a minor target for
future therapeutic strategies, especially because it is not observed in
humans (Alliance of Genome Resources, 2020).

The distinctive feature of chemokines is their ability to interact with
more than one G-protein-coupled chemokine receptor. MIP-1 family
members interact with CCR1, CCR5, or both (Maurer and von Stebut,
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Fig. 8. Time-dependent changes in the mRNA expression and protein levels of neutrophil, microglial and astroglial markers in the cortex of TBI or sham-injured mice
at 24 h and on day 7. The data are the means + S.E.M. (n = 5-8). **p < 0.01; ***p < 0.001 indicate significant differences between the sham and TBI groups at
each selected time point evaluated by t-test.
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2004). In the CNS, these receptors are expressed on neurons (Rojewska
et al.,, 2018; Rottman et al., 1997; Zhang et al., 2005), neutrophils
(Rudd et al., 2019), microglia (Eltayeb et al., 2007; Rottman et al.,
1997; Xia et al.,, 1998) and astroglia (Knerlich-Lukoschus, 2015;
Rottman et al., 1997). Our in vitro results confirm presence of CCR1 and
CCRS5 in primary microglia and astroglia cells obtained from brain.
Recently, published results, including data from our group, has in-
creased interest in the potential role of CCR1 and CCR5 in the pa-
thology of many diseases characterized by profound neuroinflammation
(Eltayeb et al., 2007; Kwiatkowski et al., 2016; Piotrowska et al., 2016).
Here we found that, during the development of brain neuroinflamma-
tion, similar to diabetic neuropathy, the mRNA levels of CCRI and
CCR5 are highly upregulated, but protein changes are weak. Therefore,
we can assume that the exposure of these receptors to their agonists
from the MIP-1 family leads to a rapid decrease in the number of cell-
surface binding sites. Accordingly, since we observed the most marked
changes in MIP-1 family chemokines in the cortex, we did not detect
significant changes in their receptor proteins. The situation was dif-
ferent in the thalamus, where we detected a slight upregulation of both
receptors at 24 h. As reported by Lee et al. (Lee et al., 2005) in scrapie-
infected mice, CCR1 and CCR5 transcripts are increased in the tha-
lamus, but not in the cortex, of infected mice. Based on the literature,
we can assume that CCR1 and CCR5 play important roles in many
neurodegenerative processes, including those evoked by brain injury
(Cowell et al., 2002; Li et al., 2017; Xia et al., 1998). The results of our
study suggest that, in the early phase of brain injury, chemokines from
the MIP-1 family can enhance the infiltration of immune cells into the
place of injury. Our recent data revealed that the intrathecal adminis-
tration of J113863 (a CCR1 antagonist) diminishes pain-related beha-
vior in neuropathy, although the level of this receptor in the spinal cord
remains unchanged (unpublished observation). Previous studies have
reported that two different CCR5 antagonists (maraviroc and DAPTA)
attenuate the development of neuropathic pain symptoms in rats after
nerve injury (Kwiatkowski et al., 2016; Piotrowska et al., 2016; Saika
et al., 2012). Moreover, the latest work of Joy and colleagues (Joy et al.,
2019) demonstrated CCRS5 as a valid target for stroke and TBI recovery.
The authors revealed that maraviroc improves learning and cognition in
TBI animals. Our and others results indicate that it is important to
further investigate the role of chemokine receptors in neuroinflamma-
tion since they can be used as very important drug targets to treat
neuroimmunological disorders of different etiologies.

Advances in the understanding of the pathology of TBI have re-
vealed the great complexity of cellular and molecular events. However,
knowledge of the brain regions affected by the cascade of events trig-
gered by TBI is still limited. In the present work, we provide evidence of
the profound neuroinflammatory response that occurs in different brain
structures (the cortex, striatum, thalamus and hippocampus). Part of
our studies were performed in the cortex and thalamus, two brain re-
gions that are deeply involved in brain damage in the CCI model and
are targets for recovery. The cortex is the site of the impact; therefore,
as expected, the most significant changes in the tested factors were
observed in this region. Several lines of evidence have shown that the
thalamus is particularly susceptible to the progression of secondary
injury after brain trauma (Ramlackhansingh et al., 2011; Scott et al.,
2015). Positron emission tomography (PET) studies have demonstrated
increased inflammation within the thalamus after severe TBI
(Ramlackhansingh et al., 2011). Moreover, Scott and colleagues de-
monstrated that inflammation in the thalamus is associated with tha-
lamocortical white matter damage and profound microglial cell acti-
vation, which colocalize with axonal abnormalities (Scott et al., 2015).
In the present study, we observed a profound involvement of MIP-1
family members as well as their receptors in this brain region. In
agreement with others, our data suggest that the thalamus should be
emphasized as an important brain region in TBI pathology.

TBI therapy is a major medical need, and therefore, new approaches
based on new potential therapeutic targets are urgently needed to
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address the consequences of TBI. Our study proposes new, innovative
and pivotal role for all MIP-1 family chemokines in neuroinflammation
elicited by brain injury and suggests CCR1 and CCR5 as drug targets.
The results of our research are valuable since this novel approach may
pave the way for the pharmacological modulation of neuroinflamma-
tion in TBI In particular, recent data and the availability of a phar-
macological antagonist of CCR5 (maraviroc), which is already used in
the clinic, point to this receptor as a promising molecular target for
future clinical trials for brain injury. We think that this original ap-
proach to discussed issue will contribute to a breakthrough in patient
management and treatment.
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Abstract

Background Every year, millions of people suffer from various forms of traumatic brain injury (TBI), and new approaches
with therapeutic potential are required. Although chemokines are known to be involved in brain injury, the importance of
X-C motif chemokine ligand 1 (XCL1) and its receptors, X-C motif chemokine receptor 1 (XCR1) and alpha-9 integrin
(ITGADY), in the progression of TBI remain unknown.

Methods Using RT-qPCR/Western blot/ELISA techniques, changes in the mRNA/protein levels of XCL1 and its two recep-
tors, in brain areas at different time points were measured in a mouse model of TBI. Moreover, their cellular origin and
possible changes in expression were evaluated in primary glial cell cultures.

Results Studies revealed the spatiotemporal upregulation of the mRNA expression of XCLI, XCRI and ITGA9 in all the
examined brain areas (cortex, thalamus, and hippocampus) and at most of the evaluated stages after brain injury (24 h; 4,
7 days; 2, 5 weeks), except for ITGA9 in the thalamus. Moreover, changes in XCL1 protein levels occurred in all the studied
brain structures; the strongest upregulation was observed 24 h after trauma. Our in vitro experiments proved that primary
murine microglial and astroglial cells expressed XCR1 and ITGA9, however they seemed not to be a main source of XCL1.
Conclusions These findings indicate that the XCL1/XCR1 and XCL1/ITGA9 axes may participate in the development of
TBI. The XCL1 can be considered as one of the triggers of secondary injury, therefore XCR1 and ITGA9 may be important
targets for pharmacological intervention after traumatic brain injury.
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Introduction

Traumatic brain injury (TBI) is a condition that is caused by
sudden damage to the central nervous system (CNS) due to
accidents, violence, or sport activity and is a major urgent
medical need. TBI is extremely difficult to treat, since it
leads to secondary injury as a consequence of blood—brain
barrier (BBB) disruption, cell death, ischemia, and hemor-
rhage [1]. Because the commonly used therapies are insuf-
ficient and complicated, new approaches that are based
on the identification of new, potential therapeutic targets
could help us develop more accurate reactions in an effort
to address the consequences of TBI. Neuronal damage in
brain structures leads to primary cell death, which is induced
directly by the trauma, and to the subsequent death of neu-
rons caused by secondary cascades [2]. The complexity of
the neuroimmunological responses that appear after TBI still
needs to be understood. It is well established that cytokines
play a key role in homeostasis [3]. It is known that many
interleukins (e.g., IL-1p, IL-6, IL-18) are sharply upregu-
lated in TBI patients [4—6]. Similar results were obtained
in rodent models of TBI, and recent experimental studies
have shown significant changes in some chemokines, e.g.,
CCL2, CCL3, CCL4, CCL9, CCL11, CX3CL1, and CXCL5
[1, 7, 8], however, there is still a lack of knowledge about
X-C motif chemokine ligand 1 (XCL1, also known as lym-
photactin and SCM-1alpha). XCL1 acts through X-C motif
chemokine receptor 1 (XCR1), which is a G-protein coupled
receptor [9] that has been detected in neurons [10, 11]. It was
shown that after mental nerve damage the XCR1 is upregu-
lated at the site of the injury—the authors proposed XCL1
as an excitability factor in orofacial pain [11]. Importantly,
XCL1 is produced not only by immune cells [12], but also
by neurons [10, 11, 13, 14]. Therefore, the role of XCL1 in
TBI is particularly interesting. However, XCR1 is not the
only receptor for XCL1. Interestingly, in 2017 Matsumoto
et al. showed that XCL1 affects fibroblast migration through
alpha-9 integrin (ITGA9) [15]. This receptor has been
already detected in some cell types, including endothelial
cells, epithelial cells, muscle cells, neutrophils and neural
precursor cells [16—19]. However, the expression of ITGA9
on microglial and astroglial cells has not been studied thus
far. In vitro studies showed that the neuronal expression of
ITGAY enhanced the ability of axons to regenerate [20]. On
the other hand, it was suggested that blocking ITGA9 can
be used as a therapeutic strategy in autoimmune diseases
[21]. However, in the current literature, there is still a lack
of knowledge about the roles of the XCL1/XCR1 and XCL1/
ITGAO9 axes in TBI.

Therefore, the aim of our study was to examine, using
RT-qPCR, Western blot and ELISA techniques, the pos-
sible temporal changes in the mRNA and protein levels of
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XCL1 and its two receptors, XCR1 and ITGAY, in different
brain structures (cortex, thalamus, and hippocampus) after
TBI. The injury was induced in mice by controlled corti-
cal impact (CCI), which is a clinically relevant model of
human TBI [22]. This model induces local responses in the
brain tissue, leading to neuronal loss, BBB disruption and
subsequent inflammatory response induction, including
chemokine release [2]. Moreover, the goal of the study was
to identify the cellular origin of XCL1 and to demonstrate
the expression of XCR1 and ITGA9 in LPS-stimulated
primary cultures of microglia and astrocytes using RT-
qPCR, Western blot and ELISA techniques. Additionally,
the influence of XCL1 on primary cell cultures of micro-
glia and astrocytes was tested.

Materials and methods
Animals

In this study, the C57BL/6J mice from the Charles River,
Italy, Germany were used, as follows (1) adult males for
the TBI model (9-11 weeks old, weighing 22-27 g); (2)
1-day-old mice pups for primary glial cell cultures studies.
The mice were housed at a temperature of 22+2 °C and a
relative humidity 55+ 10% with a 12-h light/dark cycle. The
mice were housed 4-5 per cage and were given ad libitum
access to food and water. All the procedures using animals
were performed in agreement with institutional guidelines
and in compliance with national and international laws and
policies.

Induction of the traumatic brain injury model

The animals were anesthetized with inhalation anesthesia
(isoflurane—induction, 3%; maintenance, 1.5%) in N,O/
0, (70/30%) and immobilized in a stereotaxic frame. Next,
the mice were subjected to craniotomy on the left side and
then to TBI by CCI, according to a previously described
procedure [23]. This model reliably causes TBI, which was
confirmed by many studies performed in The IRCCS-Isti-
tuto di Ricerche Farmacologiche Mario Negri [23, 24]. This
model of severe TBI is typically associated with minimal/
no mortality [23]. The assessment of sensorimotor deficits
was confirmed as a rule after CCI with the use of composite
neurosurgery and the beam walk test weekly for 4 weeks
[23]. Contusion volume after these TBI model was observed
and calculated in perfused, frozen and cryosected brains
stained with cresyl violet as previously described [24]. The
TBI model used a pneumatic piston stably mounted at an
angle of 20° from the vertical plane. This piston drove a
rigid 3-mm impactor that applied force perpendicularly to
the exposed dura mater over the left parietotemporal cortex
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at a velocity of 5 m/s and a depth of 1 mm. Cranioplasty was
performed after craniotomy, and the scalp was sutured. The
sham-injured mice were subjected to identical anesthesia
and surgery but were not subjected to brain injury. There was
no loss in the number of animals after surgery.

Primary microglial and astroglial cell cultures

The in vitro studies were performed using primary micro-
glial and astroglial cell cultures prepared from the cerebral
cortex obtained from newborn C57BL/6J mice, as described
in our previous paper [8]. The cells were seeded at a den-
sity of 3x 10° cells/cm? in culture medium consisting of
high-glucose GlutaMAX™ DMEM supplemented with 10%
heat-inactivated fetal bovine serum, 0.1 mg/ml streptomy-
cin and 100 U/ml penicillin (Gibco, New York, USA) in
poly-L-lysine-coated 75-cm? culture flasks. The cells were
grown in a 37 °C incubator with a humidified atmosphere
of 5% CO, in air. The culture medium was replaced after
4 days. On day 16, the microglial cells, which were loosely
attached to the monolayer, were harvested by gentle shaking
(70 rpm for 1 h and 90 rpm for 15 min) and centrifugation
(800 rpm for 10 min), and the cell viability was determined
using the trypan blue (Bio-Rad, Warsaw, Poland) exclu-
sion method. Then, fresh medium was added to the same
culture bottles. After a few days, the astroglial cells were
prepared by shaking the flasks for 4 h and trypsinization
using a 0.05% trypsin—-EDTA solution (Sigma-Aldrich,
Saint Louis, USA). For the protein analysis, both micro-
glia and astroglia were seeded at a density of 1.2 x 10° cells/
well in 6-well plates and incubated for 48 h before further
experiments. The IBA-1 and GFAP markers were used to
assess cell purity. Only the minimal essential number of
animals was used, and all of the procedures were performed
according to the recommendations of the NIH Guide for
the Care and Use of Laboratory Animals. The cells were
treated with LPS (lipopolysaccharide from Escherichia coli
0111:B4; Sigma-Aldrich, St. Louis, USA), which is causing
the oxidative stress and inflammatory status [25, 26]. The
dose (100 ng/ml) of LPS and time point (24 h) was chosen
based on our previous studies [8, 27]. Moreover, cells were
treated with XCL1 (recombinant mouse XCL1 Protein; R&D
Systems, Minneapolis, USA) (200 ng/ml) or vehicle (0.2%
BSA in PBS). The dose was selected according to previously
reported studies [28].

Biochemical tests
Analysis of gene expression by RT-qPCR
For the RT-qPCR studies, selected brain areas were col-

lected from the sham and TBI mice sacrificed at the fol-
lowing time points: 24 h, 4 days and 7 days, 2 weeks and

5 weeks. In addition, cell lysates from the primary micro-
glial and astroglial cultures were collected and used for the
study. Tissues from the ipsilateral cortex, hippocampus
and thalamus were dissected, rapidly placed into RNAlater
(Ambion, Inc., Austin, USA), frozen and stored at — 80 °C
until use. For RT-qPCR, total RNA was extracted accord-
ing to Chomczynski and Sacchi [29] with the TRIzol rea-
gent (Invitrogen, Carlsbad, USA) as previously described
[30]. The cell lysates were directly treated with the TRIzol
reagent (Invitrogen, Carlsbad, USA). The RNA concentra-
tion was measured using the DeNovix DS-11 Spectropho-
tometer (DeNovix Inc., Wilmington, USA). Reverse tran-
scription was performed with 1000 ng or 300 ng in case of
primary glial cell cultures, of total RNA using Omniscript
Reverse Transcriptase (Qiagen Inc., Hilden, Germany) at
37 °C for 60 min. The resulting cDNA was diluted 1:10
with H,O. RT-qPCR was performed using Assay-On-
Demand TagMan probes according to the manufacturer’s
protocol (Applied Biosystems, Foster City, USA) with an
iCycler device (Bio-Rad, Hercules, Warsaw, Poland). The
following TagMan primers were used: Mm00446968_m1
(Hprt), Mm00434772_ml (Xcll), Mm00442206_s1 (Xcrl),
MmO00519317_m1 (Itga9), Mm00434228_m1 (IL1p),
MmO00446190_m1 (IL-6), Mm00434225_m1 (IL-18),
Mm00441259_g1 (CCL3), Mm00443111_m1 (CCL4),
Mm00441260_m1 (CCL9), Mm01288386_m1 (IL-10), and
MmO01274147_g1 (IL-18BP). The expression of the Hprt
transcript (a housekeeping gene) was quantified to control
for variations in the amounts of cDNA. The cycle thresh-
old values were automatically calculated using iCycler IQ
3.0 software with the default parameters. The abundance of
RNA was calculated as 2~ (threshold cycle)

Enzyme-linked immunosorbent assay (ELISA) analysis

The cortical, thalamic and hippocampal tissues obtained at
two time points (24 h and 7 days) after TBI or sham proce-
dure and the cell culture lysates were used for enzyme-linked
immunosorbent assays (ELISAs) according to the manufac-
turer’s recommendations. The tissue/cell lysates were fixed
in RIPA buffer with a protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, USA). The level of XCL1 was measured
in the tissue homogenates using the Mouse XCL1/Lympho-
tactin ELISA Kit (Sandwich ELISA, LS-F53223, LifeSpan
Biosciences, Seattle, USA). The samples obtained from the
cell cultures were measured by the Mouse XCL1/Lympho-
tactin ELISA Kit (Sandwich ELISA, LS-F39783, LifeS-
pan Biosciences, Seattle, USA). The detection ranges were
as follows: LS-F53223: 6.25-400 pg/ml and LS-F39783:
62.5-4000 pg/ml. Positive controls for each assay were pro-
vided by the manufacturer.
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Western blot analysis

The cortical, thalamic and hippocampal tissues obtained
at two time points (24 h and 7 days) after TBI or sham
procedure and the cell lysates from the primary micro-
glial and astroglial cultures were collected and used for
the study. The tissue/cell lysates were placed in RIPA
buffer supplemented with a protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, USA). Then, the samples were
cleared by 14,000xg centrifugation for 30 min at 4 °C. The
total protein concentration was measured using the bicin-
choninic acid (BCA) method. The protein samples (20 pg
and 8 pg from the tissues and cells, respectively) were
heated for 8§ min at 98 °C in loading buffer (4 X Laemmli
Buffer, Bio-Rad, Warsaw, Poland). Then, the samples were
loaded in 4-15% Criterion TGX precast polyacrylamide
gels (Bio-Rad, Warsaw, Poland) and, through the use of
a semidry transfer system (30 min, 25 V), transferred
to Immune-Blot PVDF membranes (Bio-Rad, Warsaw,
Poland). Then, the membranes were blocked with dry milk
(5%, nonfat, Bio-Rad, Warsaw, Poland) in Tris-buffered
saline with 0.1% Tween 20 (TBST) for 1 h, washed with
TBST (4 X5 min), and incubated overnight at 4 °C with
the following commercially available primary antibodies:
mouse anti-GAPDH (1:5000; Merck, Darmstadt, Ger-
many), rabbit anti-XCL1 (1:150; Novus Biologicals, Cen-
tennial, USA), rabbit anti-XCR1 (1:5000; Lifespan Bio-
sciences, Seattle, USA), and rabbit anti-ITGA9 (1:3000;
Abcam, Cambridge, Great Britain). Then, the membranes
were incubated in horseradish peroxidase-conjugated anti-
rabbit or anti-mouse secondary antibodies (Vector Labora-
tories, Burlingame, USA) at dilutions of 1:5000 for 1 h at
room temperature. The primary and secondary antibodies
were dissolved in solutions from the SignalBoost Immu-
noreaction Enhancer Kit (Merck, Darmstadt, Germany).
The membranes were washed in TBST (4 X5 min). The
immune complexes were detected by the Clarity Western
ECL Substrate (Bio-Rad, Warsaw, Poland) and visualized
using the Fujifilm LAS-4000 Fluor Imager system. The
quantification of the relative levels of the immunoreactive
bands was performed using Fujifilm Multi Gauge.

Statistical analysis

The RT-qPCR results are presented as the normalized aver-
ages derived from the threshold cycle. For the tissue study
(Figs. 1, 2, 3) and the primary cell culture study (Figs. 4,
5), the RT-qPCR/Western blot/ELISA results are pre-
sented as fold changes relative to the control [sham group
(Figs. 1, 2, 3); unstimulated cells (Figs. 4, 5)]. All the results
(mean + SEM) were statistically evaluated using a ¢ test
(Figs. 1, 2, 3,4, 5). Additionally, to determine the particular
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time points x TBI interaction, some results were evaluated
using two-way ANOVA followed by Bonferroni’s multiple
comparisons post hoc test (Figs. 1, 2, 3). All the statistical
analyses mentioned above were performed with GraphPad
Prism ver. 8.1.1 (330) (GraphPad Software, Inc., San Diego,
USA).

Results

Time-dependent changes in XCLT mRNA expression
in the cortex, thalamus and hippocampus of mice
after TBI

We observed a strong and significant increase in XCLI
mRNA expression in all the analyzed brain structures
(cortex, thalamus and hippocampus; Fig. 1). The level
of XCLI mRNA after TBI was significantly increased
at every tested time point (24 h, 4 days, 7 days, 2 weeks
and 5 weeks) compared to the level after the sham oper-
ation, except for the 24 h and 5 weeks in the thalamus
and 24 h and 4 days in hippocampus. In the cortex, the
highest upregulation was detected 2 weeks after trauma
[12.99 +£2.53 (t;=4.74; p=0.0089)], after which the effect
started to decrease through week 5 [4.26 +0.79 (t,;=4.03;
p=0.0087)]. The two-way ANOVA confirmed a signifi-
cant interaction between the considered time points and
TBI procedure (F, 55=12.42; p <0.0001) (Fig. 1a). In the
thalamus (Fig. 1b), we also noticed an increase in XCLI
mRNA expression—the highest value was observed at
7 days after injury [3.15+0.7 (1,,=2.94; p=0.0181)].
The two-way ANOVA confirmed a significant interaction
between the considered time points and TBI procedure
(F456=3.88; p=0.0075).The strongest upregulation of the
chemokine, which was maintained at a high level from
day 7 [18.6 +5.86 (t;,=3.00; p=0.0199)] until week 5
[18.05+4.7 (t=3.62; p=0.0223)], was observed in the
hippocampus. The two-way ANOVA confirmed a signifi-
cant interaction between the considered time points and
TBI procedure (F, 55=4.56; p=0.0030) (Fig. 1¢).

Time-dependent changes in XCR7 and ITGA9
mRNA expression in the cortex, thalamus
and hippocampus of mice after TBI

Analysis of mRNA levels of the XCL1 receptor XCRI sim-
ilarly revealed its upregulation after TBI in all the tested
brain structures (Fig. 2a—c). In the cortex, the level of
XCRI was elevated at every tested time point (24 h, 4 days,
7 days, 2 weeks and 5 weeks). The cortical level of XCRI
(Fig. 2a) started to increase 24 h after TBI and reached its
highest value at day 4 [7.89 +0.97 (t,,=7.05; p <0.008)];
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Fig. 1 Time-dependent changes
in XCLI mRNA expression
in the cortex (a), thalamus

(b) and hippocampus (c) of a

TBI or sham-injured mice

at the selected time points.
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the expression of XCRI progressively decreased but
remained significantly elevated at week 5. The two-way
ANOVA confirmed a significant interaction between the
considered time points and TBI procedure (Fy 5o=75.23;
p=0.0013) (Fig. 2a). The XCRI mRNA level in the thala-
mus started to grow 24 h after TBI [1.71 +0.25 (¢,,=2.57;
p=0.0380)] and reached its highest value 4 days after TBI
[3.08 +0.43 (t,,=4.53; p=0.0038)] but remained signifi-
cantly elevated until 7 days (Fig. 2b). After that time point,
the level decreased. The two-way ANOVA confirmed a
significant interaction between the considered time points
and TBI procedure (F, s3=4.84; p=0.0021) (Fig. 2b).
The elevated level of XCRI mRNA in the hippocampus
was observed 24 h and 7 days after injury [16.98 +4.36
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(t,,=3.66; p=0.0145)], after which it began to decline but
remained significantly elevated until 2 weeks after injury
(Fig. 2¢).

The mRNA expression of the second receptor that was
studied (Fig. 2d—f), the ITGA9, was increased in two of the
selected brain areas. In the cortex (Fig. 2d), the increase started
4 days after brain injury [1.91+0.22 (¢,,=3.88; p=0.0034)],
and remained at a significant level until week 5. The two-
way ANOVA confirmed a significant interaction between the
considered time points and TBI procedure (F, s3=3.35;
p=0.0155) (Fig. 2d). The maximal expression of /ITGA9 in
the hippocampus (Fig. 2f) was also observed at 4 days after
trauma [2.98 +0.64 (t,,=3.04; p=0.0269)], and the level of
ITGA9 remained at a significant level until week 2. We did
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Fig.2 Time-dependent changes in XCRI and ITGA9 mRNA expres-
sion in the cortex (a, d), thalamus (b, e) and hippocampus (c, f) of
TBI or sham-injured mice at the selected time points. The data are
presented as fold changes relative to the control (means=+SEMs;
sham groups n=>5-8; TBI groups n=>5-8). *p<0.05; **p<0.01;
##%p<0.001 indicate significant differences between the sham

not notice any changes in the mRNA of this receptor in the
thalamus (Fig. 2e).

Time-dependent changes in the XCL1, XCR1
and ITGA9 protein levels in the cortex, thalamus
and hippocampus of mice after TBI

Here, we analyzed the XCL1 protein using ELISA at two
selected time points after TBI (24 h and 7 days) in the
cortex, thalamus and hippocampus. The XCL1 level in
the cortex (Fig. 3a) were significantly elevated at 24 h
[3.15+0.18 (tg=9.67; p <0.0001)]. The two-way ANOVA
confirmed a significant interaction between the considered
time points and TBI procedure (F; 19=13.48; p=0.0016)
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and TBI groups at each selected time point as evaluated by ¢ test.

*p<0.05; T*p<0.01 shows significant differences comparing to the

24 h TBI group; ™5 <0.001 shows significant differences comparing

to the 4th day TBI group; ¥*¢p <0.001 shows significant differences
comparing to the 7th day TBI group; as evaluated by two-way Anova

(Fig. 3a). In the thalamus, there was a significant increase
in the chemokine levels only at the 24 h time point
[1.22+0.08 (#,,=2.31; p=0.0452)] (Fig. 3b). The hip-
pocampal activation of XCL1 was significantly increased
at both the selected time points, namely 24 h [7.2 +1.44
(t;p=4.29; p=0.0074)] and 7 days [3.61 +0.7 (t,,=3.71;
p=0.0138)], after TBI. The two-way ANOVA confirmed a
significant interaction between the considered time points
and TBI procedure (F| 50=4.99; p=0.0369) (Fig. 3¢).
Moreover, we performed Western blot analysis of both
the XCL1 receptors, namely, XCR1 and ITGAY, at two
selected time points after TBI (24 h and 7 days) in the
same brain structures. XCR1 showed no changes at the
protein level in the cortex (Fig. 3d), thalamus (Fig. 3e),
and hippocampus (Fig. 3f). Similar results were obtain
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Fig.3 Time-dependent changes in the XCL1 (a—c), XCR1 (d-f) and
ITGAY (g—i) protein levels in the cortex (a, d, g), thalamus (b, e, h)
and hippocampus (c, f, i) of TBI or sham-injured mice at the selected
time points. The Elisa (a—c) and Western blot (d—i) data are presented
as fold changes relative to the control (means+SEMs; Elisa sham
groups n=06; TBI groups n=>5-6; Western blot sham groups n=>5-6;

for ITGAS9 in the cortex (Fig. 3g), thalamus (Fig. 3h), and
hippocampus (Fig. 3i).

XCL1, XCR1 and ITGA9 mRNA and protein levels
in primary glial cell cultures

In murine primary microglial and astroglial cell cultures, we
detected the basal expression of XCL1 mRNA and protein
(ELISA) (Fig. 4a, b). There are no significant changes in the
protein (Fig. 4b) level of XCL1 24 h after LPS stimulation in
the cultures of either cell type, however there is an upregula-
tion of XCL1 in astroglial cells mRNA after LPS stimulation
[3.90+0.93 (t,=3.09; p=0.0353)] (Fig. 4a).

We also detected the basal mRNA and protein levels
(Western blot) of both receptors, XCR1 (Fig. 4c, d) and
ITGAO (Fig. 4e, ). In the primary microglial cell cultures,
no changes were observed in the mRNA and protein level

TBI groups n=5-6). *p<0.05; **p<0.01; ***p<0.001 indicate
significant differences between the sham and TBI groups at each
selected time point as evaluated by ¢ test. **p<0.01; ***p<0.001
shows significant differences comparing to the 24 h TBI group; as
evaluated by two-way Anova

of XCR1 24 h after LPS stimulation (Fig. 4c). In the pri-
mary astroglial cell cultures, there were no changes in the
mRNA of XCRI; however, the protein level of this recep-
tor was significantly decreased 24 h after LPS stimulation
[0.62+0.05 (t=5.37; p=0.0005)] (Fig. 4d). In the primary
microglial and astroglial cell cultures, there was an increase
in the ITGA9 mRNA levels after LPS treatment in both cell
populations [microglia: 1.95+0.33 (¢,,=2.77; p=0.0276),
astroglia: 1.45+0.11 (¢;,=3.32; p=0.0110)] (Fig. 4e), the
protein level of the ITGA9 increased 24 h after LPS stimu-
lation in astroglial cells population [1.32+0.12 (¢,,=2.61;
p=0.0440)] (Fig. 4f).
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Fig.4 Changes in the mRNA and protein levels of XCLI1 (a, b),
XCRI1 (¢, d) and ITGA9 (e, f) in primary mouse microglial and
astroglial cell cultures. The RT-qPCR (a, ¢, e)/Western blot (d, f)/
ELISA (b) results are presented as fold changes relative to the con-
trol (means+SEMs; RT-qPCR microglia group n=3-7; astroglia

The effect of XCL1 on the mRNA levels of pro-
and anti-inflammatory cytokines in primary glial
cell cultures

Primary microglial and astroglial cell cultures were stim-
ulated with XCL1 (200 ng/ml). Our further analysis per-
formed at 2 and 6 h after XCL1 administration proved the
presence of mRNAs encoding pro- (IL-1f, IL-18, IL-6,
CCL3, CCL4, CCL9) and anti- (IL-10, IL-18BP) inflam-
matory cytokines in both primary microglia and astroglial
cell cultures. The mRNA expression of pro-inflammatory
interleukins was not affected by XCL1 administration in
microglial as well as astroglial cell cultures. The expres-
sion of CCL4 and CCL9 was unchanged by XCL1 admin-
istration in both cell cultures (Fig. 5i-1). The level of
CCL3 was slightly lowered 2 h after XCL1 administration
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group n=23-7; Western blot microglia group n=>5-6; astroglia group
n=>5-6; Elisa microglia group n=6; astroglia group n=>5). *p <0.05;
##%p <0.001 indicate significant differences between the unstimu-
lated and LPS-stimulated microglial and astroglial cell cultures 24 h
after treatment at the mRNA and protein levels as evaluated by # test

in microglia [0.85 +0.04 (t,=3.25; p=0.0174)] (Fig. 5g),
but it might be not biologically relevant. However, there
was no changes in expression of CCL3 mRNA after
XCLL1 in astrocytes (Fig. 5h). The mRNA levels of the
anti-inflammatory cytokines /L-18BP and IL-10 were
unchanged after treatment with the XCL1 in both cell
cultures (Fig. Sm—p).

Discussion

The results of the present study show, for the first time,
that XCL1 is highly spatiotemporally increased at the
mRNA and/or protein levels in the cortex, thalamus and
hippocampus after TBI. Additionally, the XCL1 receptors,
XCR1 and ITGA9, which are present in the all studied
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Fig.5 The effect of XCL1 on the mRNA levels (RT-qPCR) of pro-
(IL-1p, IL-6, IL-18, CCL3, CCL4, CCL9) and anti- (IL-10, IL-18BP)
inflammatory factors in microglial and astroglial cell cultures. The
data are presented means+SEM (n=4 each group). *p <0.05; indi-

brain structures, are highly upregulated at the mRNA
level; however, their protein levels do not exhibit signifi-
cant changes. Our in vitro studies revealed that murine pri-
mary microglial and astroglial cells expressed XCL1 and
both its receptors, however this chemokine is not upregu-
lated after cellular activation. Our findings indicate that
XCL1/XCR1 and XCL1/ITGA9 seem to be key signaling
pairs that can participate in many aspects of secondary
brain injury. Since the XCL1 can be one of the important
triggers of secondary injury after TBI, therefore we pro-
posed this chemokine as a good target for pharmacological
intervention [31-34].

Initially, it was shown that in the periphery, XCLI is pro-
duced by subsets of T and NK cells during inflammation and
leads to chemotaxis of these cells by binding to XCR1 [12].
This is in line with our in vitro results showing that activated
microglia and astroglia are not, as can be expected, the main
source of XCL1 after brain injury. The strongly increased
XCL1 level observed after nervous system injury may be
due to the secretion of this chemokine by neurons, as already
suggested [11]. It seems that XCL1 is an important player in
many immune responses [35]. It has been already identified
in patients with several inflammatory diseases, including
Crohn’s disease [36], HIV-1 infection [37] and rheumatoid
arthritis [38, 39]. Importantly, also in a cerebral tissue of
patients with posttraumatic brain contusions [40]. Some
findings highlight the possible significance of the XCL1/
XCR1 pathway in maintaining gut homeostasis, which can
define this axis as an innovative potential therapeutic target
for the treatment of human intestinal immune disorders [41].

cate significant differences between the untreated and XCL1-treated
(200 ng/ml) microglial and astroglial cell cultures, 2 and 6 h after
treatment.at the mRNA level was evaluated by ¢ test

The upregulation of XCL1 was also described in mice, first
by Koedel et al. in the cortex 72 h after cold-induced cor-
tical injury [42]. Moreover, Zychowska et al. showed that
XCLL1 is spinally upregulated in a mouse model of diabetic
neuropathy and that its neutralization results in a reduc-
tion of hypersensitivity [10]. Recently, Matsumoto et al.
[15] showed that XCL1- and ITGA9-neutralizing antibod-
ies abrogated disease progression in experimental autoim-
mune encephalomyelitis and suggested XCL1/ITGA9 axis
as an important signaling pair for homeostatic functions.
We demonstrated the spatiotemporal upregulation of XCL1
expression in all the tested brain areas (cortex, thalamus,
hippocampus), which begins shortly after TBI and, in some
structures, persists until up to 5 weeks after injury. For our
research, we selected brain structures that were previously
suggested to be especially vulnerable to TBI [43—-45]. In
2020, Mohamed et al. studied a rat model of closed head
diffuse injury by diffusion tensor imaging and confirmed
that TBI leads to widespread and persistent microstructural
changes within the white and gray matter of the brain [46].
Moreover, like the cortex, also hippocampus and thalamus
appear to be susceptible to ongoing post TBI pathology.
The authors also confirmed volumetric changes in these
two areas. Additionally, they observed increased microglial
activation in the cortex, thalamus, and hippocampus, even
up to 30 days [46, 47]. These results are consistent with
those obtained using positron emission tomography, which
verified increased inflammation in the thalamus after TBI
[48]. Since the cortex is the site of the impact, as expected,
significant changes in XCL1 were observed in this region.
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However, we also provide the first evidence of the pro-
found XCL1 response in the thalamus and hippocampus.
Many studies have shown that within the first hours after
TBI, increased neuronal excitability and reduced GABAe-
rgic inhibitory transmission are observed, which entail
astroglia and microglia activation [49]. The microglia are
approximately 5-20% of the total glial cell population [50,
51] and play an important immunological role in the CNS
[51]. Astrocytes occupy 30% of the brain volume (region
dependent) and constitute 30-65% of all the glial cells [50],
which makes these cells, together with neurons, the larg-
est population of cells in the brain [52, 53]. Published data
provide evidence that the inflammation observed in TBI is
associated with thalamocortical white matter damage and
profound glial activation, which colocalize with axonal
abnormalities [54]. Our results prove that XCL1 is strongly
upregulated shortly (24 h) after TBI, therefore we hypoth-
esize that neuronally produced XCL1 acts in an autocrine
manner via neuronal XCR1 and ITGAO to trigger neuronal
activation, which in turn results in glial activation. This
observation corresponds well with our previously published
results showing that activation of microglia and astroglia
starts on day 7 after TBI [8]. Although our results show that
upon in vitro conditions XCL1 does not directly activate
glial cells, there are evidences that in vivo the situation may
differ. It was already shown that intrathecally administrated
XCLI induced microglia activation and proliferation [10],
therefore there is still a need for more research focused on
XCL1 role in TBI. Already is known that, the disruption
of the homeostatic interactions of the CX3CL1 (produced
mainly by neurons) and CX3CR1 (present mainly on micro-
glia) axis in the context of neuron-microglia/astroglia com-
munication is important during the pathogenesis of several
diseases, including TBI [55-58]. In addition, CX3CLI,
CCL2, CXCLS in the CSF and/or plasma of TBI patients
correlate with poorer outcome, therefore they have been pro-
posed as biomarkers (reviewed in [59]). The level of XCL1
in the CSF and plasma in TBI patients remain to be study,
however importantly in 2020 this chemokine was selected
as biomarker for malignant transformation [60].

Recent data strongly support the idea that microglia play
both beneficial and harmful roles [61, 62]. Microglia can
prevent neuronal injury and restore tissue integrity by releas-
ing anti-inflammatory/neurotrophic factors and removing
cellular debris. On the other hand, the development of an
uncontrolled and highly reactive microglial activation state
after brain injury results in the release of pro-inflammatory
factors that contribute to neuronal dysfunction and death
[61, 62]. Similarly, reactive astrocytes are capable of produc-
ing pro-inflammatory factors and can degrade the extracel-
lular matrix and cause further disrupt the BBB [53]; how-
ever, they are also capable of producing factors that promote
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regeneration [63]. Our results provide evidence that XCL1/
XCR1 and XCLI1/ITGA9 axes can participate in immune
response after TBI. XCR1 was identified in 1995 as orphan
receptor GPRS [64] and, for the long time, was thought to be
the only receptor for XCL1 in mice [65, 66]. It has been sug-
gested that XCR1 is expressed in murine dendritic cells [67],
T cells, B cells and neutrophils [68] but not in macrophages
[69]. However, subsequent studies have proven that XCR1 is
present on mononuclear cells [38, 70]. Our results obtained
from primary cell cultures provide evidence that XCR1 is
present on microglial and astroglial cells. After TBI, the
mRNA level of XCRI is highly upregulated in all the stud-
ied brain structures; however, its protein level changes
remain on undetectable level. Therefore, we can assume that
the exposure of these receptors to XCL1 leads to a rapid
decrease in the number of cell-surface binding sites. What
is also important, XCL1 can also act through ITGA9 [15],
so by one of the less studied integrins that facilitates acceler-
ated cell migration [71]. It was already shown that blocking
ITGA9 has beneficial effects in mouse models of arthritis
[71] and experimental autoimmune encephalomyelitis [21].
Our studies indicate that in primary microglial and astro-
glial cell cultures, XCL1 does not induce production of pro-
inflammatory cytokines such as CCL3, CCL4, CCL9, IL-1p,
IL-18, IL-6 directly. Additionally, XCL1 administration does
not influence the mRNA levels of an anti-inflammatory IL-
IRA, IL-10 in both microglia and astrocytes. These findings
are surprising but also extremely important as they highlight
that XCL1 may acts through neuronally localized receptors.
Considering that XCR1 in the CNS is located mainly on
neurons [10] and similarly ITGA9 is also present in neu-
rons [20] it seems to be even more likely. Current literature
suggests that modulating chemokine signaling, especially
CCL2/CCR2, CCL5/CCR5 CXCL8/CXCR2, CXCL10/
CXCR3, CXCL12/CXCR4, and CX3CL1/CX3CR1, may
be beneficial in TBI treatment [59]. Our results, for the first
time, draw attention to the significant role of the XCL1/
ITGAY axis in the cortex, hippocampus and thalamus after
brain injury. Interestingly, according to the literature data,
we can hypothesize that XCL1 signaling via ITAG9 might
be neuro-protective [19] while signaling via XCR1 neuro-
toxic [10]. However, there is still a lack of study to prove this
hypothesis. If this is true, this data would mean that down-
regulating XCL1-XCR1 signaling while simultaneously up-
regulating XCL1-ITAG9Y signaling is a very tempting thera-
peutic strategy. Still requires clarification which intracellular
pathways are involved through signaling via XCL1-XCR1
and which through signaling via XCL1-ITAG9 in the CNS.
So far, it was shown that XCL1-XCR1 evoked the induction
of c-Fos, pERK and p38MAPK in brainstem [11]. In case
of XCL1-ITGA9 axis there was shown, that ITGA9 was act-
ing through FAK/Src-Rac1/RhoA signaling in human liver
cell line [72]. It was also proved that that ITGA9 depletion
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suppresses breast cancer tumor growth and metastasis by
promoting B-catenin degradation through the ILK/PKA/
GSK3 pathway [73]. The modulating of XCL1 activated
pathways has the potential to result in therapeutic benefit
not only in TBI, but also in other neuroinflammation-related
diseases, however, this hypothesis requires additional, in-
depth investigation.

Conclusion

Treatments for brain injury are a major medical need, so new
approaches based on innovative potential therapeutic targets
are urgently needed. The results of our research provide the
first evidence that in the early phases of TBI (24 h), XCL1 is
highly upregulated not only in a cortex, but also in thalamus
and hippocampus. Therefore, this chemokine can be one of
the immune triggers of secondary injury after TBI, therefore
should be considered as an important chemokine that may play
a pivotal function during brain injury. Based on the available
literature and our results, we suggest that XCL1 deserves fur-
ther study, especially because XCR1 and ITGA9 seem to be
important novel targets with beneficial properties for pharma-
cological intervention after brain injury.
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Abstract: Neuropathic pain pathophysiology is not fully understood, but it was recently shown that
MIP-1 family members (CCL3, CCL4, and CCL9) have strong pronociceptive properties. Our goal
was to examine how pharmacological modulation of these chemokines and their receptors (CCR1 and
CCRb) influence hypersensitivity after nerve injury in Albino Swiss male mice. The spinal changes in
the mRNA /protein levels of the abovementioned chemokines and their receptors were measured
using RT-qPCR and ELISA /Western blot techniques in a mouse model of chronic constriction injury
of the sciatic nerve. Behavioral studies were performed using the von Frey and cold plate tests after
pharmacological treatment with neutralizing antibodies (nAbs) against chemokines or antagonists
(CCR1-J113863, CCR5-TAK-220/ AZD-5672) alone and in coadministration with morphine on Day 7,
when the hypersensitivity was fully developed. Our results showed enhanced protein levels of CCL3
and CCL9 1 and 7 days after nerve injury. The single intrathecal administration of CCL3 or CCL9 nAb,
J113863, TAK-220, or AZD-5672 diminished neuropathic pain symptoms and enhanced morphine
analgesia. These findings highlight the important roles of CCL3 and CCL9 in neuropathic pain and
additionally indicate that these chemokines play essential roles in opioid analgesia. The obtained
results suggest CCR1 and CCRS5 as new, interesting targets in neuropathy treatment.

Keywords: CCL3; CCL4; CCL9; CCR1 antagonist (J113863); CCR5 antagonist (TAK-220; AZD-5672)

1. Introduction

Neuropathy affects up to 10% of humans [1] and is induced by varied causes, includ-
ing direct damage of the nerves. Even the most effective painkillers in general (opioid
drugs) are often ineffective against painful neuropathy [2]. This issue requires further
studies explaining neuro-immunological processes in order to improve the treatments [3].
Neuropathic pain states are distinguished by activation and/or an influx of immune and
glial cells in the spinal cord. Within the central nervous system (CNS), three main types of
glial cells are present under physiological conditions: oligodendrocytes, astrocytes, and
microglia (being the least abundant) [4]. Microglial cells along with macrophages have an
indisputable role in the preservation of CNS homeostasis and can take on many activation
states leading to changes in morphology, gene expression and function [5]. Additionally,
astroglia are crucial in maintaining the balanced functions of the CNS. Their activation has
neurodegenerative properties, inter alia, in the case of neuropathic pain [6]. Recent studies
have suggested that oligodendrocytes are activated in neuropathy and that they participate
in nociceptive transmission [7]. After being activated, the abovementioned cells can release
multiple factors, such as chemokines, which are especially important for nociception [3].
Chemokines have low molecular weight but strong chemotactic properties [8]. However,
their roles go far beyond chemotaxis. Previous studies have suggested that the blockade of
chemokines from different families (e.g., CCL1, CXCL3, or XCL1) by neutralizing antibodies
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provides analgesic effects [9-12]. Likewise, the blockade of chemokine receptors was shown
to be a promising therapeutic strategy in mouse models of neuropathic pain. For example,
J113863 (CCR1), RS504393 (CCR2), C021 (CCR4), maraviroc (CCR5), and NVPCXCR2 20
(CXCR2) reduced hypersensitivity and enhanced the effectiveness of morphine [10,13-15].
In our previous studies, we showed that chemokines from the MIP-1 (macrophage
inflammatory protein-1) family, including CCL3 (MIP-1-alpha), CCL4 (MIP-1-beta), and
CCL9 (MIP-1-gamma), have strong pronociceptive properties [13,16] and are engaged
in the development of neuropathic pain caused by diabetes [13], which is a metabolic
polyneuropathy model. It has also been shown by some studies in mice and rats that
CCL3 and CCL9 are upregulated in the spinal cord and/or DRG levels after mechanical
damage to a single nerve [14,17,18]. However, the detailed participation of MIP-1 family
ligands and receptors after chronic constriction injury of the sciatic nerve (CCI model)
has not been studied in depth. This fact convinced us that there is still a lack of precise
knowledge about the specific activity and function of this family of chemokines. Therefore,
we decided to check, at the mRNA and protein levels, if there were any changes in the
amount of chemokines from the MIP-1 family and their receptors (CCR1: CCL3, CCL4,
CCL9, and CCR5: CCL3 and CCL4) in the lumbar spinal cord of mice after CCI. In addition,
we simultaneously verified the changes in cell markers for oligodendrocytes, microglia, mi-
croglia/macrophages, and astroglia. Then, via the administration of CCL3 and CCL9 nAbs,
we investigated the influence of these two chemokines on neuropathic pain symptoms
(mechanical and thermal hypersensitivity). In the next experiment, we studied whether
these specific antibodies coadministered with morphine acted better than morphine alone.
Finally, we investigated whether a blockade of receptors of the MIP-1 family chemokines
by J113863 (CCR1 antagonist), TAK-220 (CCR5 antagonist), or AZD-5672 (CCR5 antag-
onist) had any ability to relieve neuropathic pain symptoms that developed after CCI
in comparison to simultaneous CCR1 and CCRS5 blockade via the coadministration of
J113863 with TAK-220 or AZD-5672. Additionally, we measured whether these antagonists
coadministered with morphine had better analgesic potential than morphine alone.

2. Materials and Methods
2.1. Animals

Our experiments were performed on mice (Albino Swiss strain) from Charles River
(Germany). We used adult male mice (9-11 weeks old, weighing 22-27 g). They were kept
in the following conditions: 22 4= 2 °C, 55 £ 10% relative humidity, 12/12 h light/dark
cycle. Animals had limitless access to nourishment and were kept in cages with an enriched
environment (blocks of wood). The Ethics Committee of the Maj Institute of Pharmacol-
ogy of the Polish Academy of Sciences supervised and permitted the procedures (LKE:
permission numbers: 1277/2015, 301/2017, 75/2017, 305/2017, 235/2020, and 40/2023).
According to the 3R policy, we used the minimal, essential number of animals. In the
graphs with the results of behavioral tests, we have also included values for naive animals.
In order to control the level of neuropathic pain symptoms in mice on Day 7, we performed
calculations showing that the naive group differed significantly from animals after CCI at
all time points examined, in both behavioral tests. The differences between the naive and
vehicle-treated CCl-exposed mice and in all studied time points were significant in the von
Frey test (p < 0.0001) and in the cold plate test (p < 0.0001) on Day 7, when mechanical and
thermal hypersensitivity were fully developed.

2.2. Chronic Constriction Injury

According to the procedure by Bennet and Xie [19], chronic constriction injury (CCI)
of the sciatic nerve was performed as follows. Mice were anesthetized via the inhalation of
isoflurane (induction and maintenance 3%). Next, an incision was made below the right
hip bone. After exposure, the right sciatic nerve was loosely tied three times and hidden.
In the next step, the skin was sutured, and animals were left to rest and regenerate. All
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operated-on mice developed neuropathic-pain-related behaviors. Behavioral tests were
performed 1, 4, 7, 14, and 35 days after the CCI procedure.

2.3. Biochemical Tests

The methods for mRNA and protein level measurements were those used in our lab
for years [9,12,20].

2.3.1. Analysis of Gene Expression via RT-qPCR

Immediately after decapitation, the spinal cords were removed from healthy (naive)
and CCl-exposed mice on Days 1, 4, 7, 14, and 35. In the next step, the tissue was sec-
tioned, and the lumbar (L4-L6) region of the spinal cord was isolated and placed into
Eppendorf tubes® with RN Alater (Ambion Inc., Austin, TX, USA) and frozen at —80 °C.
Total RNA was extracted according to Chomczynski and Sacchi [21] with TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Next, the concentration of mRNA was measured using
a spectrophotometer (DeNovix DS-11, DeNovix Inc., Wilmington, SA, USA). Reverse
transcription was performed with 1000 ng of total RNA by applying Omniscript Re-
verse Transcriptase (Qiagen Inc., Hilden, Germany) at 37 °C for 60 min. In the next
step, the obtained cDNA was diluted with H,O at a proportion of 1:10. Finally, the RT-
qPCR was performed with the use of Assay-On-Demand TagMan probes in agreement
with the manufacturer’s protocol (Applied Biosystems, Foster City, CA, USA) in an iCy-
cler device (Bio-Rad, Hercules, Warsaw, Poland). The following TagMan primers were
used for this study: Mm00446968_m1 (Hprt), Mm01210556_m1 (Olig2), Mm00525305_m1
(TMEM119), Mm00479862_g1 (IBA1), Mm01253033_m1 (GFAP), Mm00441259_g1 (CCL3),
Mm00443111_m1 (CCL4), Mm00441260_m1 (CCL9), Mm00438260_s1 (CCR1), and
Mm01963251_s1 (CCR5). The housekeeping gene (the Hprt transcript) was quantified
to control for variations in the amount of cDNA. The cycle threshold values were auto-
matically calculated using the iCycler IQ 3.0 software with the default parameters. The
abundance of RNA was calculated as 2~ (threshold cycle),

2.3.2. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis

Immediately after decapitation, the spinal cords were removed from healthy (naive)
and CCl-exposed mice on Days 1, 7, and 35. In the next step, the tissue was sectioned,
and the lumbar (L4-L6) region of the spinal cord was isolated and placed into Eppendorf
tubes® with RN Alater (Ambion Inc., Austin, TX, USA) and used for ELISAs according to
the manufacturer’s recommendations. The tissue homogenates were fixed in RIPA buffer
with a protease and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MI, USA).
Next, the samples were centrifuged (14,000 rpm, for 30 min at 4 °C). The concentration
of total protein was measured using the bicinchoninic acid method. The level of protein
was measured in the tissue homogenates using Mouse CCL3/MIP-1-Alpha, Sandwich
ELISA, LS-F4952, LifeSpan Biosciences, Seattle, WA, USA; Mouse CCL4/MIP-1 Beta, Sand-
wich ELISA, LS-F4954, LifeSpan Biosciences; and Mouse CCL9/MIP-1 Gamma, Sandwich
ELISA, LS-F55161, LifeSpan Biosciences. The detection ranges were as follows: CCL3:
15.6-1000 pg/mL; CCL4: 62.5-4000 pg/mL; and CCL9: 7.8-500 pg/mL. The manufacturer
provided positive controls for each assay.

2.3.3. Western Blot Analysis

Immediately after decapitation, the spinal cords were removed from healthy (naive)
and CCl-exposed mice on Days 1, 7, and 35. The tissue was sectioned, and the lumbar
(L4-L6) region of the spinal cord was isolated and placed into Eppendorf tubes® with RIPA
buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MI, USA).
Next, the samples were centrifuged (14,000 rpm, for 30 min at 4 °C). The concentration of
total protein was measured using the bicinchoninic acid method. Samples of 10 ug protein
were heated at 98 °C for 8 min in loading buffer (4 x Laemmli Buffer, Bio-Rad, Warsaw,
Poland). The samples were loaded into precast polyacrylamide gels (4-15% Criterion TGX,
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Bio-Rad) and transferred to Immune-Blot PVDF membranes (Bio-Rad) through a semidry
transfer system (30 min, 25 V). The membranes were blocked for 1 h with dry milk (5%,
nonfat, Bio-Rad) reconstituted in Tris-buffered saline with Tween 20 (0.1% in TBST). The
membranes were washed with TBST (2 min, 3 x 5 min) and incubated overnight at 4 °C
with the following commercially available primary antibodies: mouse anti-3-actin (1:1000;
Merck, Darmstadt, Germany), rabbit anti-IBA1 (1:500, Novus Biologicals; Centennial, CO,
USA), rabbit anti-GFAP (1:10,000, Novus Biologicals, Centennial, CO, USA), rabbit anti-
CCR1 (1:500; Novus Biologicals, Centennial, CO, USA), and rabbit anti-CCR5 (1:500; Novus
Biologicals, Centennial, CO, USA). Then, the membranes were incubated in horseradish-
peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies for 1 h at room
temperature (Vector Laboratories, Burlingame, CA, USA) at a dilution of 1:5000. The
SignalBoost Immunoreaction Enhancer Kit (Merck, Darmstadt, Germany) was used as a
dissolvent for the primary and secondary antibodies. The membranes were washed again
in TBST (2 min, 3 x 5 min). Clarity Western ECL Substrate (Bio-Rad, Warsaw, Poland)
was used to detect the immune complexes, and they were visualized using the Fujifilm
LAS-4000 Fluor Imager system. Fujifilm Multi Gauge was used for the quantification of
relative levels of the immunoreactive bands.

2.4. Single Intrathecal Drug Administration in the Mouse Model of Neuropathy

Substances were administered through lumbar puncture intrathecally (i.t.) in a volume
of 5 uL between the L5 and L6 vertebrae (Hylden and Wilcox 1980, with modifications by
Fairbanks 2003) [18,19]. For injection, a Hamilton syringe with a thin needle (0.3 x 13 mm)
was used. Half an hour before the administration of each pharmacological tool, we per-
formed the pretest which is the first measurement of each animal during the course of an
experiment. It is intended to show whether the animals used in the particular experiment
have developed symptoms of hypersensitivity to mechanical and thermal stimuli properly.

This is a standard procedure in our laboratory [9,12,20].

2.4.1. Administration of CCL3 and CCL9 Neutralizing Antibodies

A single i.t. administration of CCL3 nAb (AF-450-NA, Mouse CCL3/MIP-1 alpha Anti-
body, R&D Systems; Minneapolis, MI, USA) or CCL9 nAb (AF463, Mouse CCL9/10/MIP-1
gamma Antibody, R&D Systems) was administered to CCI mice at the dose of 0.5, 2, or
4 ug/5 uL on Day 7, when mechanical and thermal hypersensitivity were fully developed.
Behavioral testing was performed after 1, 4, and 24 h. CCL3 and CCL9 nAbs were dissolved
in PBS (Merck; Darmstadt, Germany), and PBS was injected as the vehicle (V) in the control
group. The details about using neutralizing antibodies are available on the manufacturer’s
pages: CCL3 nAb [22] and CCL9 nAb [23].

2.4.2. Administration of CCL3 Neutralizing Antibody with Morphine

The i.t. administration of CCL3 neutralizing antibody (2 ug/5 uL) followed by the
i.t. administration of morphine (TEVA; Krakow; Poland; 2.5 ug/5 pL) was performed
7 days after CCI. The dose of nAb was chosen based on the results obtained from the above
experiment. The doses of opioid were chosen based on our previous study [24]. First,
animals received V or CCL3 nAb. Next, after 3 h, there was a second injection of aqua pro
injectione (W) or morphine (M). The von Frey and cold plate tests were performed 0.5 h
after the second administration (W or M), which was 3.5 h after the first administration (V
or CCL3 nAb)

2.4.3. Administration of CCL9 Neutralizing Antibody with Morphine

The i.t. administration of CCL9 neutralizing antibody (2 pg/5 uL) followed by the i.t.
administration of morphine was performed 7 days after CCIL. The dose of nAb was chosen
based on the results obtained above. First, animals received V or CCL9 nAb. After 1 h, there
was a second injection of W or M. The von Frey and cold plate tests were performed 0.5 h
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after the second administration (W or M), which was 1.5 h after the first administration (V
or CCL9 nAb).

2.4.4. Administration of CCR1 and CCR5 Antagonists

A single i.t. administration of J113863 (CCR1 antagonist, at doses of 1, 15, 30, and
60 ng/5; uL cat. #2595, Tocris, Bristol, UK), TAK-220 (CCR5 antagonist, at doses of 0.5,
2,4, and 15 ug/5; pL cat. #HY-19974/CS-5579, MedChemExpress, Monmouth Junction,
NJ, USA), or AZD-5672 (CCRS5 antagonist, at doses of 0.5, 2, 4, and 15 ng/5 pL cat. #HY-
119101/CS-0068004, MedChemExpress) were administered once to CCI-exposed mice on
Day 7, when mechanical and thermal hypersensitivity were fully developed. Behavioral
testing was performed after 1, 4, and 24 h. CCR1 and CCR5 antagonists were dissolved
in dimethyl sulfoxide (DMSO, cat. #D8418, Sigma-Aldrich, Saint Louis, MI, USA), and
DMSO was used as the vehicle (V). The details about the agonists used are available on the
manufacturer’s pages: J113863 [25], TAK-220 [26], and AZD-5672 [27].

2.4.5. Administration of CCR1 Antagonist with Morphine

The i.t. administration of J113863 (15 ng/5 uL) followed by the i.t. administration of
morphine was performed 7 days after CCI. The dose of the antagonist was based on the
obtained results. First, animals received V or J113863. Next, after 3 h, there was a second
injection of W or M. The von Frey and cold plate tests were performed 0.5 h after the second
administration (W or M) and 3.5 h after the first administration (V or J113863).

2.4.6. Administration of CCR5 Antagonists with Morphine

The i.t. administration of TAK-220 or AZD-5672 followed by the i.t. administration
of morphine was performed 7 days after CCI. The doses of antagonists were based on the
obtained results. First, animals received V, TAK-220, or AZD-5672. After 1 h, there was a
second injection of W or M. The von Frey and cold plate tests were performed 0.5 h after
the second administration (W or M) and 1.5 h after the first administration (V, TAK-220,
or AZD-5672).

2.4.7. Coadministration of CCR1 and CCR5 Antagonists

The i.t. administration of J113863 (15 pg/5 pL) with the i.t. administration of TAK-220
or AZD-5672 (15 nug/5 uL) was performed 7 days after CCI, and the doses were based
on the above experimental results. Animals received V, antagonist of CCR1 (J113863),
antagonist of CCR5 (TAK-220 or AZD-5672), or their combination (J113863 + TAK-220 or
J11 + AZD-5672). Behavioral testing was performed after 1 and 4 h.

2.5. Behavioral Tests
2.5.1. Von Frey Test

For the measurement of tactile hypersensitivity, we used calibrated nylon monofila-
ments (ranging from 0.6-6 g, Stoelting, Wood Dale, IL, USA). First, the mice were put into
plastic cages with a floor of wire mesh. After 5 min of adaptation, the reactions to mechani-
cal stimuli were checked by the application of von Frey filaments. The measurement started
with the thinnest filament (0.6 g) and continued until the hind paw was lifted. The pressure
of the filament that caused the reaction was recorded as the result. If this reaction was
not observed, filaments were applied to increase pressure (g) until the last filament used
had a pressing force of 6 g, which was the cutoff latency [10]. The measurement with all
filaments used was always based on three touches, which followed each other directly, of
the midplantar surface of the hind paw. Each mouse (naive and CCl-exposed individuals)
was measured once in every time point. Only the injured paw (right paw in naive) was
measured and the result of the test was the value of the filament that caused the reaction of
the tested mouse. These responses included paw withdrawal and shaking. If the outcome
of the test was unclear, we repeated the measurements of individual mice after 5 min. This
is a standard test used in our laboratory [9,12,20].
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2.5.2. Cold Plate Test

For the measurement of thermal hypersensitivity, we used a cold plate/hot plate
analgesia meter (Ugo Basile, Gemonio, Italy). The temperature of the plate surface was
kept at 2 °C. The animals were placed on the chilled surface of the plate and observed
until they lifted their hind paw, and the time of the reaction was recorded as described
previously [10]. The maximal possible time for the animals to stand on the plate was 30's,
which was the cutoff latency. After CCI, the foot with the constricted nerve was always the
first to react. This is a standard test used in our laboratory [9,12,20].

2.6. Statistical Analysis

The data obtained in the behavioral experiments (von Frey, cold plate tests) are pre-
sented as mean + SEM. The data obtained in biochemical experiments (RT-qPCR, Western
blot, and ELISA analyses) are presented as fold change relative to the control group (naive
mice) = SEM. The obtained results were statistically evaluated using one-way ANOVA
with Bonferroni’s post hoc test for multiple comparisons. Some of the results were eval-
uated using two-way ANOVA to detect time x drug interaction. All of the statistical
analyses were performed using Prism (ver. 8.1.1 (330), GraphPad Software, Inc., San Diego,
CA, USA).

3. Results

3.1. Temporal Changes in the mRNA and/or Protein Levels of Olig2, TMEM119, IBA1, and GFAP
Measured in Parallel with Pain-Related Behavior after Chronic Constriction Injury of the Sciatic
Nerve in Mice

Chronic constriction injury of the sciatic nerve led to the development of thermal
hypersensitivity between Days 1 (p < 0.0001) and 35 (p < 0.0001) (Figure 1B). Over this time,
we measured the mRNA and/or protein expression changes in cell markers (Figure 1D).

RT-gPCR analysis showed that the mRNA level of a marker for oligodendrocytes
(Olig2) was not changed after CCI (Figure 1A). However, the mRNA level of the microglial
marker (TMEM119) was strongly elevated between the 4th (p = 0.0011) and 7th days
(p = 0.0014) after injury of the nerve (Figure 1C); similarly, the microglia/macrophage
marker IBA1 was elevated at the mRNA level from the 1st (p = 0.0442) to the 14th day
(p = 0.0003) (Figure 1E). The astroglial marker (GFAP) was also elevated at the mRNA level,
but only on the 4th (p = 0.0241) and 14th days (p = 0.0351) (Figure 1G).

Western blot analysis showed that the protein level of a microglia/macrophage marker
(IBA1) was elevated on Day 7 after CCI (p = 0.0005) (Figure 1F). The protein level of the
astroglial marker (GFAP) was elevated on the 7th (p = 0.0367) and 35th days (p = 0.0087)
(Figure 1H).

3.2. Temporal Changes in the mRNA and Protein Levels of CCL3, CCL4, and CCL9 after Chronic
Constriction Injury of the Sciatic Nerve in Mice

Chronic constriction injury evoked changes in the mRNA level of CCL3, which was
upregulated between the 4th (p = 0.0246) and 35th days (p = 0.0006) (Figure 2A). CCL4 was
elevated from the 4th (p = 0.0043) to the 35th day (p = 0.0105) (Figure 2C), and similarly
the level of CCL9 grew significantly from the 4th (p < 0.0001) to the 35th day (p = 0.0006)
(Figure 2E).
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Figure 1. Development of thermal hypersensitivity in CCI-exposed mice (from 1 to 35 days) as
measured via the cold plate test (B). Timeline of tissue collection at the indicated time points for
behavioral and biochemical analyses (D). Time-dependent changes in the mRNA levels of Olig2 (A),
TMEM119 (C), IBA1 (E), and GFAP (G) measured via RT-qPCR, and in the protein levels of IBA1 (F)
and GFAP (H) measured via Western blot in the spinal cord of naive and CCI-exposed mice (from 1 to
35 days). The data (n = 5-10) are presented as the mean fold changes relative to the control + SEM for
the biochemical assays and the mean + SEM for the behavioral tests. The results were evaluated using
one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected pairs. * p < 0.05;
** p < 0.01; and *** p < 0.001 indicate significant differences vs. the naive group. Abbreviations:
-: naive; CCI: chronic constriction injury of the sciatic nerve.
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Figure 2. Time-dependent changes in the mRNA levels of CCL3 (A), CCL4 (C), and CCL9 (E) measured
via RT-qPCR and changes in the protein levels of CCL3 (B), CCL4 (D), and CCL9 (F) measured using
ELISA in the spinal cord of naive and CCI-exposed mice (from 1 to 35 days). The data are presented
as the mean fold changes relative to the control = SEM (n = 4-10). The results were evaluated using
one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected pairs. * p < 0.05,
**p < 0.01, and ** p < 0.001 indicate significant differences vs. the naive group. Abbreviations:
-: naive; CCI: chronic constriction injury of the sciatic nerve.

Changes in the protein level were significant in the case of CCL3 between the 1st
(p = 0.0054) and 7th days (p = 0.0307) (Figure 2B), and likewise for CCL9 (p = 0.0019 and
p = 0.0295, respectively) (Figure 2F). A slight decrease in the CCL4 level was observed
35 days after CCI (p = 0.0346).

3.3. Effects of a Single Intrathecal Administration of CCL3 nAb on Pain-Related Behavior and
Morphine Analgesia 7 Days after Chronic Constriction Injury of the Sciatic Nerve in Mice

CCL3 nAb was administered at doses of 0.5, 2, and 4 ug/5 uL (Figure 3A). In the von
Frey test, a significant reduction in the mechanical hypersensitivity was observed 1 h after
the two higher doses of 2 ug/5 pL (p = 0.0018) and 4 ng/5 pL (p < 0.0001), and 4 h after
the administration of 2 pg/5 puL (p < 0.0001) (Figure 3B). In the cold plate test, there was
also a significant reduction in the thermal hypersensitivity observed after 1 h, but only
after the dose of 4 pug/5 pL (p = 0.0205). At 4 h, an effect was observed after the two higher
doses of 2 ug/5 pL (p = 0.0002) and 4 pg/5 pL (p < 0.0001) (Figure 3C). Two-way ANOVA
confirmed a significant interaction between the treatment and the analyzed time point (von
Frey: p < 0.0001; cold plate: p < 0.0001).
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Figure 3. The effects of CCL3 neutralizing antibody administered intrathecally (i.t.) according to
timeline (A), at doses of 0.5, 2, and 4 ug/5 puL on mechanical (B) and thermal (C) hypersensitivity,
and the influence of a CCL3 neutralizing antibody at a dose of 2 pg/5 uL plus morphine 2.5 pug/5 uL
on mechanical (E) and thermal (F) hypersensitivity, administered according to timeline (D), 7 days
after CCI in mice. The data are presented as the mean + SEM (naive n = 5; CCI n = 7-8). The results
were evaluated using one-way ANOVA followed by Bonferroni’s post hoc test for comparisons
of selected pairs. *p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences vs. V-
treated group at each of the investigated time points: 1, 4, and 24 h for (B,C) graphs; * p < 0.05 and
***p < 0.001 indicate significant differences vs. V + W-treated group for (E,F) graphs; # p < 0.05
indicates significant differences between the V + M- and nAb + M-treated groups for (E,F) graphs;
and & p < 0.05 and && p < 0.01 indicate significant differences between the nAb + W- and nAb +
M-treated groups. Abbreviations: V: vehicle (PBS); W: vehicle (aqua pro injectione); nAb: neutralizing
antibody; M: morphine; CCI: chronic constriction injury of the sciatic nerve.

Additionally, we measured the influence of CCL3 nAb on analgesia evoked by mor-
phine at a dose of 2.5 ug/5 pL (Figure 3D). Morphine alone significantly reduced ther-
mal hypersensitivity (p < 0.0001) (Figure 3F). The observed outcome of CCL3 nAb with
morphine coadministration strongly reduced both mechanical (Figure 3E) and thermal
(Figure 3F) hypersensitivity compared to morphine and CCL3 nAb administered alone.
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3.4. Effects of a Single Intrathecal Administration of CCL9 nAb on Pain-Related Behavior and
Morphine Analgesia 7 Days after Chronic Constriction Injury of the Sciatic Nerve in Mice

CCL9 nAb was administered at doses of 0.5, 2, and 4 ug/5 pL (Figure 4A). The
mechanical threshold measured using the von Frey test was significantly reduced observed
after 1 h for the two higher doses of 2 ug/5 uL (p = 0.0002) and 4 ug/5 pL (p = 0.0141),
but 4 h after administration only for the dose of 4 ug/5 uL (p = 0.0026) (Figure 4B). At the
same time, in the case of the thermal threshold (cold plate test), a significant reduction
was observed 1 h after the dose of 2 pug/5 pL (p = 0.0036) and 4 h after the two higher
doses of 2 ug/5 pL (p = 0.0019) and 4 pg/5 pL (p = 0.0371) (Figure 4C). Two-way ANOVA
confirmed a significant interaction between the treatment and the analyzed time point (von
Frey: p < 0.0001; cold plate: p = 0.0089).
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Figure 4. The effects of CCL9 neutralizing antibody administered intrathecally (i.t.) according to
timeline (A), at doses of 0.5, 2, and 4 ug/5 puL on mechanical (B) and thermal (C) hypersensitivity,
and the influence of a CCL9 neutralizing antibody at a dose of 2 pg/5 uL plus morphine 2.5 pug/5 uL
on mechanical (E) and thermal (F) hypersensitivity, administered according to timeline (D), 7 days
CCI in mice. The data are presented as the mean £ SEM (naive n = 5; CCI n = 5-8). The results were
evaluated using one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected
pairs. *p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences vs. V-treated group
at each of the investigated time points: 1, 4, and 24 h for (B,C) graphs; * p < 0.05, ** p < 0.01, and
*** p < 0.001 indicate significant differences vs. V + W-treated group for (E,F) graphs; # p < 0.05
indicates significant differences between the V + M- and nAb + M-treated groups for (E,F) graphs;
and & p < 0.05 indicates significant differences between the nAb + W- and nAb + M-treated groups.
Abbreviations: V: vehicle (PBS); W: vehicle (aqua pro injectione); nAb: neutralizing antibody; M:
morphine; CCI: chronic constriction injury of the sciatic nerve.
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Furthermore, we measured the influence of CCL9 nAb on morphine analgesia
(Figure 4D). Morphine administration alone significantly reduced mechanical (p = 0.0466)
and thermal (p = 0.0052) (Figure 4E,F) hypersensitivity. However, the CCL9 nAb and
morphine coadministration strongly reduced both mechanical (Figure 4E) and thermal
(Figure 4F) hypersensitivity and was more effective than morphine and/or CCL9 nAb
administered alone.

3.5. Temporal Changes in the mRNA and Protein Levels of CCR1 and CCRS after Chronic
Constriction Injury of the Sciatic Nerve in Mice

Chronic constriction injury evoked changes in the mRNA level of CCR1, which in-
creased between the 4th (p = 0.0251) and 35th days (p = 0.0065) (Figure 5A). For the mRNA
level of CCR5, we also observed a significant increase, but only between the 4th (p = 0.0032)
and 14th days (p = 0.0208) (Figure 5C).
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Figure 5. Time-dependent changes in the mRNA levels of CCR1 (A) and CCR5 (C) measured via
RT-qPCR and changes in the protein levels of CCR1 (B) and CCR5 (D) measured using Western blot
in the spinal cord of naive and chronic CCI-exposed mice (from 1 to 35 days). The data are presented
as the mean fold changes relative to the control & SEM (n = 4-9). The results were evaluated using
one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected pairs. * p < 0.05,
**p < 0.01, and ** p < 0.001 indicate significant differences vs. the naive group. Abbreviations:
-: naive; CCI: chronic constriction injury of the sciatic nerve.

At the protein level, there were no changes in CCR5 (Figure 5D). There was a slight
decrease in the protein level of CCR1 7 days after CCI (p = 0.0182) (Figure 5B).

3.6. Effects of a Single Intrathecal J[113863 Administration on Pain-Related Behavior and Morphine
Analgesia 7 Days after Chronic Constriction Injury of the Sciatic Nerve in Mice

J113863 was administered at doses of 1, 15, 30, and 60 pg/5 pL (Figure 6A). In the
von Frey test, a significant reduction in mechanical hypersensitivity was observed 1 h after
the doses of 1 pug/5 uL (p = 0.0400), 15 ug/5 pL (p = 0.0041), 30 pg/5 uL (p < 0.0001), and
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60 ng/5 pL (p = 0.0056). J113863 was even more effective 4 h after administration at doses
of 15 pg/5 puL (p = 0.0004) and 60 ng/5 uL (p < 0.0001) (Figure 6B). In the cold plate test, the
highest reduction in thermal hypersensitivity was observed 1 h after doses of 1 ug/5 pL
(p =0.0038), 15 pg/5 puL (p = 0.0014), 30 ng/5 pL (p = 0.0023), and 60 pg/5 uL (p < 0.0001).
Similarly, a reduction in thermal hypersensitivity was observed 4 h after doses of 1 ug/5 uL.
(p =0.0192), 15 ug/5 uL (p = 0.0031), 30 ug/5 uL (p = 0.0022), and 60 pg/5 uL (p < 0.0001)
(Figure 6C). Two-way ANOVA found a significant interaction between treatment and time
(von Frey: p < 0.0001; cold plate: p < 0.0001).
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Figure 6. The effects of a CCR1 antagonist (J113863) administered intrathecally (i.t.) according to
timeline (A), at doses of 1, 15, 30, and 60 pg/5 puL on mechanical (B) and thermal (C) hypersensitivity
and the influence of J113863 at a dose of 15 ug/5 pL plus morphine 2.5 ug/5 uL on mechanical (E)
and thermal (F) hypersensitivity, administered according to timeline (D), 7 days after CCI in mice.
The data are presented as the mean + SEM (naive n = 5; CCI n = 5-8). The results were evaluated
using one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected pairs.
*p < 0.05*p < 0.01, and *** p < 0.001 indicate significant differences vs. V-treated group at each
of the investigated time points: 1, 4, and 24 h for (B,C) graphs; * p < 0.05 and *** p < 0.001 indicate
significant differences vs. V + W-treated group for (E F) graphs; ## p < 0.01 indicates significant
differences between the V + M- and J11 + M-treated groups for (E,F) graphs; and & p < 0.05 indicates
significant differences between the J11 + W- and J11 + M-treated groups. Abbreviations: V: vehicle
(DMSO); W: vehicle (aqua pro injectione); M: morphine, J11: J113863; CCI: chronic constriction injury
of the sciatic nerve.

Subsequently, we measured the influence of J113863 on morphine analgesia
(Figure 6D). Morphine alone (2.5 pg/5 pL) significantly reduced mechanical (p = 0.0347)
and thermal (p < 0.0001) (Figure 6E,F) hypersensitivity. Even so, the effect of J113863
and morphine coadministration significantly reduced both mechanical (Figure 6E) and
thermal (Figure 6F) hypersensitivity and was more potent than morphine and J113863
administered alone.
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3.7. Effects of a Single Intrathecal TAK-220 Administration on Pain-Related Behavior and
Morphine Analgesia 7 Days after Chronic Constriction Injury of the Sciatic Nerve in Mice

First, the CCR5 antagonist TAK-220 was administered at doses of 0.5, 2, 4, and
15 pg/5 pL (Figure 7A). In the test for mechanical hypersensitivity after 1 h, the significant
reduction in pain symptoms was induced by the doses of 2 ug/5 uL (p = 0.0054), 4 png/5 uL
(p <0.0001), and 15 ug/5 uL (p < 0.0001). After 4 h, there was also a significant effect of the
same doses of 2 ug/5 uL (p = 0.0358), 4 ng/5 uL (p = 0.0067), and 15 pg/5 pL (p < 0.0001)
(Figure 7B). In the test for thermal hypersensitivity, there was a similar pattern of efficacy,
and the most potent reduction was observed 1 h after doses of 2 pug/5 uL (p = 0.0042),
4 ug/5 pL (p = 0.0004), and 15 ug/5 pL (p < 0.0001). The effect was also significant 4 h after
doses of 2 ug/5 pL (p = 0.0014) and 4 pg/5 pL (p = 0.0026) (Figure 7C). Two-way ANOVA
found a significant interaction between treatment and time (von Frey: p < 0.0001; cold plate:
p < 0.0001).
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Figure 7. The effects of CCR5 antagonists (TAK-220) administered intrathecally (i.t.) according to
timeline (A), at doses of 0.5, 2, 4, and 15 ug/5 uL on mechanical (B) and thermal (C) hypersensitivity
and the influence of TAK-220 at a dose of 4 ug/5 pL plus morphine 2.5 pug/5 pL. on mechanical
(E) and thermal (F) hypersensitivity, administered according to timeline (D), 7 days after CCI in
mice. The data are presented as the mean + SEM (naive n = 5; CCI n = 8-10). The results were
evaluated using one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected
pairs. *p < 0.05, ** p < 0.01, and *** p < 0.001 indicate significant differences vs. V-treated group
at each of the investigated time points: 1, 4, and 24 h for (B,C) graphs; * p < 0.05, ** p < 0.01, and
*** p < 0.001 indicate significant differences vs. V + W-treated group for (E,F) graphs; ## p < 0.01
indicates significant differences between the V + M- and TAK + M-treated groups for (E,F) graphs;
and & p < 0.05 and && p < 0.01 indicate significant differences between the TAK + W- and TAK-220
+ M-treated groups. Abbreviations: V: vehicle (DMSO); W: vehicle (aqua pro injectione); M: morphine,
TAK: TAK-220; CCI: chronic constriction injury of the sciatic nerve.
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In the next step, we measured the influence of TAK-220 on morphine analgesia
(Figure 7D). Morphine alone (2.5 pg/5 uL) significantly reduced mechanical (p = 0.0209)
and thermal (p = 0.0018) (Figure 7E,F) hypersensitivity. Even so, the potentiation of mor-
phine analgesia by the use of TAK-220 was substantial in the test of mechanical (p = 0.0093)
(Figure 7E) hypersensitivity. Nevertheless, the effect of TAK-220 and morphine coadminis-
tration reduced both mechanical (Figure 7E) and thermal (Figure 7F) hypersensitivity and
was more effective than morphine and/or TAK-220 administered alone

3.8. Effects of a Single Intrathecal AZD-5672 Administration on Pain-Related Behavior and
Morphine Analgesia 7 Days after Chronic Constriction Injury of the Sciatic Nerve in Mice

The second CCRS5 antagonist chosen for this study, AZD-5672, was also administered
at doses of 0.5, 2, 4, and 15 pg/5 pL (Figure 8A). In the von Frey test (mechanical threshold),
the significant reduction was observed 1 h after doses of 0.5 pug/5 puL (p = 0.0007), 2 ug/5 pL
(p =0.0010), and 4 ng/5 pL (p = 0.0140), and 4 h after doses of 0.5 ug/5 uL (p = 0.0001) and
15 ug/5 pL (p = 0.0488) (Figure 8B). In the cold plate test (thermal threshold), there was
also a significant reduction observed 1 h after doses of 2 ug/5 pL (p = 0.0041), 4 ng/5 uL
(p =0.0024), and 15 ug/5 uL (p = 0.0017), and 4 h after doses of 4 ug/5 uL (p = 0.0010)
and 15 nug/5 puL (p = 0.0426) (Figure 8C). Two-way ANOVA found a significant interaction
between treatment and time (von Frey: p = 0.0006; cold plate: p = 0.0445).
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Figure 8. The effects of CCR5 antagonists (AZD-5672) administered intrathecally (i.t.) according to
timeline (A), at doses of 0.5, 2, 4, and 15 ug/5 pL on mechanical (B) and thermal (C) hypersensitivity
and the influence of AZD-5672 at a dose of 4 pug/5 uL plus morphine 2.5 ug/5 pL on mechanical
(E) and thermal (F) hypersensitivity, administered according to timeline (D), 7 days after CCI in
mice. The data are presented as the mean + SEM (naive n = 5; CCI n = 8-10). The results were
evaluated using one-way ANOVA followed by Bonferroni’s post hoc test for comparisons of selected
pairs. *p < 0.05, * p < 0.01, and *** p < 0.001 indicate significant differences vs. V-treated group
at each of the investigated time points: 1, 4, and 24 h for (B,C) graphs; *p < 0.05, ** p < 0.01, and
***p < 0.001 indicate significant differences vs. V + W-treated group for (E,F) graphs; ### p < 0.001
and && p < 0.01 indicates significant differences between the V + M- and AZD + M-treated groups
for (EF) graphs; and p < 0.01 indicates significant differences between the AZD + W- and AZD +
M-treated groups. Abbreviations: V: vehicle (DMSO); W: vehicle (aqua pro injectione); M: morphine;
AZD: AZD -5672; CCI: chronic constriction injury of the sciatic nerve.
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Afterward, we measured the influence of AZD-5672 on morphine analgesia
(Figure 8D). Compared to morphine administered alone (2.5 ng/5 pL), which significantly
lowered mechanical (p = 0.0142) and thermal (p < 0.0001) (Figure 8E,F) hypersensitivity,
coadministration with AZD-5672 was better than morphine and AZD-5672 administered
alone but only for reducing mechanical (Figure 8E) hypersensitivity.

3.9. Comparison of the Effects of Intrathecal Administration of Substances Targeting CCR1
(J113863), CCR5 (TAK-220/AZD-5672), and Their Combination (J11 + TAK-220 or J11 +
AZD-5672) on Pain-Related Behavior 7 Days after Chronic Constriction Injury of the Sciatic Nerve
in Mice

We next measured the influence of a single i.t. coadministrations of CCR1 (J113863)
and CCR5 (TAK-220/AZD-5672) antagonists at 1 and 4 h (Figure 9A); the times were
selected according to the above results. After 1 h, there was greater analgesia by TAK-220
(Figure 7) and AZD-5672 (Figure 8), but after 4 h, there was a higher analgesia by J113863
(Figure 6) (at least in one behavioral test).
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Figure 9. Comparison of the effects of intrathecal (i.t.) administration of substances targeting CCR1
(J113863), CCR5 (TAK-220 or AZD-5672), and their combination (J11 + TAK-220 or J11 + AZD-5672)
at a dose of 15 ng/5 pL (timeline (A)) on mechanical and thermal hypersensitivity measured after
1h (B,C) and after 4 h (D,E), 7 days after chronic CCI in mice. The data are presented as the mean
£ SEM (naive n = 5; CCI n = 7-8). The results were evaluated using one-way ANOVA followed
by Bonferroni’s post hoc test for comparisons of selected pairs. ¢ p < 0.05, e p < 0.01, and

p < 0.001 indicate significant differences vs. J11-treated group; 4 p < 0.05 and ¢44 p < 0.001
indicate significant differences vs. TAK-treated group; M p < 0.05 indicates significant differences
vs. AZD-treated group; and A p < 0.05 indicates significant differences vs. J11 + TAK-treated group.
Abbreviations: N: naive; V: vehicle (DMSO); J11: J113863; TAK: TAK-220; AZD: AZD -5672; CCIL:

chronic constriction injury of the sciatic nerve.
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After 1 h, in the von Frey test, when the substances were administered alone, there was
a far weaker analgesic effect observed for J113863 (p < 0.0001) and AZD-5672 (p = 0.0004)
than for TAK-220 (Figure 9B). Moreover, the coadministration of J113863 + TAK-220
(p = 0.0168) and J113863 + AZD-5672 (p = 0.0066) was more effective than J113863 alone. The
injections of J113863 + AZD-5672 were also more effective than single AZD-5672 (p = 0.0196)
(Figure 9B). However, in the case of the cold plate test, there were no differences between
groups, with the exception that the double blockade by J113863 + TAK-220 was slightly
more successful than that by J113863 + AZD-5672 (p = 0.0440) (Figure 9C).

After 4 h, in the von Frey test, AZD-5672 was less analgesic than J113863 (p = 0.0465)
and TAK-220 (p = 0.0251) (Figure 9D). However, in the cold plate test, J113863 alone was
more effective than TAK-220 (p = 0.0082), J113863 + TAK-220 (p = 0.0062), and J113863
+ AZD-5672 (p = 0.0039). There was no improvement in analgesia in groups receiving
coadministration compared to single administration in the von Frey or cold plate test
(Figure 9D,E).

4. Discussion

Our results indicated that in the CCl-induced neuropathic pain model, strong thermal
hypersensitivity developed in parallel with the activation of macrophages, microglia, and
astroglia, and in parallel we also observed enhanced protein levels of CCL3 and CCLO9.
These results correlate well with those obtained in behavioral studies, in which we showed
for the first time that the administration of neutralizing antibodies for CCL3 and CCL9
showed analgesic effects on Day 7 in CCI-evoked neuropathy. Importantly, we obtained
similar analgesic properties after a single intrathecal administration of J113863 (CCR1
antagonist), TAK-220, or AZD-5672 (CCR5 antagonists). Furthermore, blocking CCL3 or
CCL9 and CCR1 or CCR5 led to the augmentation of the effectiveness of morphine, but
CCRS5 antagonists were only effective against mechanical hypersensitivity. Surprisingly,
the coadministration of J113863 with TAK-220 or AZD-5672 was in general not far more
effective against symptoms of neuropathic pain than either one alone. Our research em-
phasizes the important function of CCL3 and CCL9 and their receptors in the pathology of
neuropathy and suggest their crucial role in opioid analgesia (Scheme 1).
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IMPROVEMENT
OF MORPHINE
ANELGESIA

AZD-5672

Scheme 1. Pharmacological modulation of chemokines from MIP-1 family (CCL3 and CCL9) via
neutralizing antibodies and their receptors (CCR1 by J113863, CCR5 by TAK-220 or AZD -5672)
reduces neuropathic pain symptoms and influences morphine analgesia—evidence from mice model
evoked by chronic constriction injury of the sciatic nerve.
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Neuropathic pain resulting from nerve injury is a highly impairing type of pain, which
is often resistant to available treatments [28]. Chemokines have indisputable homeostatic
functions based on attracting target cells to the place of their secretion, and what is es-
pecially important is that they can be produced not only by glial and immune cells, as
originally thought, but also by neurons [29,30]. Data from recent years have confirmed
that chemokines of the CC family, such as CCL2/3/4/5/7/8/9, have prominent prono-
ciceptive properties after their intrathecal administration to naive mice [13,16]. We were
interested in three of the abovementioned chemokines with strong algesic potential belong-
ing to the MIP-1 family: CCL3, CCL4, and CCL9. In the lumbar spinal cord of mice with
CCl-induced neuropathic pain, only two of them were highly upregulated at the protein
level: CCL3 and CCL9. There was no upregulation in the protein level of CCL4, which
conforms with the statements of Rojewska et al. [13] in a model of diabetic neuropathy.
The results of our study indicate that changes in mRNA and protein levels of chemokines
differ significantly, which is consistent with the latest literature [31]. It is well known
that genetic information is converted from DNA to mRNA and then to proteins, but this
does not necessarily involve translation. Determining the protein level of chemokines is
very difficult because of their low molecular weight, and it has been attempted in very
few studies. However, it is important, as our research shows, because it allows us to
draw more accurate conclusions. Moreover, nerve injury results in a disruption of the
blood-spinal cord barrier allowing for the time-dependent influx of peripheral immune
cells [32]. Our research results show that among the MIP-1 family members, CCL3 and
CCL9 play important roles in nociceptive pain transmission in neuropathy. Data from
immunohistochemical analysis showed that CCL3 can be released by both neurons [13]
and microglia [33]. Microglia were shown to produce CCL3 in primary cell cultures after
ATP stimulation [34]. Therefore, we assume that shortly after CCI, neuronal cells secrete
CCL3, which activates and attracts macrophages/microglia [13,34,35]. Later, microglia can
also produce this chemokine, which can possibly act both in an autocrine and paracrine
manner. However, this hypothesis needs further research. Our results demonstrated that
neutralizing antibodies against CCL3 not only raised the nociceptive threshold but also
enhanced the potency of morphine. Similar results were obtained in a model of diabetic
neuropathy [13]. In our opinion, an understanding of the CCL3 role seems to be highly im-
portant in neurodegenerative processes, especially due to its changes being associated with
TBI [36], temporal lobe epilepsy [37], Alzheimer’s disease [38,39], and neuropathy [13,18].
Moreover, auto-antibodies to CCL3 have been proposed as biomarkers for an advancement
in human type 1 diabetes [40]. Therefore, CCL3 signaling is probably a new, important
target for the development of therapeutic strategies.

In the CCI-induced neuropathic pain model, we also described an enhanced level of
CCL9 (both mRNA and protein). In accordance with the immunohistochemical results
from 2018 [13], CCL9 colocalizes with the NeuN marker, not with GFAP or IBA1, indicating
neurons as being the main source. The neuronal origin suggests an important role of
CCLY, especially in the initial stage of neuropathy. What is more, i.t. administration
of a CCL9 nAb significantly diminished tactile and thermal hypersensitivity after nerve
injury, which corresponds well with the results obtained earlier in the diabetic neuropathy
model [13]. Taking into consideration the abovementioned results, we believe that CCL9,
similar to CCL3, is a key pronociceptive factor. Although CCL9 is expressed only in rodents,
the chemokine has a human ortholog, CCL23, whose upregulation was observed in the
cerebrospinal fluid of patients with neuropathic pain [41]. Therefore, we consider CCL23 to
be a good target for future therapeutic strategies; although, this requires further research.

Since CCL3 and CCL9 play pivotal roles in mouse neuropathic pain development,
we focused our attention on the G-protein-coupled receptors of the MIP-1 family named
CCR1 and CCRS5. Importantly, they are present on neurons [13,42,43], microglia [39,42,44],
and astrocytes [42,45]. Their presence in the neuronal cells of the spinal cord enables the
important role in nociceptive transmission and explains why CCL3, CCL4, and CCL9
have strong and quick pronociceptive effects after their intrathecal administration [13,16].
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Recently, a number of papers have described the involvement of CCR1 and CCRS5 in the
pathology of many diseases characterized by severe neuro-inflammation associated with
pain [44,46,47]. The protein levels of CCR1 and CCRS5 did not increase in the spinal cord
after nerve injury, which is not surprising since it has also been observed in the case of other
CC, e.g., CCR1, CCR5, and CCR4 in STZ- [13,48] and CCR1 and CCR3 in CCl-induced [16]
neuropathic pain in mice. Many studies have indicated that both CCR1 and CCR5 have
key roles in neurodegeneration [39,49,50]. Moreover, recently it was shown that CCR5 is a
valid target for stroke and traumatic brain injury recovery, and the authors revealed that
maraviroc improves the learning and cognition of affected animals [51]. The results of our
research are especially valuable since the availability of an antagonist of CCR5, maraviroc,
which is already used in the clinic, points to this receptor as a promising molecular target
for future clinical trials for neuropathies of different etiologies.

Our results showed for the first time that the single intrathecal administration of a
CCR1 antagonist (J113863) and CCR5 antagonists (TAK-220 and AZD-5672) dose-dependently
diminished pain-related behavior after CCIL. Similarly, J113863 reduces hypersensitivity
in complete Freund’s [52] and diabetic [13] mouse models and maraviroc in CCI mod-
els [14,46,47]. The other CCR5 antagonist (DAPTA) was shown to be effective in the case of
partial sciatic-nerve-ligation-induced hypersensitivity [53], but it was ineffective in STZ-
induced [13] and CCl-induced (own unpublished data) neuropathy. This was the reason
why we used the other antagonists, which are known to be strong and selective blockers
of CCR5 (TAK-220 and AZD-5672). It is worth emphasizing that such good analgesic
effects of the antagonists of both receptors are probably caused by the fact that numerous
pleiotropic chemokines act through them. The CCR1 has ten ligands, including five with
strong pronociceptive properties and well-documented spinal changes in a CCI mice model,
such as CCL2, CCL3, CCL5, CCL7, and CCL9 [16,54]. The CCRS5 has six ligands, including
four with strong pronociceptive properties and well-documented spinal changes in a CCI
model, such as CCL3, CCL5, CCL7, and CCL8 [16,54]. Importantly, these two receptors
have six common ligands, which by acting through these receptors are probably seriously
engaged in the formation of neuropathic pain symptoms. Therefore, our results and the
available literature gave us the motivation to verify whether a simultaneous CCR1/CCR5
blockade will be more effective than blocking CCR1 or CCR5 alone. Few studies have been
performed with the use of double antagonists of chemokine receptors against neuropathic
pain symptoms. Kwiatkowski et al. [14] revealed that dual (cenicriviroc—CCR2/CCRS5)
and selective (R5504393—CCR2, maraviroc—CCRb5) antagonists prevent hypersensitivity
to similar degrees after repeated intrathecal injections in CCl-exposed rats. However,
cenicriviroc, which blocks both receptors simultaneously, exhibited a combination of the
properties of the selective antagonists (RS504393, maraviroc), which meant that, in this case,
the lowered expression of the most examined pronociceptive chemokines, CCR2 and CCRS,
was at the mRNA level in the spinal cord and DRGs [14]. Moreover, after single intrathecal
and intraperitoneal injections in mice, cenicriviroc had the strongest analgesic properties in
comparison to R5504393 /maraviroc [14]. Recently, Pawlik et al. [16] showed the analgesic
effectiveness of a dual CCR1/CCR3 antagonist (UCB35625). Therefore, we also wanted
to check whether a simultaneous CCR1 and CCR5 blockade would be more effective than
blocking each of them separately. Since no dual CCR1/CCR5 antagonist was available, we
decided to use a drug combination. Our findings show that the coadministration of CCR1
and CCRS5 antagonists has analgesic properties on mechanical and thermal hypersensitivity
but, in general, it did not work better than selective injections. Comparable results were
obtained after the coadministration of J113863 with SB328437 (CCR3 antagonist), where
the common blockade did not work better on pain-related behaviors than a selective block-
ade [16]. It is worth remembering that after the coadministration of substances, we cannot
completely rule out an interaction between them, which can impact the pharmacological
effect. Moreover, we do not know how these substances mutually affect the activation of
receptors and consequently the cellular response [55].
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Recent animal studies have suggested that chemokines, which are important pronoci-
ceptive mediators, may also evoke a loss of the analgesic effects of opioids [56,57]; however,
the exact mechanisms are still poorly understood. The results of our study clearly indi-
cate that the neutralization of CCL3 and CCL9 improved morphine analgesia in a CCI
model, which was also shown after the blockade of CCL1, CCL2, and CCL7 [9,54]. From
the other groups of chemokines, we have recently shown that the neutralizing antibody
against XCL1 significantly potentiates the morphine analgesia [12]. Additionally, it was
also proven that blocking CXCL10 enhanced morphine antinociception in cancer-induced
bone pain [58] and, from another chemokine family, CX3CL1 plays an important role in
regulating morphine analgesia in naive animals [59]. Moreover, it was shown that CCL2
contributes to the development of morphine antinociceptive tolerance in rats [60]. The
concept of using chemokine receptor antagonists in combination with morphine was de-
rived from experiments conducted by our team in rodent models of neuropathic pain, e.g.,
RS504393 (CCR2) [61], SB328437 (CCR3) [24], C021 (CCR4) [15,48], maraviroc (CCR5) [14],
and NBI-74330 (CXCR3) [62], and confirmed by others, e.g., maraviroc in inflammatory
pain models [63,64]. Considering the fact that monotherapy has low effectiveness against
neuropathy [65], we decided to check whether the new selective pharmacological tools can
increase the effectiveness of morphine after combined administration. It is well known
that apart from increasing therapeutic effectiveness, drug coadministration also reduces
the risk of side effects because of the possibility of lower dose usage [66]. In our opinion,
combined pharmacotherapy based on two analgesics is reasonable if the drugs used have
different mechanisms of action, as in the case of modulators of opioid and chemokine
system coadministration. Morphine acts selectively through all opioid receptors and is
a strong mu opioid receptor (MOR) agonist and weak agonist of delta (DOR) and kappa
opioid receptors (KORs) [67]. As an analgesic drug, morphine is often used in the peri-
operative period and in cancer therapy [68]. However, in neuropathy, this drug loses its
effectiveness [2]. This results in the need for gradually increased doses, which is intrin-
sically linked with the increased risk of side effects [28,69,70]. The mechanisms include
desensitization and internalization of opioid receptors [71-74]. There is a dependency
between chemokine and opioid receptors, caused by a cross-desensitization phenomenon
made possible by similarities in structure between these receptors [63]. A growing body of
evidence indicates that the combination of chemokine receptor antagonists with morphine
potentiates morphine’s analgesic effect in animal inflammatory [63] and neuropathic pain
models [14,15,24,48,61,62]. The numerous results suggest that the interaction between
opioid and chemokine receptors can be the reason for better analgesic effects. The in vitro
data provide evidence that there is functional crosstalk between MOR and CCR5, whereby
both of which belong to the G-protein-coupled receptor superfamily [75]. It was reported
that MOR and CCRS5 crosstalk is mediated by the possible creation of heterodimers of
them [72,73,76-78]. Moreover, accumulating in vitro studies suggest that heterologous
desensitization, described already for CCR5-MOR, might be responsible for better opioid
efficacy [79]. In our research, we have shown that a CCR1 antagonist improves the anal-
gesic properties of morphine, which is in agreement with results obtained in mice with
diabetic neuropathy [13] and in rats in a CCI model [18]. Based on the available data, we
hypothesize that the stronger analgesia of morphine in coadministration with J113863 is
associated with the fact that CCR1 present on neuronal cells is coexpressed with MOR.
However, it is known that the activation of CCR1 leads to the internalization of MORs,
which clearly changes their function [80]. Nevertheless, this phenomenon is even more
complicated because it is known that CCR1 is able to heterodimerize with CCR5 [81,82].
This fact may explain why both CCR1 (J113863) and CCR5 (TAK-220 and AZD-5672) antag-
onists improve the analgesic effects of morphine. In our current research, we used very
selective CCR5 antagonists, and importantly, the results after their single administration in
mice are consistent with those obtained after i.t. repeated administration of maraviroc in
CCl-exposed rats [46]. In our study, both CCR5 antagonists coadministered with morphine
were more potent than morphine alone, but only in reversing mechanical hypersensitivity.
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Importantly, primary pain sensations are conducted by dissimilar nerve fibers [83] and
chemokines may stimulate them differently, leading to pain initiation [84,85]. This may
suggest that the coadministration of CCR5 antagonists with morphine may have a stronger
impact on Ap fibers, which are responsible for a mechanical sensation [86], with less effect
on Ad and C fibers, which are responsible for feeling low temperatures [87]. This issue
leads to the hypothesis that functional crosstalk between MOR and CCR5 mainly affects
AP fibers.

Our and others’ results undoubtedly suggest that chemokine system ligands and
receptors are involved in opioid analgesia in nociceptive transmission [18,24,54,63]. Given
that opioid receptors can probably form heterodimers with CCR1 and CCRS5, the combined
administration of opioid agonists with chemokine antagonists appears to be a new, inter-
esting strategy for the relief of chronic pain. This is particularly important because it has
been shown that such drug combinations allow for the use of lower doses of opioids and
consequently result in less respiratory depression [66].

5. Conclusions

Neuropathic pain therapy is a critical need in medicine, meaning that investigations
focused on novel therapeutic targets are essential. The results show that CCL3 and CCL9,
based on their spinal upregulation and the potent antinociceptive effects of their neutral-
izing antibodies, are probably strongly engaged in the development of neuropathic pain
symptoms. Their direct neutralization not only facilitates symptoms of neuropathy but
also positively affects the efficacy of morphine, which may be pivotal for making future
advancements in therapy. Our results propose CCR1 and CCRS5 as being targets for novel
polytherapy for neuropathy. Finally, our and others’ results indicate that it is important to
further investigate the role of these two chemokine receptors, since they can be key drug
targets for the treatment of neuro-immunological disorders of different etiologies.
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Recent studies have indicated the involvement of chemokine-C-motif ligand 1
(XCL1) in nociceptive transmission; however, the participation of its two
receptors, canonical chemokine-C-motif receptor 1 (XCR1) and integrin
alpha-9 (ITGA9), recently recognized as a second receptor, has not been
clarified to date. The aim was to explore by which of these receptors XCL1
reveals its pronociceptive properties and how the XCL1-XCR1 and XCL1-ITGA9
axes blockade/neutralization influence on pain-related behavior and opioid
analgesia in the model of neuropathic pain. In our studies we used Albino Swiss
mice which were exposed to the unilateral sciatic nerve chronic constriction
injury (CCl) as a neuropathic pain model. Animals received single intrathecal
(i.t.) injection of XCL1, XCL1 neutralizing antibodies, antagonist of XCR1 (vMIP-1)
and neutralizing antibodies of ITGA9 (YA4), using lumbar puncture technique.
Additionally we performed i.t. co-administration of abovementioned
neutralizing antibodies and antagonists with single dose of morphine/
buprenorphine. To assess pain-related behavior the von Frey and cold plate
tests were used. To measure mRNA and protein level the RT-gPCR and
Western Blot/Elisa/immunofluorescence techniques were performed,
respectively. Statistical analysis was conducted using ANOVA with a
Bonferroni correction. Presented studies have shown time-dependent
upregulation of the mRNA and/or protein expression of XCL1 in the spinal
cord after nerve injury as measured on day 1, 4, 7, 14, and 35. Our
immunofluorescence study showed that XCL1 is released by astroglial cells
located in the spinal cord, despite the neural localization of its receptors. Our
results also provided the first evidence that the blockade/neutralization of both
receptors, XCR1 and ITGA9, reversed hypersensitivity after intrathecal XCL1
administration in naive mice; however, neutralization of ITGA9 was more
effective. In addition, the results proved that the XCL1 neutralizing antibody
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and, similarly, the blockade of XCR1 and neutralization of ITGA9 diminished
thermal and mechanical hypersensitivity in nerve injury-exposed mice after 7
days. Additionally, neutralization of XCL1 improves morphine analgesia.
Moreover, blockade of XCR1 positively influences buprenorphine
effectiveness, and neutralization of ITGA9S enhances not only buprenorphine
but also morphine analgesia. Therefore, blockade of the XCL1-ITGA9
interaction may serve as an innovative strategy for the polypharmacotherapy
of neuropathic pain in combination with opioids.

KEYWORDS

XCL1, XCR1, ITGA9, CCl, astroglia, chemokine, opioid, microglia

1 Introduction

Neuropathic pain affects 10% of the world’s population (1) and
is caused by many factors, including mechanical injury to the
peripheral or central nervous system. The related complaints
require better understanding, diagnosis and treatment because the
current therapy is unsatisfactory. Unfortunately, patients with
neuropathic pain are less sensitive to opioid drugs, which are the
most powerful painkillers currently available in clinics (2). This
makes the development of new strategies for pharmacotherapy
toward painful neuropathies an urgent need. Such progress requires
an extensive understanding of the molecular and cellular
mechanisms involved in the development of chronic pain
originating from peripheral nerve injury (3). Glia have an
undeniable role in the maintenance of homeostasis in the nervous
system. Depending on the nature of the stimulus, glial cells can take
on a number of activation states, which consequently causes altered
gene expression and changes in morphology and function (4).
Microglia represent resident immune cells of the central nervous
system (CNS), revealing a classically activated phenotype associated
with the release of proinflammatory molecules after chronic
activation, contributing to neurodegeneration (5). Additionally,
astroglia are a population of cells that play an integral role in
maintaining CNS homeostasis. Their activation may result in the
development of neurodegenerative disorders and is important in
the modulation of neuropathic pain (6). This is why the
pharmacological modulation of the abovementioned interactions
is very effective in relieving painful symptoms in a neuropathic pain
model (7). Minocycline (MC), which is one of the most potent
substances causing inhibitory effects on the release of
pronociceptive factors by glia (8), has the potential to treat the
symptoms of neuropathic pain of different etiologies, e.g., in animal
models such as streptozotocin (STZ)-induced diabetes (7) and
chronic constriction injury (CCI) of the sciatic nerve (9-12). MC
was also shown to influence important pain-related intracellular
pathways, especially what was well studied, it beneficially influences
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P38 mitogen-activated protein kinases (MAPK) in an animal model
of inflammatory and neuropathic pain (13, 14). Moreover, MC
suppresses the increased gene expression of CXCL13, CXCLI,
CCL2, CXCL11, and CCL7 after CCI (15). The release of
chemokines by neuronal and nonneuronal cells such as
microglia/astroglia is an important factor underlying
neuroimmune crosstalk during neuropathic pain development
and maintenance (4, 16, 17). Our previous studies showed that
the neutralization of some chemokines [e.g., CCL1 (18), CCL2 (19),
CCL3 (20), CCL7 (19), and CCL9 (20)] and blockade of several
receptors [e.g., CCR1 (21), CCR2 (22), CCR3 (23), CCR4 (24),
CCR5 (25), CXCR2 and CXCR3 (26)] in animal models of
neuropathic pain diminish the development of symptoms;
however, the role of XCL1 and its receptors is still unknown.

In our previous study, we demonstrated the spatiotemporal
upregulation of XCL1 in several areas of the murine brain
(cortex, thalamus, and hippocampus), which began shortly
after traumatic brain injury model induction and persisted
until up to 5 weeks in the cortex (27). This finding indicates
that this chemokine may play a key role in neurodegenerative
processes. In 2016, we showed for the first time the important
role of XCLI in diabetic neuropathy (7). To date, it was known
that XCL1 is released by some immune cells (28) and it was
shown that there is an elevated level of XCL1 protein in primary
murine astroglial cells after LPS treatment (27). XCLI acts
through a G-protein coupled receptor, XCR1 (29). For a long
time, XCR1 was the only known receptor for XCLI. Recently,
Matsumoto et al. showed that XCL1 affects fibroblast migration
through the heterodimeric (o) transmembrane receptor
ITGA9 (30), which opened new research horizons in this field.
ITGA9 was proposed as a therapeutic target in autoimmune
diseases (31). It remains unknown how XCR1 and ITGA9 are
involved in nociceptive transmission; however, their role seems
to be extremely important in neuropathy, as our previous
research proved the strong pronociceptive properties of their
ligand, XCL1, in naive animals (7).
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We hypothesized that XCL1 may be significant in neuropathic
pain development, acting both through XCR1 and ITGA9. For
this purpose, we measured spinal mRNA/protein time-course
changes in XCLI, XCR1 and ITGA9 in mice after CCL
Moreover, we performed behavioral tests to evaluate the
influence of XCL1 neutralizing antibody (nAb) on mechanical
and thermal hypersensitivity and morphine analgesia in CCI-
exposed mice. Additionally, we determined the impact of
consecutive MC treatment (twice daily, 7 days) on
hypersensitivity and the levels of IBA1, GFAP, XCL1, XCRI1
and ITGAY after CCI. An additional aim of this study was to
determine whether and how XCR1 and ITGA9 blockade/
neutralization influence thermal and mechanical hypersensitivity
evoked by intrathecally administered XCL1. We also examined
the abovementioned receptor blockade/neutralization effects on
hypersensitivity development and opioid analgesia 7 days after
CCL To explain the source of XCLI and the localization of its
receptors in the spinal cord, we performed thorough
immunofluorescence studies to determine the cellular
localization of XCL1/XCRI/ITGA9 in the spinal cord 7 days
after CCI.

2 Materials and methods

2.1 Animals

For our experiments, we used male Albino Swiss adult mice
(Charles River, Gottingen, Germany; 9-11 weeks old, weighing
20-25 g). The housing conditions were as follows: 6-10 mice per
cage; free access to food and water; temperature of 22 +2°C;
relative humidity 55 + 10%; 12-h light/dark cycle. All performed
procedures were accomplished with the recommendations of the
International Association for the Study of Pain (IASP) and the
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals and were approved by the Ethical
Committee of the Maj Institute of Pharmacology of the Polish
Academy of Sciences (permission numbers: 75/2017, 305/2017,
235/2020, 236/2021, 297/2021, 89/2021, 98/2022). The number
of animals was reduced to the essential minimum according to
the 3R policy.

2.2 Chronic constriction injury

We performed chronic constriction injury (CCI) of the
sciatic nerve as a neuropathic pain model, in accordance with
Bennett and Xie (1988) (32), modified by Mika et al. (2007) (33).
The animals were anesthetized by inhalation of isoflurane
(induction, 3%; maintenance, 3%). In brief, there was an
incision made below the right hip bone, parallel to the sciatic
nerve. The exposed sciatic nerve was loosely tied around the
nerve with three ligatures (4/0 silk). The strength of the first knot
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was dictated by the occurrence of a short contraction in the
corresponding hind limb, and the subsequent contractions were
performed similarly. All mice developed neuropathic pain-
related behaviors (tactile and thermal hypersensitivity).

2.3 Pharmacological studies

2.3.1 Intrathecal and intraperitoneal
drug administrations

The intrathecal (i.t.) injection was performed according to
the method described by Hylden and Wilcox (34) and is a
standard procedure in our laboratory (18, 26). A Hamilton
syringe with a thin needle (0.3 x 13 mm) was used for
administration. The substances used in the experiments were
injected in a volume of 5 ul between the L5 and L6 vertebrae (the
lumbar region of the spinal cord) until symptoms of correct
administration (the tail reflex) were observed. The
intraperitoneal (i.p.) administered substances were injected
with a needle size of 0.45 x 12 mm in terms of body weight
and were supposed to be located in the peritoneal cavity.

2.3.2 Single intrathecal administration
of an XCL1 neutralizing antibody in
mice with chronic constriction
injury-induced neuropathy

A single i.t. administrations of XCL1 nAb (Mouse XCL1/
Lymphotactin Antibody; AF486, R&D Systems; Minneapolis,
United States) at doses of 1, 4, 8 and 16 ug/5 pl were performed 7
days after CCI, when mechanical and thermal hypersensitivity
had been fully developed. The effect of XCL1 nAb
administration on the development of tactile hypersensitivity
was measured using the von Frey test, while thermal
hypersensitivity was measured using the cold plate test after 1,
4, 24, 48 and 96 hours. XCL1 nAb was dissolved in PBS (Merck;
Darmstadt, Germany), and PBS was used as a vehicle (V).

2.3.3 Single intrathecal administration of an
XCL1 neutralizing antibody with morphine or
buprenorphine in mice with chronic
constriction injury-induced neuropathy

The i.t. administration of XCLI1 nAb (8 ug/5 ul) followed by
i.t. administration of morphine (M, TEVA; Krakow, Poland) or
buprenorphine (B, Polfa S. A; Warsaw, Poland) (2.5 pg/5 ul) was
performed 7 days after CCI, when we observed the highest level
of XCL1 in the spinal cord and fully developed mechanical and
thermal hypersensitivity. XCL1 nAb was administered once, at
the dose set up based on previously obtained results. The doses
of opioids used for the experiment were set up based on our
previous studies (23). First, groups of tested animals received i.t.
administration of vehicle (PBS) or XCL1 nAb. Next, 2 h after V
or XCL1 nAb administration, there was a second i.t. injection of
vehicle (W, water for injections), M or B. Von Frey and cold
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plate tests were performed 0.5 hours after the second
administration (of W, M or B) and 2.5 hours after the first
administration (of PBS or XCL1 nAb).

2.3.4 Chronic intraperitoneal administration of
minocycline in mice with chronic constriction
injury-induced neuropathy

Minocycline hydrochloride (MC; Merck) was dissolved in
water for injections (W); therefore, the control mice received W
according to the same schedule. The MC was first preemptively
administered 16 h and 1 h i.p. before CCI surgery and then twice
daily for 7 days at a dose of 30 mg/kg. The behavioral tests were
conducted 30 min after the last MC administration and 7 days
after CCL

2.3.5 Single intrathecal administration of YA4
or vMIP-Il preceded by pronociceptive i.t.
injection of XCL1 in naive mice

Recombinant mouse chemokine-C-motif ligand 1/
lymphotactin protein (XCL1; R&D Systems), recombinant
Viral MIP-II protein (vMIP-II, XCR1 antagonist; R&D
Systems) and anti-integrin 09 monoclonal antibody (YA4;
Fujifilm, Tokyo, Japan) were dissolved in PBS. First, groups of
tested animals received i.t. administration of vehicle (V; PBS) or
XCL1 (X) at a dose of 100 ng/5pl, which is known to be
pronociceptive (7). Next, 2 h after V or XCL1 administration,
there was a second i.t. administration of V, vMIP-II or YA4
(0.05, 0.5, 1 pg/5 pl). Von Frey and cold plate tests were
performed 1, 4, 24, 96 hours after the second administration
(V, vMIP-II or YA4), which represents 3, 6, 26 and 98 hours
after the first administration (V or XCL1).

2.3.6 Single intrathecal administration of YA4
and vMIP-I1l in mice with chronic constriction
injury-induced neuropathy

vMIP-II and YA4 were dissolved in PBS and administered to
mice 7 days after CCI, while the control group received PBS. A
single dose of vMIP-II (1 pg/5 ul) or YA4 (1 ug/5 pl), established
during the aforementioned experiment, was administered, and
behavioral tests were performed after 1, 4, 24, and 96 hours.

2.3.7 Single intrathecal administration
of YA4 or vMIP-1l with morphine or
buprenorphine in mice with chronic
constriction injury-induced neuropathy

The experiment aimed to establish the influence of vMIP-II
and YA4 on morphine and buprenorphine analgesia 7 days after
CCI. First, groups of tested animals received i.t. administration
of vehicle (V; PBS), vMIP-II or YA4 (1 pg/5 ul, respectively).
Next, 3 h after V, vMIP-II or YA4 administration, there was a
second i.t. administration of vehicle (W; water for injections), M
or B (2.5 ug/5 pl). Von Frey and cold plate tests were performed
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0.5 hours after the second administration (of W, M or B) and 3.5
hours after the first administration (of V, vMIP-II or YA4).

2.4 Behavioral tests

2.4.1 von frey test

Tactile hypersensitivity was measured using calibrated nylon
monofilaments (ranging from 0.6 to 6 g; Stoelting, Wood Dale,
USA) to observe reactions to mechanical stimuli as previously
described (33). The mice were placed in plastic cages with a wire
mesh floor before the experiment. After 5 min of adaptation, von
Frey filaments were used in order of increasing pressure [g], and
they were applied to the midplantar surface of the ipsilateral
(right) hind paw (or both hind paws in case of naive mice) until
it was lifted. Control mice were tested in the same way.

2.4.2 Cold plate test

Thermal hypersensitivity was measured using a cold plate/hot
plate analgesia meter (Ugo Basile; Gemonio, Italy). The
temperature of the plate surface was kept at 2°C, and the
maximal time (cutoff) possible for the mouse to be kept on
the plate surface was 30 seconds. The animals were placed on a
cold plate until the (right) hind paw (or both hind paws in case of
naive mice) was lifted as previously described (33). The latency
was recorded, and the animals were immediately removed from
the plate. In every animal exposed to CCI, the injured foot was the
first one to react. Control mice were tested in the same way.

2.5 Biochemical tests

2.5.1 Analysis of gene expression by RT-qPCR
The lumbar (L4-L6) region of the spinal cord was removed
from CCI- and naive mice (sacrificed at 1, 4, 7, 14, 35 days). After
decapitation, the tissue was dissected, placed into 1.5 ml plastic
Eppendorf tubes with RNAlater (Invitrogen; Waltham, USA),
frozen and stored at —80°C. For the synthesis of cDNA, 1000 ng
of total RNA was reverse transcribed in a total reaction volume of
20 pl with oligo(dT) primer (Fermentas; Warsaw, Poland) using an
Omniscript RT Kit (Qiagen; Hilden, Germany). The cDNA was
diluted 1:10 with H,O. For each reaction, 50 ng of cDNA was
synthesized from the total RNA template of each individual animal
and used for quantitative real-time PCR (RT-qPCR). RT-qPCR
was run on a Real-Time PCR iCycler (Bio-Rad; Hercules, USA)
using Assay-On-Demand TaqMan probes (Thermo Fisher
Scientific; Waltham, USA). The amplification efficiency for each
assay was determined by running a standard dilution curve. The
following TagMan primer was used: Mm00434772_m1 (XclI). The
expression of the hypoxanthine guanine phosphoribosyl transferase
1 (Hprtl, Mm00446968_m1) transcript was quantified to control
for variation in cDNA amounts. The cycle threshold values were
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automatically calculated using iCycler IQ 3.0 software with the

default parameters. The abundance of RNA was calculated as
2—(threshold cycle)

2.5.2 Western blot analysis

The lumbar (L4-L6) regions of the spinal cord were removed
from CCI- and naive mice (sacrificed at 1, 7, 35 days) and used for
the study. Selected time points represent different phases in injury
development - very early, developed and fully established, basing on
mRNA analysis. The tissues were placed into 2 ml plastic Eppendorf
tubes with RIPA buffer with a protease inhibitor cocktail (inhibitors
with broad specificity for various proteases; Merck) and
homogenized. Then, the samples were centrifuged (14.000 rpm)
for 30 min at 4°C (in the case of time course studies). In the case of
the tissue collected from animals chronically treated with
minocycline, the lumbar (L4-L6) regions of the spinal cord were
placed in tubes with RIPA buffer with protease inhibitor cocktail,
homogenized and fractionated in accordance with available
protocols, slightly modified by us (35-37). Firstly, the nuclear
fraction was separated by centrifugation (2750 rpm) for 5 min at
4°C. The obtained supernatant was then re-centrifuged (8900 rpm)
for 5 min at 4°C, after that the pellet contained mitochondria. The
supernatant was then centrifuged once again in an ultracentrifuge
(28.700 rpm) for 60 min at 4°C resulting in the separation of the
membrane (pellet) and cytosolic (supernatant) fractions, which
were used for further analyses. The study conducted on two
fractions of protein homogenates aimed to differentiate the
presence of receptors inside the membrane, which may be
changed by the possible internalization - a rapid decrease in the
number of cell-surface binding sites in activated cells. The
bicinchoninic acid (BCA) method was used to measure the total
protein concentration. The samples of protein (10 ug) were then
heated for 8 min at 98°C with the addition of loading buffer
(4 x Laemmli Buffer; Bio-Rad). Then, the samples were loaded in
4-15% Criterion TGX precast polyacrylamide gels (Bio-Rad) and
transferred to Immune-Blot PVDF membranes (Bio-Rad) with the
semidry transfer system (30 min, 25 V). Then, the membranes were
blocked (5% bovine serum albumin; Merck) in TBST (Tris-buffered
saline with 0.1% Tween 20) for 1 h, washed with TBST (4 x 5 min),
and incubated overnight with the following commercially available
primary antibodies: rabbit anti-XCR1 (1:5000, Lifespan Biosciences;
Seattle, USA), rabbit anti-ITGA9 (1:3000, Abcam; Cambridge,
Great Britain), mouse anti-B-actin (1:1000; Merck), rabbit anti-
IBALI (1:500, Novus Biologicals; Centennial, USA), and rabbit anti-
GFAP (1:10000, Novus Biologicals) at 4°C. Then, the membranes
were incubated in anti-rabbit or anti-mouse secondary antibodies
(Vector Laboratories; Burlingame, USA) conjugated with
horseradish peroxidase at dilutions of 1:5000 for 1 h at room
temperature. The primary and secondary antibodies were dissolved
in a SignalBoost Immunoreaction Enhancer Kit (Merck). Then, the
membranes were washed in TBST (again 4 x 5 min). The detection
of immune complexes was attained by the Clarity Western ECL
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Substrate (Bio-Rad) and visualized with the Fujifilm LAS-4000
Fluor Imager system. The immunoreactive bands obtained in
Western blot analysis were quantified using Fujifilm Multi
Gauge software.

2.5.3 Enzyme-linked immunosorbent
assay analysis

The lumbar (L4-L16) regions of the spinal cord were removed
from naive and CCl-exposed mice (sacrificed at 1, 7, 35 days) and
used for Enzyme-Linked Immunosorbent Assay (ELISA) as stated
in the manufacturer’s protocol. The tissue homogenates were fixed
in RIPA buffer with a protease inhibitor cocktail (Merck) and
incubated at -20°C. The level of XCL1 was measured in the tissue
homogenates using the Mouse XCL1/Lymphotactin ELISA Kit
(Sandwich ELISA, LS-F53223; LifeSpan Biosciences) with the
following detection ranges: 6.25-400 pg/ml. The manufacturer
provided the positive controls for each assay.

2.5.4 Immunofluorescence analysis by
confocal microscopy

Seven days after CCI, the mice were sacrificed, and their spinal
cords were removed and postfixed in 4% paraformaldehyde (PFA)
overnight at 4°C. After dehydration, the tissues were paraffin
embedded and sectioned (7 M) on a microtome (Leica, RM45).
Adjacent coronal sections from corresponding regions of the
lumbar (L4 to L6) spinal cords of naive and CCI mice were
incubated overnight at 4°C with the following primary antibodies:
rabbit anti-XCL1 (1:50, Novus Biologicals), rabbit anti-ITGA9
(1:50, Abcam), rabbit anti-XCR1 (1:50, Lifespan Biosciences),
mouse anti-NeuN (1:250, Merck), rat anti-IBA1 (1:1000, Abcam),
and chicken anti-GFAP (1:10000, Merck). Antigen-bound primary
antibodies were visualized with appropriate Alexa Fluor 488/594—
conjugated donkey secondary antibodies (1:100, Invitrogen).
Hoechst 33342 (Invitrogen) was used to stain cell nuclei. Stained
sections were examined and acquired under a high-class confocal
microscope (Leica TCS SP8 WLL) equipped with HyD, PMT and
TLD detectors. The ipsilateral part of the lumbar spinal cord was
visualized on representative images.

2.5.5 Statistical analysis

The behavioral studies (in vivo) are presented as the means +
SEMs. The biochemical studies (ex vivo) are presented as fold
changes relative to the controls (naive) + SEM. The RT-qPCR
results are presented as the normalized averages derived from the
threshold cycle. The results of i.t. administration of YA4/vMIP-II in
CClI-induced neuropathy (mean + SEM) were statistically evaluated
using a t test with Welsh correction. The other results
(mean + SEM) were evaluated using one-way ANOVA (F value)
followed by Bonferroni’s post hoc test for comparison of intergroup
differences (p value). Additionally, the results were evaluated using
two-way ANOVA (F value) to determine the time x drug
interaction. All of the statistical analyses mentioned above were
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performed with GraphPad Prism ver. 8.1.1 (330) (GraphPad
Software, Inc., San Diego, USA).

3 Results

3.1 Spatiotemporal changes in the mRNA
and/or protein levels of XCL1, its
receptors and pain-related behavior after
chronic constriction injury of the sciatic
nerve in mice

Chronic constriction injury led to the development of

mechanical [F = 70.90; p < 0.0001] (Figures 1A, B)

10.3389/fimmu.2022.1058204

hypersensitivity. These pain-related changes were observed
until the last time point tested, as shown using the von Frey
test. The mRNA level of XCL1 was significantly elevated 4 days
after CCI [F = 9.492; p < 0.0001], and this elevated level was
maintained until the 35th day after nerve injury [F = 9.492; p =
0.0033] (Figure 1C). In the protein study, the elevated level of
XCL1 protein was maintained from 1 day after CCI [F = 70.26;
p =0.0011] up to day 35 [F = 70.26; p < 0.0001] (Figure 1D). The
protein level of XCRI increased significantly 1 day after surgery
[F =9.88; p = 0.0031] and remained elevated until day 7 in the
spinal cord [F = 9.88; p = 0.0102] (Figure 1E). The protein level
of ITGA9 was significantly reduced compared to that in naive
animals on day 7 after damage to the sciatic nerve [F = 2.37;
p = 0.0153] (Figure 1F).
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FIGURE 1

Development of mechanical hypersensitivity after chronic constriction injury (CCI) of the sciatic nerve in mice (1, 4, 7, 14, 35 days) (A). Scheme
of tissue collection at the indicated time points for behavioral tests and mRNA/protein analyses (B). Time-dependent changes in the expression
of XCL1 mRNA by RT—-gPCR (C) and protein by ELISA (D); XCR1 protein by Western blot (E) and ITGA9 protein by Western blot (F) in the spinal
cord of naive and chronic constriction injury-exposed mice (1, 4, 7, 14 and/or 35 days). The data are presented as the mean fold changes
relative to the control + SEM (n =5-10). The results were evaluated using one—way ANOVA followed by Bonferroni's post hoc test for
comparisons of selected pairs. *p < 0.05; *¥p < 0.01; ***p < 0.001 indicate significant differences between the naive vs. CCl-exposed groups at

each of the investigated time points: 1, 4, 7, 14, 35 days. “-"— naive.
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3.2 Effects of a single intrathecal
XCL1 nAb administration on
pain-related behavior measured 7
days after chronic constriction injury
of the sciatic nerve in mice

The analgesic effect of XCL1 nAb administration (Figure 2A) in
CCl-exposed mice was observed for doses of 1, 4, 8, and 16 pg/5 ul
in the von Frey (Figure 2B) and/or cold plate (Figure 2C) tests. The
dose of 1 pg/5 pl was effective 4 hours after administration [cold
plate: F = 15.04; p = 0.0025]. The doses of 4, 8, 16 pg/5 pl showed
their analgesic properties 1 hour after administration (4 pg/5 pl
[von Frey: F = 20.93; p = 0.0117; cold plate: F = 26.51; p = 0.0003], 8
pg/5 ul [von Frey: F = 20.93; p < 0.0001; cold plate: F = 26.51 p <
0.0001], 16 pg/5 ul [von Frey: F = 20.93; p = 0.0015; cold plate: F =
26.51 p < 0.0001]), and their effects were elevated until 48 hours (4
pg/5 ul [von Frey: F = 40.02; p < 0.0001; cold plate: F = 14.47; p =
0.0019], 8 ug/5 ul [von Frey: F = 40.02 p < 0.0001; cold plate:
F =14.47; p < 0.0001], 16 ug/5 pl[von Frey: F = 40.02 p < 0.0001;
cold plate: F = 14.47; p < 0.0001]). Two-way ANOVA confirmed a
significant interaction between the treatment and the analyzed time
points [von Frey: F =14.39; cold plate: F = 6.56].

10.3389/fimmu.2022.1058204

3.3 Effects of a single intrathecal XCL1
nAb administration on morphine and
buprenorphine analgesia 7 days after
chronic constriction injury of the sciatic
nerve in mice

For the co-administration with opioids (Figure 3A) we have
chosen the dose of 8 ug/5 pl, basing on its the effectiveness as
shown in time-/dose- dependency study (Figure 2). Selected dose
of XCL1 nAb (8 ug/5 pl) and morphine (2.5 pg/5 ul) similarly
significantly reduced mechanical [F = 20.02; p = 0.0004]
(Figure 3B) and thermal [F = 66.85; p < 0.0001]
hypersensitivity (Figure 3C). Buprenorphine at a dose of 2.5
ug/5 pl also diminished both mechanical [F = 13.07; p < 0.0001]
(Figure 3D) and thermal [F = 31.43; p < 0.0001] (Figure 3E)
hypersensitivity in CCI-exposed mice.

The influence of XCL1 nAb on morphine analgesia was
significant and reduced both mechanical [F = 20.02; p = 0.0020]
(Figure 3B) and thermal [F = 66.85; p < 0.0001] (Figure 3C)
hypersensitivity compared to morphine administered alone.
Otherwise, there was no observable impact of the XCL1 nAb
on buprenorphine analgesia (Figures 3D, E).
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FIGURE 2

The effects of chemokine-C-motif ligand 1 (XCL1) neutralizing antibody (nAb) administered according to scheme (A), at a dose of 1, 4, 8, or 16
ug/5 pl, on mechanical (B) and thermal (C) hypersensitivity 7 days after chronic constriction injury (CCl) of the sciatic nerve in mice. The data are
presented as the mean + SEM (n =6-8). The results were evaluated using one—way ANOVA followed by Bonferroni's post hoc test for
comparisons of selected pairs. *p < 0.05; **p < 0.01; **¥p < 0.001 indicate significant differences between the V- vs. nAb—treated groups at each
of the investigated time points: 1, 4, 24, 48 and 96 h. "V"— vehicle (PBS).
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FIGURE 3

The influence of a chemokine-C-motif ligand 1 (XCL1) neutralizing antibody (nAb) (B—E) at a dose of 8 ug/5 ul on morphine (M) 2.5 ug/5 ul

(B, C) and buprenorphine (B) 2.5 ug/5 ul (D, E) effectiveness, administered according to scheme (A), 7 days after chronic constriction injury (CClI)
of the sciatic nerve in mice. The data are presented as the mean + SEM (n =6). The results were evaluated using one—way ANOVA followed by
Bonferroni's post hoc test for comparisons of selected pairs. *p < 0.05; **p < 0.01; ***p < 0.001 indicate significant differences between the V
+W- and M—/B-/nAb—treated groups; *#p < 0.01; *##P < 0.001 indicate significant differences between the M— and M+nAb—treated groups;
&&n < 0.01; ***P < 0.001 indicate significant differences between the nAb— and M+nAb-/B+nAb—treated groups. V'~ vehicle (PBS); "W" —

vehicle (water for injections).

3.4 Effects of chronic intraperitoneal
minocycline administration on
mechanical hypersensitivity and changes
in the protein levels of XCL1-, XCR-1-,
ITGA9-, IBAl-, and GFAP-positive cells 7
days after chronic constriction injury of
the sciatic nerve in mice

Chronic minocycline administration (Figure 4A)
significantly reduced mechanical hypersensitivity, which had
been fully developed in W-treated animals 7 days after CCI
[F =87.26; p < 0.0001] (Figure 4B). The study revealed that after
chronic MC treatment, there was a significant reduction in the
protein levels of XCL1 [F = 6.43; p = 0.0326] (Figure 4C) and
IBA1 [F = 31.09; p = 0.0082] (Figure 4D) compared to CCI-
exposed mice. There were no changes in the level of
GFAP (Figure 4E).
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The level of the XCRI protein in the cytoplasmic fraction was
diminished [F = 3.37; p = 0.0252] in the W-treated group, and
MC did not influence this effect (Figure 4F). The protein level of
XCRI1 in the membrane fraction was significantly elevated
(Figure 4G) in the W-treated group [F = 3.63; p = 0.0159]. It
was different in the group receiving MC, where the level of the
XCRI protein in the membrane fraction was not changed
compared to naive animals (Figure 4G). Regarding the ITGA9
protein, the expression levels were not changed between the W-
and MC-treated groups in the cytoplasmic fraction (Figure 4H).
The protein level of ITGA9 in the membrane fraction in the CCI-
exposed group was significantly diminished [F = 3.96; p = 0.0115]
(Figure 4I). This was not the case in the group receiving MC, in
which the level of the ITGA9 protein in the membrane fraction
was not changed compared to that in naive animals (Figure 4I).
Additionally, the minocycline treatment diminished the levels of
P38, ERK, JNK and AKT (Supplementary File — Figure 1).
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The influence of repeated (preemptive and then twice daily for 7 days) minocycline (MC) administration (A), at a dose of 30 mg/kg, on
mechanical hypersensitivity (B); XCL1 protein level in the cytoplasmic fraction by ELISA (C), IBAL (D), GFAP (E), XCR1 (F), and ITGA9 (H) protein
levels in the cytoplasmic fraction by Western blot; XCR1 (G) and ITGA9 (I) protein levels in the membrane fraction by Western blot, seven days
after chronic constriction injury (CCI) of the sciatic nerve in mice. The data are presented as the mean fold changes relative to the control +
SEM (n =5-14). The results were evaluated using one-way ANOVA followed by Bonferroni's post hoc test for comparisons of selected pairs;

0.001 indicate significant differences between the W—- vs. MC—treated groups. “-"— naive; "W" — vehicle (water for injections).
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3.5 Effects of a single intrathecal ITGA9
nAb (YA4) and XCR1 antagonist (vMIP-II)
administration preceded by XCL1
injection in naive mice on mechanical
and thermal hypersensitivity

ITGA9 neutralization by YA4 diminished mechanical
(Figure 5B) and thermal (Figure 5C) hypersensitivity developed
after pronociceptive XCL1 administration (XCL1 was injected 2
hours before YA4) in naive animals (Figure 5A). The effect was
observed for the XCL1+YA4-treated groups compared to the
XCL1+V-treated group in both behavioral tests since 1 hour (3
hours after XCL1 administration) for doses of 0.05 pg/5 pl [von
Frey: F = 9.94; p = 0.0018; cold plate: F = 5.90; p = 0.0298], 0.5 ug/5
pl [von Frey: F = 9.94; p = 0.0402; cold plate: F = 5.90; p = 0.0011],
and 1 pg/5 pl [von Frey F = 9.94; p = 0.0002]. It was still effective
until the 4th hour (6th hour after XCL1 administration) for doses of
0.05 pg/5 ul [von Frey: F = 11.95; p < 0.0001; cold plate: F = 6.85; p
<0.0001], 0.5 pg/5 pl [von Frey: F = 11.95 p < 0.0001; cold plate: F =
6.85; p =0.0041], and 1 pg/5 pl [von Frey: F = 11.95 p < 0.0001; cold
plate: F = 6.85; p = 0.0135]. Twenty-four hours after administration
of YA4 (26 hours after XCL1 administration), there was still an
observable antinociceptive effect in the cold plate test [dose of 0.05
ug/5 ul: F = 3.82; p = 0.0164] (Figures 5B, C).

The analgesic effect of XCR1 blockade by vMIP-II injection was
more dose-dependent and diminished mechanical (Figure 5D) and
thermal (Figure 5E) hypersensitivity - the pronociceptive effect of
XCL1 administration (XCL1 was administered 2 hours before
vMIP-II) in naive animals (Figure 5A). The effect was observed
for the XCL1+ vMIP-II-treated groups compared to the XCL1+V-
treated group in both behavioral tests after 1 hour (3 hours after
XCL1 administration) for doses of 0.05 ug/5 pl [cold plate: F =
12.10; p = 0.0046], 0.5 pg/5 pl [von Frey: F = 13.72; p = 0.0139; cold
plate: F = 12.10; p < 0.0001], and 1 pg/5 pl [von Frey: F = 13.72; p <
0.0001; cold plate: F=12.10; p < 0.0001]. It was still effective until the
4th hour (6th hour after XCL1 administration) for doses of 0.05 g/
5l [cold plate: F = 6.72; p = 0.0494], 0.5 pg/5 ul [von Frey: F = 5.59;
p =0.0293; cold plate: F = 6.72; p=0.0119],and 1 pg/5 pl [von Frey:
F=5.59;p=0.0051; cold plate: F = 6.72; p < 0.0001] (Figures 5D, E).

3.6 Effects of a single intrathecal ITGA9
nAb (YA4) and XCR1 antagonist (vMIP-Il)
administration on mechanical and
thermal hypersensitivity 7 days after
chronic constriction injury of the sciatic
nerve in mice

The neutralization of ITGA9 by YA4 (Figure 6A) at a dose of 1
ng/5 ul started to influence mechanical hypersensitivity and
simultaneously was the most effective 4 hours after administration
[t=5.58;p =0.0006] and lasted until 24 hours [t =3.22; p = 0.0097]
(Figure 6B). Similarly, in the case of thermal hypersensitivity,

Frontiers in Immunology

10

10.3389/fimmu.2022.1058204

neutralization started to be effective 1 hour after administration [t
= 2.72; p =0.0190], was the most powerful 4 hours after
administration [t = 6.17; p <0.0001], and similarly ceased but was
still effective at 24 hours [t = 2.35; p = 0.0366] (Figure 6C).

The blockade of XCR1 by vMIP-II injection (Figure 6A) at a
dose of 1 pg/5 pl also effectively diminished mechanical and
thermal hypersensitivity in the CCI model, but only 4 hours after
administration, as revealed both by the von Frey test [t = 3.06;
p =0.0207] (Figure 6D) and the cold plate test [t = 3.56;
p =0.0042] (Figure 6E).

3.7 Effects of a single intrathecal ITGA9
nAB (YA4) and XCR1 antagonist (vMIP-1)
administration on morphine and
buprenorphine analgesia 7 days after
chronic constriction injury of the sciatic
nerve in mice

The influence of YA4 on morphine analgesia (Figure 7A) was
significant and more effectively reduced both mechanical [F = 13.27;
p = 0.0239] (Figure 7B) and thermal [F = 15.54; p = 0.0025]
(Figure 7C) hypersensitivity compared to the administration of
substances alone. The influence of YA4 on buprenorphine
effectiveness (Figure 7A) was also observable. Strong reduction of
both mechanical [F = 50.06; p < 0.0001] (Figure 7D) and thermal [F
=23.16; p < 0.0001] (Figure 7E) hypersensitivity was demonstrated
compared to separately injected compounds.

After administration of vMIP-II with buprenorphine (Figure 7A),
attenuation of thermal [F = 24.00; p < 0.0001] (Figure 7I) and
mechanical [F = 42.60; p < 0.0001] (Figure 7H) hypersensitivity was
observed and was the strongest compared to single substance action.
Otherwise, there was no observable impact of vMIP-II on morphine
analgesia in either behavioral test (Figures 7F, G).

3.8 The cellular localization of XCL1,
XCR1 and ITGA9 in the spinal cord 7 days
after chronic constriction injury of the
sciatic nerve in mice revealed by
immunofluorescence staining

Results of the immunofluorescence analysis from CCI-exposed
mice are shown in Figures: 8A-Z, 9A-Z, 10A-Z and from naive
animals in the Supplementary File: Figures 2A-Z, 3A-Z, 4A-Z. For
robustness of the visualization, two independent corresponding
regions of the spinal cord of each section were compared, as shown
in Figures 8a-c, Figures 9a—c and Figures 10a—c.

Fluorescence immunohistochemical staining revealed clear
colocalization of XCL1 with GFAP-positive cells (Figures 8D,
H). No colocalization was observed between XCL1 and IBA1
(microglia marker) or NeuN (neuronal marker) (Figures 8L, P,
U, Z; respectively).
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The influence of ITGA9 neutralization by YA4 (B, C) or XCR1 blockade by vMIP-II (D, E), administered according to scheme (A), at a dose of 1
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In contrast, in the case of XCR1, there was clear colocalization
with NeuN-positive cells (Figures 9U, Z). However, it is worth
emphasizing that a strong XCR1-positive signal was observed in
other cells but not in cells expressing GFAP (astroglia), IBAI1
(microglia, macrophages), or NeuN (neurons) (Figure 9).

ITGA9 was also shown to colocalize with a neuronal marker
(NeuN) (Figures 10U, Z) but similarly to XCRI1, not with
astroglia (Figures 10D, H) and IBA1-positive cells in the spinal
cord (Figures 10L, P).

Because the activation of IBA1 and GFAP was expected to be
visible in CCl-treated animals, the experiments designed to show
colocalization were focused on these groups. Nevertheless, to
maintain good laboratory practice, we also collected the stainings
performed on naive animals (Supplementary File — Figures 2-4). As
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shown, after nerve injury, there was much stronger activation of
IBA1-positive (microglia/macrophages) and GFAP-positive cells in
the ipsilateral dorsal and ventral parts of the spinal cord (Figures 8a,
b, 9a, b, 10a, b) than in the respective supplementary data
(Supplementary File — Figures 2a, b, 3a, b, 4a, b).

4 Discussion

Our results demonstrated for the first time the upregulation in the level
of XCL1 mRNA/protein during neuropathy development (already one
day after CCI), which was maintained for up to 35 days, and as revealed by
confocal analysis of immunofluorescent staining, these chemokines are
produced mainly by spinal astroglial cells. Importantly, our study also
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unprecedentedly showed that blockade/neutralization of both XCL1
receptors, XCR1 by vMIP-II and ITGA9 by YA4, reverse XCL1
nociceptive properties. In addition, we proved that the XCLI
neutralizing antibody reduces mechanical and thermal hypersensitivity
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and improves morphine analgesia in CCl-exposed mice. Additionally, our
results indicated that the mechanisms of minocycline analgesic action in
neuropathy may also involve the decrease in the pronociceptive XCLL.
Moreover, behavioral studies provided the first evidence that vMIP-II and
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FIGURE 8

Immunofluorescence analysis of chemokine-C-motif ligand 1 (XCL1) localization in the lumbar (L4 to L6) spinal cord 7 days after chronic
constriction injury (CCI) of the sciatic nerve in mice. Dorsal (A-D, I-L, R=U) and ventral (E-H, M=P, W-2) parts of lumbar spinal cord (a,b,c)
were shown as an approximate fragments of selected images. Representative immunofluorescence images from colocalization analysis
performed on spinal cord, paraffin-embedded 7 uM microtome slices: XCL1 (green: A, E, I, M, R, W) with astroglia marker glial fibrillary acidic
protein; (GFAP, red: B, F); microglia marker ionized calcium-binding adaptor molecule 1; (IBAL, red: J, N); and with neuronal marker neuronal
nucleus; (NeuN, red: S, X), Nuclei are in blue (C, G, K, O, T, Y). High magnification, three-dimensional image rendering shows XCL1 localization
inside GFAP-positive cells (yellow: D, H). Scale bars: 50 um (a, b, c), 500 um (A-2)
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FIGURE 9

Immunofluorescence analysis of chemokine-C-motif receptor 1 (XCR1) localization in the lumbar (L4 to L6) spinal cord 7 days after chronic
constriction injury (CCI) of the sciatic nerve in mice. Dorsal (A-D, I-L, R=U) and ventral (E-H, M=P, W-2Z) parts of lumbar spinal cord (a,b,c)
were shown as an approximate fragments of selected images. Representative immunofluorescence images from colocalization analysis
performed on spinal cord, paraffin-embedded 7 uM microtome slices: XCR1 (green: A, E, I, M, R, W) with astroglia marker glial fibrillary acidic
protein; (GFAP, red: B,F); microglia marker ionized calcium-binding adaptor molecule 1; (IBAL, red: J, N); and with neuronal marker neuronal
nucleus; (NeuN, red: S, X), Nuclei are in blue (C, G, K, O, T, Y). High magnification, three-dimensional image rendering shows XCR1 localization
inside NeuN-positive cells (yellow: U, Z). Scale bars: 50 um (a, b, c), 500 um (A-Z)
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YA4 diminish thermal and mechanical hypersensitivity in CCl-exposed
mice and enhance buprenorphine and, in the case of YA4, also morphine
analgesia. Importantly, immunofluorescence staining indicated that XCR1
and ITGA9 are expressed on neurons. Remarkably, our results clearly
showed that blocking the XCL1-ITGA9 interaction appears to be more
potent in relieving neuropathic pain.

XCLI is known to play an essential role in the classical immune
response (28). It is produced by subsets of T and NK cells during the
course of inflammation, leading to chemotaxis of these cells by
binding to XCR1 (28). However, in the course of neuropathy, the
CD*" and CD®*" T helper cells are unchanged in the spinal cord, in
contrast to strongly activated glial cells (21). Recently, it was shown
that the mRNA and protein level of XCL1 is increased in primary
astroglia but not microglia in LPS-stimulated mouse cell cultures
(27). Moreover, importantly, XCL1 stimulation of primary
microglial and astroglial cells does not directly induce the
production of pronociceptive interleukins (IL-1f, IL-18, IL-6) and
chemokines (CCL3, CCL4, CCL9) (27). Therefore, we hypothesized
that in neuropathy, XCL1 acts through neuronally localized
receptors. Our immunofluorescence analysis proved that XCRI
and ITGA9 are located on spinal neurons, not micro- and astroglial
cells. In the present study, we demonstrated for the first time the
quick and strong upregulation of spinal XCL1, which lasts up to 5
weeks. Importantly, intrathecal injection of XCL1 in naive mice
evoked thermal and mechanical hypersensitivity after 1 h, which
lasted up to 24 h (7). Moreover, our studies provided the first
evidence that neutralization of XCL1 results in reductions in
thermal and mechanical hypersensitivity in CCI-exposed mice. In
turn, XCL1-evoked hypersensitivity in naive mice is abolished
by pretreatment with vMIP-II and YA4, suggesting that
both receptors are responsible for its pronociceptive properties.
Many studies have demonstrated that glial cells activated under
neuropathic pain conditions produce many pronociceptive
cytokines, including interleukins (23, 38, 39) and chemokines
(21-24, 40-44). We have followed that concept, and based on
our results, we propose that XCL1 is produced by astroglia and
activates neuronal XCR1 and ITGA9, which are both strongly
engaged in neuropathic pain development. It was already shown by
an in vitro study that minocycline, a glial inhibitor, treatment before
LPS stimulation prevented XCLI mRNA upregulation in primary
astroglial cells (7). Our present results confirmed that consecutive
minocycline treatment (twice daily, 7 days) attenuates CCI-evoked
neuropathic pain by inhibiting microglia/macrophages and
diminishing the levels of p38, ERK, JNK and AKT, which is
congruent with literature data (13, 45-48). It was also
demonstrated that minocycline diminished hypersensitivity of
spinal neurons after traumatic spinal cord injury (49).
Importantly, we observed for the first time that minocycline
treatment also lowered the protein level of XCLI in the CCI-
induced neuropathy model, which might be considered behind the
additional mechanism of its beneficial effects in neuropathy.

XCR1 is the well-known receptor for XCL1. It is expressed in T
cells, B cells and neutrophils (50), Schwann cells, oligodendrocytes
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(51) and neurons (7, 51). Previous immunofluorescence studies
have shown that in the nervous system, XCRI is expressed in
nonpeptidergic and non-IB4 binding terminals of A-delta and C-
fiber afferents and/or within excitatory interneurons (51). Our
immunofluorescence analysis of lumbar spinal cord sections
showed that XCR1 is expressed by neurons and other cells but
not microglia and astroglia. Importantly, the membrane, but not
cytoplasmic, fraction of spinal protein level XCRI increased after
CCI but not in the group of animals receiving minocycline, which is
probably related to its ability to prevent glial activation (52). Since
minocycline causes a decrease in the level of XCL1, that is produced
by activated astroglial cells, regulation of the membrane level of
XCRI may results from the ligand-receptor interactions favorably
altered by it. The pharmacological blockade of XCR1 by vMIP-II
was previously shown to inhibit the expression of pERK and
P38MAPK in tissue exposed to XCL1 (51), which is a similar
effect to that caused by minocycline treatment, as shown by our
study and others (13, 14). Moreover, it lowers spontaneously
hyperactive neuronal discharges, which are also characteristic of
central sensitization (51). The behavioral analysis performed in our
studies provided the first evidence that pharmacological blockade of
XCR1 by vMIP-II may evoke neuropathic pain relief. These
findings indicate that the XCL1/XCRI axis can participate in
many aspects of neuro-glial interactions and play a significant
role in nociceptive transmission.

Importantly, XCL1 can also act through ITGA9 (30), an
extracellular matrix component, which was shown to participate
in the pathophysiology of some intractable disorders by the
regulation of the cell physiological state and acts through a
diversity of signaling pathways. This adhesion molecule exerts a
crucial function to regulate multistep processes, including
migration, proliferation, and metastasis (31, 53-55). Integrins
consist of two subunits, o and B, so they are heterodimers. On
cell membranes, they can interact with extracellular ligands and
serve as receptors to mediate intracellular signals. As adhesion
proteins, integrins are engaged in a variety of cellular functions
(56). If the local responses are disturbed, integrin activation may
occur, leading to tissue damage and inflammation (57). ITGA9,
which is formed of 09 and 1 subunits, is one of the less known.
Its role in nociceptive transmission needs to be studied, which is
why we focused on this topic in our work. The results of our
research revealed for the first time that after CCI, the protein level
of ITGA9 remains at a similar level in the cytoplasmic fraction
and is lowered in the membrane fraction, which may be caused by
the internalization of the receptor after its activation by XCL1 in
the course of neuropathy. Our immunofluorescence staining
indicated the presence of ITGA9 in spinal neurons but not in
microglial and astroglial cells. The importance of this receptor in
nociceptive transmission was proven for the first time by our
pharmacological research. The spinal blockade of ITGA9 by YA4
significantly diminished both thermal and mechanical
hypersensitivity evoked by CCI. The results are promising
because it was already shown that blocking ITGA9 has
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FIGURE 10

Immunofluorescence analysis of integrin alpha-9 (ITGA9) localization in the lumbar (L4 to L6) spinal cord 7 days after chronic constriction injury
(CCI) of the sciatic nerve in mice. Dorsal (A-D, I-L, R—U) and ventral (E-H, M—P, W-2Z) parts of lumbar spinal cord (a,b,c) were shown as an
approximate fragments of selected images. Representative immunofluorescence images from colocalization analysis performed on spinal cord,
paraffin-embedded 7 uM microtome slices: ITGA9 (green: A, E, I, M, R, W) with astroglia marker glial fibrillary acidic protein; (GFAP, red: B, F);
microglia marker ionized calcium-binding adaptor molecule 1; (IBAL, red: J, N); and with neuronal marker neuronal nucleus; (NeuN, red: S, X),
Nuclei are in blue (C, G, K, O, T, Y). High magnification, three-dimensional image rendering shows ITGA9 localization inside NeuN-positive cells
(yellow: U, Z). Scale bars: 50 um (a, b, c), 500 um (A-2)
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beneficial effects in mouse models of experimental autoimmune
encephalomyelitis (31) and arthritis (58). According to some
literature data from in vitro studies, XCL1 signaling via ITGA9
may be neuroprotective by increasing the number of
neurospheres, promoting neuronal differentiation and positively
affecting neurogenesis (59); it also potentiates the regeneration of
axons (60). On the other hand, some researchers have suggested
that its blockade can reverse the outcomes of autoimmune
diseases (31). Therefore, in our opinion, ITGAY is an interesting
target for pharmacotherapy, and it is definitely tempting to look
for new pharmacological tools for its modulation.

Opioids are used in chronic pain treatment, but in
neuropathy, they exhibit lower effectiveness (16, 61). Many
studies have proven that pharmacological inhibition of glial
activation in neuropathy provides beneficial effects on opioid
analgesic efficacy (4, 62). Initially, the reason for this
phenomenon was the reduced release of cytokines (including
chemokines) by these cells (16, 61). Recent data in the literature
confirmed this theory, showing that intrathecal administration of
CCL2- and CCL7 neutralizing antibodies enhanced the analgesic
effects of morphine and buprenorphine in CCI-exposed mice (19).
Moreover, in cancer-induced bone pain, inhibition of CXCL10,
CXCL11 and CXCL13 enhanced morphine analgesic properties in
rats (63-65). Moreover, in diabetic neuropathic pain, intrathecal
administration of CCL1-, CCL3- and CCL9 neutralizing
antibodies enhanced morphine effectiveness (18, 20). Our results
provide the first evidence that an XCL1 neutralizing antibody
improves morphine (a strong agonist of MOR, with lower affinity
to DOR, KOR), but not buprenorphine (an agonist of MOR/NOR;
antagonist of KOR/DOR), analgesia in CCI-exposed mice. Apart
from the fact that these opioids acting through different receptors,
which might be the explanation for why neutralization of XCL1
differently affects their analgesic properties, it is important to keep
in mind that they also showed different pharmacokinetics and
pharmacodynamics. Additionally it is known that chemokine
receptors may create heterodimers with the opioid receptors
MOR and DOR, which are involved in morphine analgesia (66—
68), however, no such data are available for NOR. Some
chemokines (e.g., CCL2, CCL5, CXCL12, CX3CL1) have already
been known to interfere with the analgesic effects induced by
morphine, DAMGO (selective ligand of MOR) and/or DPDPE
(selective ligand of DOR) due to heterologous desensitization (67,
68). To date, there are no reports that have documented
heterologous desensitization of NOR and chemokine receptors,
but this mechanism could be one of the reasons why
buprenorphine analgesia is improved by the blockade of XCRI.
However, this topic requires further in-depth investigation. We
previously proved that the blockade of other typical chemokine
receptors, such as CCR1 by J113863 (21), CCR2 by RS504393 (22)
and CCR5 by maraviroc (69), enhanced the analgesic properties of
morphine and buprenorphine under neuropathy. What may be
surprising is that a blockade of ITGA9 acts similarly, which
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enhances the analgesic effects of morphine and - to a greater
extent — the latter buprenorphine. However, this is not a typical
chemokine receptor. It was already shown that some integrins
play an important role in the modulation of opioid signaling in
trigeminal ganglion neurons. The B1 integrin subunit (present in
ITGA9) was shown to have a high degree of colocalization with
MOR in these neurons (70). These are particularly significant
results since they indicate for the first time that ITGA9 may be an
important potential target for the pharmacotherapy of
neuropathy. Therefore, our results are particularly important
because ITGA9 is not a typical chemokine receptor, which
indicates the complexity of neuroimmunological processes
occurring in neuropathy. We assume that one of the
mechanisms underlying the beneficial properties of chemokine
receptor blockers/antagonists is to prevent the anti-opioid effects
of chemokines. The inhibition of neuroimmune imbalance may
contribute to a potential therapeutic mechanism based on
increasing the efficacy of opioids in neuropathic pain treatment.

5 Conclusion

Based on the current results, we can confirm that XCL1/
XCR1 and XCL1/ITGAY signaling play important roles in CCI-
induced neuropathy; however, ITGA9 seems to be a more potent
neuronal target and may serve as an innovative strategy for the
polypharmacotherapy of neuropathic pain in combination with
opioids. Moreover, our data suggest that minocycline, a widely
used antibiotic that affects many intracellular pathways, can
reveal high analgesic potential in neuropathy by influencing
more immune factors than was previously thought, including
XCL1. In view of the obtained data and current literature, we
suggest that modulation of XCL1 signaling may serve as a
promising target for combined therapy with opioids and
indicates minocycline repurposing potential in the treatment
of neuropathic pain. Moreover, both XCL1 receptors (XCRI and
ITGA9), seem to be important novel targets with beneficial
properties for pharmacological intervention after nerve injury.
Both used pharmacological tools (MIP-II protein, YA4) are
available for experimental studies, but as far as we know, they
are not drugs used in the clinics. That is why we need more
studies, taking into consideration neuropathic pain of different
etiologies, especially in the light of the knowledge that both,
chemokines neutralization and neutralization/blockade of their
receptors are successfully used as a treatment of varied diseases.
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6. DYSKUSIA

Wyniki badan bedacych podstawa tej pracy doktorskiej wskazuja, ze poznanie
i porownanie zmian obserwowanych zaréwno po uszkodzeniu moézgu jak i nerwow
obwodowych jest wazne, poniewaz czg¢sto charakteryzuje je wspdlne podtoze
immunologiczne. Poznanie tego podtoza moze przyczyni¢ si¢ do znalezienia lekow

skutecznych w terapii skojarzonegj urazoéw osrodkowego i obwodowego uktadu nerwowego.

6.1. Aktywacja wybranych populacji komérkowych po uszkodzeniu oSrodkowego
i obwodowego ukladu nerwowego

Wyniki naszych eksperymentéw przeprowadzonych na tkance pochodzacej z kory
mozgowej wskazuja, ze to neutrofile jako pierwsze ulegaja aktywacji lub naptywowi
po urazie moézgu . Poziom mRNA ich markera (Cd177) wzrasta osiggajac najwyzsza

222

warto§¢ w dniu 4 w korze modzgowej , czyli w miejscu urazu, co jest spojne

z danymi wskazujacymi, ze rekrutacja neutrofili nastepuje w ciagu pierwszych dni %
Co wazne w naszych badaniach wykazaliSmy po raz pierwszy, ze podniesienie poziomu
Cd177 nastepuje, cho¢ w mniejszym stopniu, roéwniez w prazkowiu i hipokampie 22 Dane
literaturowe wskazuja, ze aktywowane we wczesnych stadiach uszkodzenia neutrofile wigza
si¢ ze $rodblonkiem naczyn krwiono$nych i trombocytami, co w konsekwencji utrudnia

przeplyw krwi 2 7 jednej strony komorki te sa Zrodlem szeregu mediatoréw prozapalnych,

takich jak cytokiny, resktywne formy tlenu i metaloproteinazy macierzy %%’

, Z drugigj
strony istnieja badania pokazujace, ze wpltywaja réwniez na regeneracj¢ nerwoOw poprzez
uwalnianie TNF B, NGF, a takze przeciwzapalnych IL-4 i 1L-10 ?**. Przede wszystkim
sg one uwazane jednak za komorki krotkotrwale zaangazowane W oOpisane procesy,
w przeciwienstwie do komorek Cd8 + (limfocytow T supresorowych/cytotoksycznych) 2222,
Nasze dane rowniez sugerujg role tej populacji komérek w korze moézgowej, zarowno we

222 o wazne zachodzenie zmian nie

wczesngj, atym bardziej w pozneg fazie po uszkodzeniu
ogranicza si¢ do tej struktury i sg one obecne rowniez w prazkowiu, wzgorzu i hipokampie.
Jak pokazuja dostepne zrédta literaturowe, w mysim modelu urazowego uszkodzenia mozgu
mozna zaobserwowaé wzrost liczby tych limfocytow w korze mozgowej az do 8 tygodnia ?*.
Ponadto wykazano, ze po zablokowaniu tych komoérek przy uzyciu przeciwciat
monoklonalnych dochodzi do poprawy og6lnej kondycji myszy w modelu udaru mézgu 232
Opierajac si¢ na istniejacych badaniach 2L mozna stwierdzié, ze po uszkodzeniu moézgu
zaktywowane komoérki Cd8+ przyczyniajg sie do wtornej degeneracji neuronéw nie tylko

w korze moézgowej, ale takze w innych obszarach moézgu. Wazna role w osrodkowym
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uktadzie nerwowym niewatpliwie petnig rowniez oligodendrocyty, ktore formuja ostonke
mielinowa. Dane literaturowe wskazuja, ze nadekspresja Olig2 w komorkach
progenitorowych oligodendrocytéw jest mechanizmem ochronnym i korzystnie wptywa na
naprawe¢ mieliny 233 Badania innych autoréw wykazaty, ze immunoreaktywnosc
oligodendrocytow przy uzyciu mysiego przeciwciata CC1, ktore znakuje dojrzate
oligodendrocyty, zmniejsza si¢ po urazowym uszkodzeniu moézgu w modelu szczurzym.
Co wazne, wystepuje kolokalizacja z kaspaza 3, co wskazuje ze komorki te ulegaja

apoptozie %%

. Nasze dane pokazuja, ze poziom mRNA Olig2+, bgdacego markerem
niedojrzatych oligodendrocytow, jest tylko krotko i nieznacznie podniesiony po urazie,
zarbwno w korze moézgowej jak 1 prazkowiu, czy hipokampie. Bioragc pod uwage dane
wilasne %2 i literaturowe ®® sugerujemy, ze odbudowa populacji oligodendrocytéw po
urazowym uszkodzeniu mozgu jest niewystarczajaca, co prawdopodobnie prowadzi do
stopniowe]j degeneracji mieliny. Jednak temat ten wymaga doglebnych badan w przysziosci.
W dalszych eksperymentach skoncentrowalismy si¢ na astrogleju, czyli na najliczniejsze
populacji komorek glejowych ktoérych, co jest juz dobrze udokumentowane, silna aktywacja
nastepuje w korze mozgowej po urazowym uszkodzeniu moézgu %, Jest to zgodne
z uzyskanymi w naszych eksperymentach wynikami pokazujacymi zwigkszona ekspresje
GFAP w korze moézgowej, natomiast po raz pierwszy wykazalismy u myszy zmiany
w prazkowiu, wzgdrzu 1 hipokampie rozpoczynajace si¢ wkrotce po urazie 1 trwajace az do 5

222

tygodni ““, Juz wcze$niej pokazano, ze podniesiony poziom GFAP w surowicy wydaje si¢

by¢ dobrym markerem prognostycznym u pacjentow po urazowym uszkodzeniu moézgu 238
Z pisSmiennictwa wynika, ze astroglel moze petni¢ pewne funkcje ochronne w uszkodzonym
mozgu, np. poprzez uwalnianie czynnikéw neurotroficznych 24239 W warunkach
fizjologicznych maja one kluczowe znaczenie dla prawidtowego funkcjonowania bariery

240

krew-mozg <, jednak w wyniku urazéw ich nadmierna aktywacja skutkuje powstawaniem

21,241 .
. W Swietle

blizn glejowych, ktore stanowia barier¢ dla regeneracji i wydtuzania aksondéw
uzyskanych przez nas wynikoéw, wskazujacych na zmiany GFAP az w czterech strukturach
mozgu po jego urazowym uszkodzeniu, prowadzenie dalszych badan uwazamy za
niezmiernie istotne. Rownie wazne populacje komoérek to mikrogle i makrofagi, a coraz
liczniejsze dane literaturowe wskazuja, ze odgrywaja one takze rolg w utrzymaniu
homeostazy modzgu 242283 - przeprowadzone przez nas analizy pokazuja wzrost poziomu
mRNA 1 biatka IBA-1, ktory odzwierciedla dlugoterminowg aktywacje mikrogleju

/makrofagow w korze moézgowej, prazkowiu, hipokampie i wzgorzu *2. W badaniach

opublikowanych w roku 2020 wykazano, ze monitorowanie poziomu IBA-1 w surowicy
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dostarcza istotnych klinicznie informacji na temat patofizjologii lezacej u podstaw urazowego
uszkodzenia mézgu 244 Rowniez inni autorzy wskazuja, ze mikroglej i makrofagi ulegaja
aktywacji i/lub naciekaja do uszkodzonych obszaréw, zarowno we wczesnej, jak 1 poznej
fazie po urazie mézgu 25, Procesy te prowadza m.in. do stanu zapalnego, ktory moze mie¢ co
prawda pewne funkcje ochronne, ale przede wszystkim powoduje wtérne uszkodzenie
mézgu i przyczynia sic do poglebienia zmian neurodegeneracyjnych 2%, Aktywacje
mikrogleju w urazowym uszkodzeniu moézgu potwierdzilismy z wykorzystaniem markera
TMEM 119 ?*2* 4 nasze dane po raz pierwszy pokazaly, ze jego poziom jest podniesiony
w korze mozgowej az do 2 tygodni %%, To sugeruje silna aktywacje tej populacji komoérek, co
Z pewnoscig przyczynia si¢ do zaburzenia homeostazy.

Podobne, jednak nie identyczne mechanizmy obserwowane sg po uszkodzeniu nerwow
obwodowych. Dane literaturowe sugerujg, ze uszkodzenie nerwu kulszowego powoduje
rekrutacje/aktywacje zarowno mikrogleju/makrofagdéw i komorek astrogleju, a takze neutrofili
na poziomie rdzenia kregowego 7124180250253 \W naszych eksperymentach, nie bedacych
podstawg tg rozprawy doktorskigj, dowiedlismy aktywacji neutrofili na poziomie rdzenia

121 Waznym osiggni¢ciem

kregowego w 7 dniu po podwigzaniu nerwu kulszowego
wspomnianych badan jest takze pokazanie, ze wyciszanie tych komorek poprzez
zastosowanie podan hydrazydu 4-aminobenzoesowego zmniejsza nadwrazliwo$¢ u myszy, co
potwierdza istotna role neutrofili w bolu neuropatycznym *?*. Natomiast w przytoczonym
eksperymencie nie zaobserwowali$my zmian poziomu markera limfocytow T Cd8+ 121,169
chociaz komorki te wydajg si¢ by¢ silnie zaangazowane w procesy wtornego uszkodzenia

231232 W nastepnej kolejnosci, ze wzgledu na obserwowane zmiany poziomu mRNA

mozgu
Olig2 po uszkodzeniu moézgu 222, przeprowadziliSmy podobne analizy na poziomie rdzenia
krggowego po uszkodzeniu nerwu kulszowego, jednakze nie wykazalismy istotnych
réznic %2, Natomiast w $wietle istniejgcej literatury 254255 uwazamy, ze nie nalezy
bagatelizowac roli tych komoérek, poniewaz m.in. sa na nich zlokalizowane receptory XCR1,
ktore sa silnie zaangazowane W procesy nocyceptywne 192 dlatego tez warto byloby
kontynuowac¢ badania réwniez w modelach neuropatii o odmienngj etiologii.

W ramach tg pracy doktorskig podjeliSmy si¢ rowniez zbadania zmian markera
aktywacji komorek mikrogleju/makrofagéw (IBA-1) az do 35 dnia po podwigzaniu nerwu
kulszowego u myszy. WykazaliSmy jego wzrost na poziomie biatka utrzymujacy sie do

223 Jest to spojne z wynikami pochodzacymi z tego samego

7 dnia w rdzeniu krggowym
modelu eksperymentalnego u szczurdéw ktore dowodza, ze po stronie uszkodzenia nastgpuje

gwattowna, silna aktywacja komoérek IBA-1+ w dniu 7 na poziomie rdzenia krggowego
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h **. Dane literaturowe potwierdzaja, ze aktywacja, proliferacja

1 zwojow korzeni grzbietowyc
I napltyw mikrogleju/makrofagéw $cisle korelujg z rozwojem objawow bolu neuropatycznego,
co sugeruje, ze komorki te odpowiadaja za jego inicjacje >°. Z kolei w przypadku astrogleju,

23 co jest zgodne

dowiedlismy wzrostu poziomu biatka GFAP od 7 az do 35 dnia
z badaniami wskazujacymi, ta populacja przyczynia si¢ do utrzymywania nadwrazliwosci
w neuropatii 1221992628 o rowniez istotne, komorki te sa zrodtem silnie pronocyceptywnej
XCL1, ktorej dtugotrwaty wzrost na poziomie biatka obserwowali$§my po podwigzaniu nerwu
kulszowego **’. Jest to doktadniej przedyskutowane w kolejnym rozdziale.

Podsumowujac, w zaleznosci od czasu i rodzaju uszkodzenia uktadu nerwowego, wiele

typow komoérek odgrywa istotng role w rozwoju wtoérnych zmian, zar6wno rezydentne

259, a takze te,

osrodkowego uktadu nerwowego, jak np. astroglej, mikroglej, oligodendrocyty
ktore naptywaja do miejsca uszkodzenia jak np. neutrofile, limfocyty T Cd8+ i makrofagi.
Jednak niektore populacje komorkowe, jak limfocyty T Cd8+ i oligodendrocyty, po
uszkodzeniu osrodkowego i obwodowego ukladu nerwowego cechuje odmienny wzorzec
aktywacji. Z badan podstawowych wynika ze, nowym podej$ciem terapeutycznym
niewatpliwie powinno sta¢ si¢ blokowanie nadmiernej aktywacji komérek immunologicznych

1 glejowych, a takze farmakologiczne promowanie ich fenotypu majacego wilasciwosci

neuroprotekcyjne.

6.2. Uklad dopelniacza po uszkodzeniu o$rodkowego i obwodowego ukladu
nerwowego

Uklad dopetniacza sktada si¢ z biatek, ktére moduluja homeostazg tkanek wchodzac
w interakcje z elementami wrodzongl i nabytg odpowiedzi immunologiczng. Jednak
nadmierna aktywacja sktadnikow dopelniacza lezy u podtoza wielu chordb
neurodegeneracyjnych ?®. Wiedza na temat kaskady zdarzen nastepujacych po stluczeniu
moézgu jest niekompletna, dlatego badania prowadzili$my zarowno w korze mozgowej, jak
I w glebszych strukturach.

Poczatkowo uwazano, ze czasteczki bedace sktadnikami kaskady ukladu dopetniacza
dostaja si¢ do mozgu poprzez uszkodzong bariere krew-moézg. Pojawita si¢ jednak hipoteza,
ze sam mozg moze syntetyzowac¢ skladniki dopelniacza w odpowiedzi na uszkodzenie.
W  eksperymentach przeprowadzonych w ramach ninigszg pracy doktorskig
udokumentowali$my zroéznicowane, w zaleznosci od czasu i badanej struktury moézgu, zmiany
mRNA inicjatorow klasycznej (C1q, C1s, C1r) i lektynowe (MBL, kolektyna-11, fikolina A,
fikolina B) drogi aktywacji uktadu dopetniacza u myszy w modelu urazowego uszkodzenia

moézgu. Nasze wyniki po raz pierwszy dowiodly, ze zmiany poziomu inicjatorow ukladu
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dopetniacza zachodzg nie tylko bezposrednio w migscu urazu, czyli w korze mozgowej, ale

takze w innych obszarach moézgu, takich jak prazkowie, hipokamp i wzgérze *2. Wyniki

235,261,262

pochodzace z kory mozgowej sg zgodne z dotychczasowa literaturg , hatomiast po raz

pierwszy wykazaliSmy zmiany rowniez w glebszych strukturach mozgu, co wydaje si¢
niezwykle istotne.

263,264’ co

Z dostgpnych danych wynika, ze C1q moze by¢ wytwarzane przez mikroglej
potwierdzily nasze badania in vitro. Ponadto dostarczyly one pierwszych dowodow na to, ze
komorki te mogg by¢ réwniez zréodlem Cls 1 Clr 22 W zwiagzku z tym sugerujemy, ze
mikroglg posiada zdolnos¢ do produkeji catego kompleksu C1, ktory uruchamia po aktywagji
spowodowane zaktoceniem homeostazy. Wzrost C1q odnotowano u ludzi podczas schorzen
neurodegeneracyjnych, takich jak choroba Alzheimera, otgpienie czotowo-skroniowe,

98,265-267

infekcja wirusem Zachodniego Nilu i schizofrenia W naszych badaniach

dowiedliSmy, ze po uszkodzeniu mdzgu nastgpuje znaczny wzrost poziomu mRNA C1q, od
dnia 4 do 2 tygodni w korze moézgowej, wzgdrzu, prazkowiu, a takze w hipokampie do

7 dni #2. Co wazne, badania innych autoréw w warunkach in vitro wykazaty, ze C1q hamuje

wywotang przez LPS produkcje TNFa, IL-1p 1 IL-6, co sugeruje jego przeciwzapalng role 268,

Co wiecej Clq, pod nieobecnos¢ Clr i Cls, w warunkach in vitro korzystnie wptywa na

oo L 269,27
przezycie neuronow 1 wzrost neurytow 69,270

271

oraz chroni neurony przed apoptoza wywotang
przez fibrylarny amyloid B <'*. Jak udato nam si¢ dowies¢ w modelu urazowego uszkodzenia
mozgu, wraz z C1q, wzrastajg poziomy mRNA C1r i C1s, nie tylko w korze mozgowej, ale

takze w innych obszarach mozgu (prazkowie, hipokamp i wzgorze) %%

. Moze by¢ to jedna
z gltdéwnych przyczyn rozwoju rozleglego wtérnego urazu. Opisane wyniki i dost¢pna
literatura moga swiadczy¢ o tym, ze C1q wykazuje efekty neuroprotekcyjne jedynie dziatajac
niezaleznie, natomiast zaangazowanie catego kompleksu C1 przyczynia si¢ do rozwoju
neurodegeneracji.

Podczas gdy inicjatory klasyczng drogi aktywacji uktadu dopetniacza (Clq, Cls i Clr)
moga by¢ syntetyzowane w modzgu, MBL czyli biatko aktywujace uktad dopetniacza na
drodze lektynowej, jest wytwarzane gldwnie w watrobie. Co wazne dowiedziono, ze myszy
pozbawione genow MBL-A i -C lub otrzymujgce przeciwciala neutralizujgce skierowane
przeciwko tym czynnikom, wykazuja poprawe funkcji motorycznych i zmniejszong utrate

. . . 212
komorek neuronalnych po urazie mozgu .

Nasze wyniki dostarczaja dowodow
sugerujacych, ze na poziomie badanych przez nas obszarow moézgu nie dochodzi do
biosyntezy MBL, nawet po jego uszkodzeniu. Ponadto nasze eksperymenty in vitro

potwierdzajg brak biosyntezy MBL w pierwotnych komoérkach mikrogleju 22 Jest to zgodne
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z danymi literaturowymi wskazujacymi, ze MBL dostaje si¢ do mézgu z krwi, poprzez

. . 273275
uszkodzong barier¢ krew-mozg . Co

wazne wykazaliSmy, ze W przeciwienstwie do
MBL, kolektyna1l jest syntetyzowana w wybranych strukturach moézgu, jednakze po
uszkodzeniu poziom jef mMRNA ulega niewielkim zmianom 2. Wyniki innych autorow,
dowodzace ze myszy pozbawione kolektyny-11 nie wykazuja poprawy funkcji

lokomotorycznych 1%

, zdgja si¢ potwierdzac, ze ten inicjator szlaku lektynowego nie jest
kluczowy dla rozwoju wtérnych zmian. Rowniez fikoliny aktywuja droge lektynowa
dopehiacza, dlatego staly si¢ przedmiotem naszych badan. U myszy obecne sg tylko dwie
fikoliny. Fikolina A jest odpowiednikiem ludzkigj fikoliny 2, a B fikoliny 1%°%"". Nasze
wyniki dowodza, ze po uszkodzeniu mézgu poziom mRNA fikoliny A wzrasta we wczesneg
fazie, natomiast zmiany fikoliny B s3 bardzo niewiclkie, prawdopodobnie nieistotne
biologicznie %%, co pasuje do weze$niejszych wynikéw opisanych dla fikoliny 1 u ludzi %™,
Co wazne, W eksperymentach in vitro wykazaliémy, ze w komorkach mikrogleju moze

zachodzi¢ biosynteza fikoliny A (ale nie B) %2 219,

, CO jest zgodne z danymi literaturowymi
Ponadto, dotychczasowe badania dowodza, Zze po uszkodzeniu mdzgu myszy pozbawione
fikoliny A wykazuja poprawe deficytow czuciowo-ruchowych w testach behawioralnych
W poréwnaniu z myszami typu dzikiego 103 co wskazuje naniekorzystne zaangazowanie tego
czynnika w zachodzgce procesy wtorne.

Rola dopetniacza w bolu neuropatycznym nie byta badana w ramach te pracy
doktorskiej, natomiast dane literaturowe sugeruja, ze stan zapalny zainicjowany przez
kaskade dopelniacza moze zaburza¢ transmisj¢ nocyceptywng 7684,280 Przy pomocy analizy
mikromacierzy DNA wykazano juz, ze poziom wszystkich trzech inicjatorow klasyczniej
drogi aktywacji uktadu dopelniacza wzrasta po podwigzania nerwow rdzeniowych

W szczurzym modelu 2%

. Ponadto, w badaniach prowadzonych w modelu podwigzania nerwu
kulszowego wykazano u myszy i szczurow, ze podanie minocykliny hamuje aktywacje
mikrogleju, co pocigga za sobg obnizenie poziomu Clq oraz ulge w bolu **?®, Wcigz
pozostaje do zbadania, czy na poziomie rdzenia kr¢gowego inicjatory drogi lektynowej biora
udziat w procesach nocyceptywnych, co mamy nadziej¢ zweryfikowaé w przysztosci.

Podsumowujac, nadmierna aktywacja inicjatorow uktadu dopeiniacza moze by¢ jedna

z przyczyn rozwoju wtdrnych zmian po urazowym uszkodzeniu mozgu. Obecnie wzrasta
zainteresowanie  blokowaniem czynnikow  ukladu dopelniacza jako podejsciem
terapeutycznym majacym na celu zapobieganie uszkodzeniom tkanek w trudnych do leczenia
schorzeniach. W naszych badaniach skupili§my si¢ przede wszystkim na okresleniu zmian

poziomu mRNA inicjatoréw Sciezek klasycznej i lektynowej od 1 do 35 dnia. Biorac pod
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uwage doniesienia literaturowe, a takze uzyskane przez nas wyniki uwazamy, ze w kaskade
prowadzaca do wtérnych uszkodzen po bezposrednim mechanicznym uszkodzeniu moézgu
najbardziej zaangazowana wydaje si¢ klasyczna droga aktywacji dopetniacza. Jednak droga
lektynowa rowniez bierze udzial w powstawaniu deficytow po urazie, a szczeg6lnie istotnym
jg inicjatorem wydaje si¢ by¢ fikolina A. Nie wiadomo natomiast, czy w przypadku
neuropatii, réwniez to inicjatory klasycznej drogi dopelniacza sa kluczowe. W zwigzku
Z czym nalezy zbada¢ t¢ kwesti¢, poniewaz wyniki moga w przysztosci usprawnié

postepowania farmakologiczne.

6.3. Rodzina MIP-1 po uszkodzeniu osrodkowego i obwodowego ukladu
nerwowego

W naszych badaniach w modelu urazowego uszkodzenia mézgu zaobserwowaliSmy
wzrost poziomu biatka CCL3 - najsilniejszy po 24 godzinach, ale wcigz wysoki po uptywie
7 dni . Analiza immunohistochemiczna przeprowadzona przez nasz zespot pokazata, ze
CCL3 moze by¢ wytwarzana przez neurony 18 Potwierdzaja to badania innych autoréw,
ktorzy dodatkowo wskazali, ze za wydzielanie CCL3 odpowiadaja rdwniez zaktywowane
komoérki mikrogleju %, W zwiazku z tym sadzimy, ze we wczesnych fazach urazowego
uszkodzenia mozgu komorki neuronalne sa gtownym Zrédtem CCL3, poniewaz najwyzsza
aktywacja mikrogleju nastepuje po okoto 7 dniach **. Niedawno udowodniono, ze CCL3
reguluje mechanizmy plastyczno$ci synaptycznej zaangazowane W Procesy uczenia

6

sic i pamigci “® a jej zmiany wykazano takze w padaczce skroniowej ®® i chorobie

Alzheimera®®"?® Co wazne, podobny wzorzec aktywacji obserwowaliémy rowniez

9 290,291
H

w przypadku CCL4 | ktéra moze byé uwalniana przez neurony 2%°, neutrofile

18 292

mikroglej % i astrogle] **. Jest ona jedna z gtownych chemokin wydzielanych przez
srodbtonek mikronaczyniowy 1 dziata jako silny chemoatraktant dla neutrofili 23 Mimo, ze
w warunkach fizjologicznych w moézgu ulega jedynie stabej ekspresji, jej poziom wzrasta

28829 chorobie zwyrodnieniowej stawow 2%, w cukrzycy typu 1 %%

w chorobie Alzheimera
oraz trakcie przewleklego zapalenia oskrzeli # W przypadku CCL9, rowniez
zaobserwowaliSmy wzrost po urazowym uszkodzeniu mézgu, zmiany te byty jednak nizsze
niz w przypadku CCL3 i CCL4 ?°, Natomiast badania immunohistochemiczne wskazuja, ze
CCL9 kolokalizuje z NeuN %?%® genie z IBA-1i GFAP, co $wiadczy o tym, ze to neurony
sg glownym zrodtem tej chemokiny, bedacej silnym chemoatraktantem dla neutrofili 2%
Warto jednak zaznaczy¢, ze CCL9 nie ulega ekspresji u ludzi, ma jednak ortolog - CCL23,
ktorego poziom jest podniesiony u pacjentéw po uszkodzeniu mozgu 3®. Jest ponadto
uwazany za biomarker zlego rokowania zaréwno po udarze niedokrwiennym %, jak
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i krwotocznym %%, Przytoczone wyniki oraz dane literaturowe sugeruja, ze u pacjentdw po
urazach moézgu wazng role moga odgrywa¢ CCL3, CCL4 oraz CCL23, co wymaga dalszych
wnikliwych badan.

Charakterystyczng cechg chemokin jest ich plejotropowos¢, czyli zdolnos¢ do interakcji
z wigcej niz jednym receptorem chemokinowym. Cztonkowie rodziny MIP-1 wchodza
w interakcje z CCR1 i/lub CCR5 . Wedtug danych literaturowych, w oérodkowym uktadzie

h 118,303,304 h 305

nerwowym te receptory sg obecne na neuronac , heutrofilac

288,303,306 303,307

, mikrogleju
i astroglgju Nasze wyniki, bedace podstawag tef pracy doktorskigj,
potwierdzajag obecnos¢ CCR1 i CCRS w pierwotnych komodrkach mikrogleju i astrogleju
uzyskanych z kory mozgowej myszy. Jednak nie zaobserwowali$my zmian poziomu biatka
dla CCR1 i CCR5 w korze mézgowej 2?°, podobnie jak inni autorzy w przypadku myszy
zakazonych trzesawka 3. Mozna zatem przypuszczaé, ze pomimo nasilenia ich biosyntezy,
ekspozycja CCR1 i CCRS na ich agonistow prowadzi do szybkiego spadku liczby miejsc
wiazania na powierzchni komorki. Wyniki naszych badan sugeruja, ze we wczesnej fazie
uszkodzenia moézgu chemokiny z rodziny MIP-1 moga nasila¢ naciekanie komorek
immunologicznych do miejsca urazu. Co wiccej, Joy i wsp. #* ujawnili, ze antagonista CCR5
(marawirok) poprawia zdolno$¢ uczenia si¢ i funkcje poznawcze U zwierzat po sttuczeniu
moézgu. Autorzy zwracaja uwage, ze CCRS moze okaza¢ si¢ waznym punktem uchwytu
w leczeniu udaru i urazowego uszkodzenia mézgu.

W odcinku ledzwiowym rdzenia kregowego myszy po podwigzaniu nerwu kulszowego,
tylko dwie chemokiny z rodziny MIP-1 wykazywaty silny wzrost na poziomie biatka - CCL3
i CCL9, ale nie CCL4 &, co jest spojne z wezesniejszymi wynikami w modelu neuropatii
cukrzycowe uzyskanymi przez zespodt prof. Miki 8. Co wigcej, CCL3 bylo juz wezesniej
postulowane jako dobry biomarker rozwoju cukrzycy typu 1 u ludzi 3*®. Dlatego wydaje sie,
ze sposrod cztonkow rodziny MIP-1, inaczej niz byto to w przypadku urazowego uszkodzenia
moézgu, przede wszystkim CCL3 i CCL9 sg zaangazowane w zaburzenia homeostazy. Nasze
wyniki wykazaty, ze przeciwciala neutralizujgce skierowane przeciwko CCL3 odwrdcity
nadwrazliwo$¢ na bodzce mechaniczne i termiczne po podwiazaniu nerwu kulszowego 2.
W naszych badaniach obserwowalismy rowniez silny wzrost CCL9, co sugeruje istotng role
tej chemokiny, zwtaszcza w poczatkowej fazie neuropatii u myszy. Ponadto, podobnie jak
w przypadku CCL3, rowniez podpajeczyndwkowe podanie przeciwciata neutralizujgcego
CCL9 zahamowalo rozwinieta nadwrazliwosé %2, Co wazne, podobne dziatanie przeciwcial

skierowanych przeciwko CCL3 i CCL9 obserwowano takze w neuropatii cukrzycowej 2.

Biorgc pod uwage powyzsze wyniki, uwazamy, ze wsrdd czlonkéw rodziny MIP-1, CCL9
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podobnie jak CCL3, jest waznym czynnikiem pronocyceptywnym u myszy. Chociaz CCL9
ulega ekspresji tylko u gryzoni, dowiedziono ze jg ludzki ortolog - CCL23 silnie wzrasta

310 Wyniki nasze oraz

w plynie mézgowo-rdzeniowym pacjentow z bdlem neuropatycznym
innych autorow sugerujg, ze u pacjentow CCL3 oraz CCL23 moga by¢ waznymi
potencjalnymi punktami uchwytu dla terapii, co wymaga jednak dalszych wnikliwych badan.
W dalszej czesci eksperymentow opisywanych w tej pracy skupiliSmy naszg uwage na
receptorach rodziny MIP-1: CCR1 i CCRS5. Ich neuronalna lokalizacja w rdzeniu kregowym
sugeruje wazng role w transmisji nocyceptywnej 1 wyjasnia, dlaczego CCL3 i CCL9 maja
tak silne i szybkie dzialanie pronocyceptywne po podaniu podpajeczynéwkowym 7118,
WykazaliSmy po raz pierwszy, ze pojedyncze podanie podpajeczynéwkowe antagonisty
CCR1 (J113863) i antagonistow CCRS (TAK-220, AZD-5672), w sposob zalezny od dawki,
zmniejsza nadwrazliwo$¢ bolowa rozwinigta w modelu bdlu neuropatycznego wywolanego
podwigzaniem nerwu kulszowego %22, Jest to zgodne z danymi literaturowymi dowodzacymi,
ze J113863 obniza nadwrazliwo$¢ u myszy po podaniu kompletnego adiuwantu Freunda 3
1 w modelu neuropatii cukrzycowej wywolanej podaniem streptozotocyny 118 Natomiast
antagonisci CCR5 (TAK-220 i AZD-5672), nowo zastosowani po podwigzaniu nerwu
kulszowego, usmierzaja bol podobnie jak marawirok badany u myszy i szczurow 237018,
Co wigcej, Ci silni i selektywni antagonisci wykazuja korzystne dziatanie, mimo Ze poziom
CCR1 i1 CCRS5 nie zmienia si¢ w rdzeniu krggowym. Podobna sytuacj¢ opisano juz
w przypadku innych receptorow z grupy CC-, np. CCR1, CCR5 i CCR4 w modelu

18312 4 takze CCR1 i CCR3 w bélu neuropatycznym

wywotanym podaniem streptozotocyny
wywolanym przez podwiazanie nerwu kulszowego **’. Uzyskane przez nas wyniki dowiodty,
ze taczne blokowanie CCR1 i CCRS5 ma wlasciwosci przeciwbolowe, ale co zaskakujace nie
jest bardzigj efektywne od pojedynczel blokady kazdego z tych receptorow. Niemnigl warto
pamigtac, ze przy jednoczesnym podaniu roznych substancji nie mozna catkowicie wykluczy¢
interakcji pomiedzy nimi oraz przewidzie¢ w jaki sposdb wplyng one na heterologiczna
desensytyzacje receptorow 313,

Podsumowujac, w naszych badaniach dowiedliSmy zmian wszystkich chemokin

z rodziny MIP-1 po uszkodzeniu mézgu, natomiast na poziomie rdzenia krggowego po
uszkodzeniu nerwu kulszowego tylko dwie z nich (CCL3 i CCL9) wydaja si¢ odgrywac
wazng role u myszy. Obie te chemokiny majg silne wtasciwo$ci pronocyceptywne, a ich
blokada przynosi ulge w bolu. Uzyskane wyniki sg kolejnym dowodem, ze dalsze badanie roli
receptorow dla rodziny MIP-1 jest istotne, poniewaz moga one by¢ w przysztosci kluczowymi

punktami uchwytu w leczeniu zaburzen neuroimmunologicznych o réznej etiologii. Badania
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nasze i innych naukowcow, oraz fakt, ze antagonista CCR5 (marawirok) jest juz stosowany
w praktyce kliniczngj, wskazuja na ten receptor jako ciekawy cel molekularny w przysziej

terapii chorob zwigzanych z uszkodzeniami uktadu nerwowego.

6.4. XCL1 po uszkodzeniu osrodkowego i obwodowego ukladu nerwowego

Dane kliniczne dowodzg, ze XCLI1 jest chemoking zaangazowang W odpowiedz
immunologiczng kilku schorzen. Wzrost jej poziomu zostal wykryty miedzy innymi
u pacjentow dotknictych choroba Lesniowskiego-Crohna *®, reumatoidalnym zapaleniem

187314 a4 takze w zakazeniu HIV-1'9%. W naszych badaniach dostarczyliSmy

stawow
pierwszych dowodéw na zmiany poziomu XCL1 w korze moézgowej PO jg urazowym
uszkodzeniu, a takze, CO szczegdlnie nowatorskie, w glgbszych strukturach moézgu (we
wzgbrzu i hipokampie) u myszy ??*. Chemokina ta wywoluje swoje efekty dziatajac poprzez
klasyczny receptor chemokinowy XCR1 %% ktorego ekspresje wykazano na mysich
komoérkach dendrytycznych **°, limfocytach T i B oraz neutrofilach *°, a ostatnio réwniez na
komorkach neuronalnych *®. W naszych analizach dowiedliémy, Ze po urazowym
uszkodzeniu moézgu poziom mRNA XCR1 jest silnie podniesiony we wszystkich badanych
strukturach, chociaz nie wychwyciliSmy zmian na poziomie biatka 21 Ostatnio pojawila sie
praca, w ktorej dowiedziono, ze XCL1 moze dziata¢ rdwniez poprzez receptor integrynowy
ITGA9 ™8 biatko adhezyjne zaangazowane w procesy neurodegeneracyjne 317318\ naszych
eksperymentach obserwowalismy wzrost ekspresi mRNA ITGA9 w korze i hipokampie.
Jednakze analiza poziomu biatka tego czynnika, podobnie jak to byto w przypadku XCRI1,
réwniez nie wykazala istotnych zmian **. Mozna przypuszczaé, ze jest to zwiazane z silng
ekspozycja XCR1 i ITGA9 na XCL1, co wymaga jednak dalszych wnikliwych badan. Nasze
wyniki sugeruja po raz pierwszy, ze osie XCL1/XCR1 i XCL1/ITGA9 moga uczestniczy¢
w rozwoju wtornych zmian zachodzacych w korze mozgowej, hipokampie i wzgoérzu po
urazie mozgu. Uwazamy XCL1 za jeden z kluczowych czynnikéw wtornego uszkodzenia,
a sposrdd receptoréow dla tej chemokiny nie tylko klasyczny XCR1 ale takze niedawno
zidentyfikowany w tej roli ITGA9, moze by¢ waznym punktem uchwytu dla farmakoterapii.
Jest to tym bardzigj obiecujacy wynik, ze przeciwciala neutralizujgce XCL1 znosza postep
choroby w modelu stwardnienia rozsianego **®,

Badania kontynuowaliSmy na poziomie rdzenia kregowego w modelu bolu
neuropatycznego. Po raz pierwszy dowiedliSmy Sszybkiego i silnego wzrostu poziomu XCL1
w rdzeniu kregowym, ktéry trwat az do 5 tygodni. Co wazne, wcze$niejsze badania zespotu

prof. Miki pokazaty, ze podpajeczynowkowe podanie XCL1 myszom zdrowym wywotuje
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w krotkim czasie nadwrazliwos$¢ na bodzce termiczne i mechaniczne utrzymujaca si¢ do 24
godzin 2. Natomiast eksperymenty stanowiace podstawe tej pracy doktorskiej dostarczyty
pierwszego dowodu na to, ze neutralizacja XCL1 skutkuje zmniejszeniem nadwrazliwosci
termicznej i mechanicznej u myszy po podwiazaniu nerwu kulszowego . Z kole
nadwrazliwo$¢ wywotana podpajeczynowkowym podaniem XCL1 zdrowym zwierzetom jest
odwracana przez VMIP-II (antagonist¢ XCR1), jak i YA4 (przeciwcialo neutralizujgce
ITGA9) 27 co sugeruje, ze obydwa te receptory sa odpowiedzialne za pronocyceptywne
dziatanie XCL1. Na podstawie naszych wynikéw immunohistochemicznych mozemy wysnué
hipotezg, ze XCL1 na poziomie rdzenia kregowego jest wytwarzana przez astroglej i moze
aktywowaé oba neuronalnie zlokalizowane receptory - XCR1 i ITGA9 *¥. Co wazne blokada
ITGA9 przez YA4 po podaniu podpajeczynowkowym wydaje si¢ by¢ bardzigj efektywna
W zmniejszaniu nadwrazliwosci wywotanej przez uszkodzenie nerwu kulszowego, niz
blokada XCR1 przez vMIP-11 **. Ponadto, wczesniejsze badania in vitro wykonane przez
zespot prof. Miki dostarczyly dowodoéw, ze zastosowanie minocykliny, bedacej inhibitorem
mikrogleju/makrofagéw 319 przed stymulacja LPS pierwotnych komorek astrogleju zapobiega

1 128

biosyntezie XCL . Przeprowadzone przez nas badania behawioralne wykazaly, ze

wielokrotne dootrzewnowe podawanie minocykliny oslabia wywotang przez podwigzanie

127 . .
, CO mozna uznac Za

nerwu kulszowego nadwrazliwos¢ oraz obniza poziom XCLI1
dotychczas nieznany mechanizm analgezji tego leku w neuropatii. Ponadto, w badaniach
in vitro dowiedli$my, ze uzycie XCL1 w pierwotnych komoérkach mikrogleju i astrogleju
wydaje si¢ nie indukowac¢ bezposrednio produkcji pronocyceptywnych interleukin (IL-1p,
IL-18, IL-6) i chemokin (CCL3, CCL4, CCL9) %!, Posrednio dowodzi to, ze XCLI1 dziata
poprzez neuronalnie zlokalizowane receptory '?’. Odkrycia te $wiadcza o tym, ze osie
XCLUXCR1 jak i XCLI/ITGA9 mogg uczestniczy¢é w wielu aspektach interakcji
neuronalno-glgjowych i odgrywa¢ znaczacg rolg w transmisji nocyceptywnej. Co wazne,
zgodnie z dostepng literaturg blokowanie ITGA9 ma korzystny wpltyw w mysim modelu

zapalenia stawow 320

, dlatego tez poszukiwanie nowych narzedzi farmakologicznych
mogacych skutecznie blokowaé zarowno XCRI1 jak 1 ITGA9 wydaje si¢ wazne z klinicznego
punktu widzenia.

Podsumowujac, wyniki naszych badan po raz pierwszy pokazujg, ze XCL1 wzrasta

na poziomie mRNA i/lub biatka w korze moézgowej, wzgdrzu 1 hipokampie po uszkodzeniu
kory mozgowej oraz w rdzeniu kregowym po uszkodzeniu nerwu kulszowego. XCL1/XCR1
1 XCLI/ITGA9 wydaja si¢ by¢ kluczowymi parami sygnalizacyjnymi, uczestniczacymi

w procesach immunologicznych w osrodkowym uktadzie nerwowym, a ponadto sa
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zaangazowane w transmisj¢ nocyceptywng. W S$wietle uzyskanych danych i aktualnego
pismiennictwa sugerujemy, ze modulacja sygnalizacji XCL1 moze stuzy¢ jako obiecujacy
punkt uchwytu dla przysztych terapii. Zwlaszcza, ze zaré6wno neutralizacja pewnych
chemokin, jak i blokada kilku receptoréw chemokinowych sg z juz powodzeniem stosowane

w klinice.

6.5. Chemokiny (CCL3, CCL9i XCL1) orazich receptory aleki opioidowe
Opioidy sg z powodzeniem stosowane w leczeniu bolu przewleklego, jednak w neuropatii
wykazujg mniejszg skutecznosé 105321 Powoduje to konieczno$¢ stopniowego zwickszania
dawek, co nierozerwalnie wigze si¢ ze wzrostem ryzyka wystapienia dziatan niepozadanych
207322323 \echanizm lezacy u podstaw tego zjawiska jest nadal slabo zbadany. Dowiedziono
juz, ze farmakologiczne hamowanie aktywacji gleju w neuropatii poprawia skutecznos$é¢
analgetykow opioidowych 324325 Wyniki badan prowadzonych w Zaktadzie Farmakologii
Bolu w ostatnich latach wskazywaty, ze niektére chemokiny sa nie tylko waznymi
mediatorami  pronocyceptywnymi, ale rowniez ich zwigkszone uwalnianie zmniejsza

1% Dowiedziono, ze podpajeczynowkowe podanie

skuteczno$¢ przeciwbolowa opioidow
przeciwcial neutralizujacych CCL2 1 CCL7 nasila dziatanie przeciwbolowe morfiny
i buprenorfiny u myszy w modelu bolu neuropatycznego '°. Natomiast wyniki uzyskane
w naszych badaniach po raz pierwszy wskazuja, ze zablokowanie CCL3, CCL9 oraz XCL1
przez zastosowanie przeciwcial neutralizujacych znaczaco poprawia analgezj¢ morfinowa po
podwigzaniu nerwu kulszowego 1271223 Jednak spo$rod  zastosowanych narzgdzi
farmakologicznych, to neutralizacja XCL1 zastuguje na szczegdlng uwage ze wzgledu na
dtugi czas utrzymywania si¢ efektoéw, az do 48 godzin 121223 \Narto jednak podkreslic, ze
przeciwcialo neutralizujagce XCL1 poprawia efektywnos$¢ morfiny (silnego agonisty MOR
oraz agonisty DOR i KOR), ae nie buprenorfiny (agonisty MOR/NOR oraz antagonisty
KOR/DOR) 127, Poczatkowo wynik ten wydawat si¢ zaskakujacy, jednakze nalezy wzig¢ pod
uwage fakt, ze receptory chemokinowe moga tworzy¢ heterodimery z receptorami
opioidowymi MOR i DOR, ktére sa zaangazowane w dzialanie analgetyczne morfiny
218219326 7 Kolei brak jest takich danych dla NOR, ktory jest niewatpliwie istotny dla efektow
analgetycznych buprenorfiny. Nasze wyniki wskazujg, ze dalsze badania z wykorzystaniem
réznych lekow opioidowych stosowanych w klinice sg konieczne. Ta strategia terapeutyczna
jest szczegblnie obiecujaca ze wzgledu na silne powinowactwo i selektywno$¢ przeciwciat

monoklonalnych, a takze dlugi okres poéltrwania. Jako terapia skojarzona z morfing

umozliwitaby zmniejszenie jej dawek 1 czestosci przyjmowania, a tym samym
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zminimalizowalaby niepozadane efekty, ktorych obserwuje si¢ wiele poczawszy od nudnosci,
swiadu, zaburzen ze strony ukladu nerwowego oraz uktadu pokarmowego, do najbardziej
niebezpiecznych, czyli depresji osrodka oddechowego.

Ze wzgledu na uzyskanie obiecujacych wynikéw, przeprowadzilisSmy rowniez badania
polegajace na tacznych podaniach opioidow i substancji, ktore blokuja receptory dia CCL3,
CCL9 oraz XCL1 *2"#3 Koncepcja zastosowania antagonistow receptoréw chemokinowych
w polaczeniu z morfing w modelach bolu neuropatycznego wywodzi si¢ z eksperymentow
prowadzonych przez nasz zespot od wielu lat. Wykazali$my juz skuteczno$¢ antagonistow dla
CCR2 (RS504393) 1%, CCR3 (SB328437) ', CCR4 (C021) *°3'?, CCR5 (marawiroku) 1™
oraz CXCR3 (NBI-74330) '?°, zaréwno w u$mierzaniu bolu neuropatycznego, jak rowniez we
wzmacnianiu analgezji morfinowej. Bioragc pod uwage fakt, Ze monoterapia ma niska
skuteczno$¢ w leczeniu neuropatii 3%, postanowiliSmy sprawdzi¢, czy niebadane wcze$niej
pod tym katem, selektywne narzedzia farmakologiczne moga zwigkszy¢ skuteczno§¢ morfiny
po tacznym podaniu. Jest to waznie poniewaz, oprocz zwigkszania skuteczno$ci
terapeutycznel jednoczesne podawanie lekow zmniejsza rowniez ryzyko wystgpienia dziatan
niepozadanych ze wzgledu na mozliwo$é zastosowania nizszych dawek 322, Naszym zdaniem
farmakoterapia skojarzona jest uzasadniona, jesli stosowane substancje majg rozne
mechanizmy dziatania, tak jest wlasnie w przypadku jednoczesnego podawania narzedzi
farmakologicznych blokujacych receptory chemokinowe i opioidowe. Mechanizmy lezace
u podstaw rozwoju tolerancji na morfing obejmuja uniewrazliwienie 1 internalizacje
receptorow opioidowych oraz ich heterodimeryzacj¢ z innymi receptorami sprzezonymi
z biatkami G #93%323% \W hadaniach in vitro wykazano, ze moze dochodzié¢ do zjawiska
heterologicznej desensytyzacji *° pomiedzy receptorami chemokinowymi i opioidowymi, co
opisano dla CCR5-MOR 3! CXCR2-DOR **. W naszych badaniach dowiedliémy, ze
antagonista CCR1 poprawia przeciwbolowe wlasciwosci morfiny, co jest zgodne z wynikami
uzyskanymi wcze$niej u myszy z neuropatia cukrzycowa '® oraz u szczuréw w modelu

uszkodzenia nerwu kulszowego **°

. Na podstawie dostepnych danych mozemy jedynie
przypuszczaé, ze wzmocnienie analgezji morfinowej wywotane przez J113863 jest zwigzane
z faktem, ze CCR1 obecny na komorkach neuronalnych wspotwystepuje z MOR 3%, Zjawisko
to jest jednak jeszcze bardziej skomplikowane, poniewaz wiadomo, ze CCR1 jest w stanie
tworzy¢ heterodimery rowniez z CCR5 343 Fakt ten moze tlumaczy¢, dlaczego zaréwno
antagonisci CCR1 (J113863), jak i CCR5 (TAK-220, AZD-5672) w podobny sposob
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poprawiaja dziatanie przeciwbdlowe morfiny ““°. Natomiast pozostaje do wyjasnienia

dlaczego blokada XCR1 (VMIP-II) korzystnie wptywa na analgezje wywolang podaniem
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buprenorfiny, ae nie morfiny. Natomiast blokada atypowego receptora ITGA9 poprzez YA4
nasila dziatanie przeciwbdlowe zaréwno morfiny jaki buprenorfiny ***. Zjawisko to wymaga
dalszych badan, jednakze wiadomo juz, ze podjednostka integryny Pl (obecna w ITGA9)
wykazuje wysoki stopien kolokalizacji z MOR na komorkach neuronalnych 336, Sa to
szczegolnie istotne wyniki, poniewaz po raz pierwszy zwracaja uwage, ze ITGA9 moze by¢
waznym potencjalnym punktem uchwytu w politerapii neuropatii.

Po urazowym uszkodzeniu mozgu czesto pojawia si¢ bol osrodkowy, ktory jest
usmierzany poprzez zastosowanie opioidowych lekow przeciwbolowych, takich jak morfina,

200

fentanyl, sufentanyl, remifentanyl, afentanyl i fenoperydyna <. Nie wykazano znaczacych

réznic przy porownywaniu efektywnosci tych opioidéw, natomiast wykazano ze fentanyl

obniza ci$nienie wewnatrzczaszkowe lepiej niz morfina i sufentanyl 2%

. Badacze sugeruja, ze
pierwotny uraz indukuje proces obejmujacy pobudzanie komoérek immunologicznych
i glejowych, a gtdéwnie mikrogleju. Aktywacja ta, ktora jest dodatkowo pobudzana ekspozycja
na opioidy, podczas wtornego uszkodzenia zaostrza stan zapalny nerwow, modyfikuje
plastycznos¢ synaptyczng i wptywa na rozprzestrzenianie agregatow biatka tau poglebiajac
neurodegeneracje . W zwiazku z tymi doniesieniami oraz uzyskanymi wynikami uwazamy,
ze poszukiwanie substancji wyciszajagcych zmiany immunologiczne moze w przysztosci
zaowocowac¢ poprawg terapii urazowego uszkodzenia mdzgu - konieczne sg jednak dalsze

wnikliwe badania farmakologiczne w zwierzgcych modelach.

Podsumowujac, nasze badania i dostgpna literatura pokazuja, ze zastosowanie

antagonistow receptoroOw chemokinowych moze nie tylko korzystnie wptyna¢ na zmiany
immunologiczne po uszkodzeniu uktadu nerwowego, ale takze przynies¢ ulge w bolu. Co
wazne w naszych do$wiadczeniach udato si¢ wytypowac 2 chemokiny (CCL3 1 XCL1) oraz
4 receptory (CCR1, CCRS5, XCRI1, ITGA9), ktére w przysztosci moga postuzy¢ jako nowe
potencjalne punkty uchwytu w us$mierzaniu bolu neuropatycznego, takze w potaczeniu
z lekami opioidowymi. Przywrocenie zaburzonej rownowagi neuroimmunologicznej moze
przynie$¢ korzysci terapeutycznie, w tym przyczyni¢ si¢ do zwigkszenia skuteczno$ci

opioidéw w klinice.
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7. PODSUMOWANIE WYNIKOW I WNIOSKI

Po kontrolowanym stluczeniu kory mézgowej (bezposrednie uszkodzenie osrodkowego
ukladu nerwowego) dowiedziono:
Ciechanowska i wsp. |mmunobiology 2020, Pharmacol Rep 2020, Int J Mol Sci 2021

I. Zaangazowania wybranych komoérek immunologicznych i glejowych oraz czynnikow
ukladu dopekliacza poprzez wykazanie:

eX | e wzrostu poziomu mRNA i/lub biatka markerow komorkowych neutrofili, limfocytow T
Vivo Cd8+, mikrogleju/makrofagéw, astrogleju, oligodendrocytow w 4 strukturach mozgu
e silnego wzrostu poziomu mRNA czynnikow zaréwno klasyczng (Clq, Cls, Clr) jak
i lektynowej (fikolina A) drogi aktywacji uktadu dopetniacza
e kolokalizacji Clq w korze modzgowej z komorkami mikrogleju/makrofagow
1 neurondw, ale nie astrogleju

in | e wzrostu poziomu mMRNA Clg, Cls, Cilr, de nie kolektyny 11 i fikoliny A,
vitro w pierwotnych hodowlach mikrogleju po stymulacji LPS

Nasze badania sugeruja, ze za inicjacj¢ procesow wtornego uszkodzenia mézgu odpowiadajq
w pierwszej kolejnosci zaktywowane, naplywajace neutrofile, a nastepnie rowniez
mikroglej/makrofagi i astroglel. Dlatego modulacja tych komérek wydaje si¢ mie¢ znaczny
potencjal terapeutyczny. Wyniki uzyskane w warunkach in vitro wskazuja, ze mikrogleg
prawdopodobnie jest w duzej mierze odpowiedzialny za biosynteze inicjatoréw drogi
klasycznegj, ale w niewielkim stopniu lektynowej. Ponadto dowiedli$my, ze wsrod inicjatorow
klasycznej drogi aktywacji dopelniacza, caly kompleks C1 (C1lq, C1s, C1r), a w przypadku
drogi lektynowej fikolina A, odgrywaja wazng role po uszkodzeniu mozgu we wszystkich
badanych strukturach (kora, prazkowie, wzgérze i hipokamp). W zwiazku z tym celowanie
w te czynniki moze okazac si¢ skuteczng strategia w leczeniu uszkodzen mozgu.

I1. Udzialu rodziny MIP-1 poprzez wykazanie:

eX |e obecnosci CCR1 i CCRS5 oraz zaleznego od czasu wzrostu poziomu mRNA i biatka
Vivo CCL3, CCL4 oraz CCL9 w wybranych strukturach mézgu (kora, wzgorze)

in |e obecnosci receptorow CCR1 i CCR5 na powierzchni komorek mikrogleju i astrogleju
vitro | w pierwotnych hodowlach komérkowych z kory mozgowe;j

Przeprowadzone analizy pozwolily wytypowa¢ trzy chemokiny CCL3, CCL4 oraz CCL9
jako kluczowe dla rozwoju wtérnych zmian na poziomie mozgu u myszy. Wyniki wskazuja,
ze dwie z nich, ktore wystepuja u ludzi - chemokina CCL4 i CCL3 orazich receptory,
stanowia obiecujace punkty uchwytu i by¢ moze w przyszlosci zaowocuja poprawgq terapii po
urazowym uszkodzeniu mozgu.

I11. Znaczenie os XCL 1/XCR1 oraz XCL 1/ITGA9 poprzez wykazanie:

eX | e obecnosci receptoréw XCR1 oraz ITGA9 na poziomie mozgu oraz Wzrostu poziomu
Vivo XCL1 na poziomie biatka 24h po urazie w korze 1 wzgdrzu, a w hipokampie do 7 dni

in | ¢ mozliwos$ci biosyntezy XCL1 poprzez komorki astrogleju po stymulacji LPS
Vitro | ¢  braku wptywu XCL1 na aktywacje pierwotnych hodowli mikrogleju i astrogleju

Bazujac na uzyskanych wynikach wysuneliSmy hipoteze, ze XCL1 moze dziala¢ poprzez
neuronalnie zlokalizowane receptory, a jej zrédlem komorkowym moze by¢ astroglej. Nasze
dane pokazaly po raz pierwszy, ze XCL1 jest jednym z kluczowych czynnikéw inicjujacych
zmiany wtorne. Natomiast, sposrod receptoréw dla tej chemokiny nie tylko klasyczny XCR1,
ale takze niedawno zidentyfikowany w tej roli atypowy receptor ITGA9, moga by¢ waznymi
punktami uchwytu dla interwencji far makologicznegj po urazowym uszkodzeniu mézgu.
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Po podwiazaniu nerwu Kkulszowego (bezposrednie uszkodzenie obwodowego ukladu
nerwowego) dowiedziono:
Ciechanowska i wsp. Front Immunol 2022 i Brain Sci 2023

I. Zaangazowania wybranych komorek immunologicznych i glejowych poprzez wykazanie:

eXVivo | e wzrostu poziomu mRNA/biatka markeréw komoérkowych mikrogleju/makrofagéw,
astroglegju w rdzeniu kregowym

Wyniki pokazuja, ze w pierwszym tygodniu po uszkodzeniu nerwéw obwodowych nastepuje
aktywacja mikrogleju/makrofagow oraz astroglgu, ktérego poziom pozostaje znacznie
podniesiony az do 35 dnia. Nasze dane sugeruja, ze za rozwoj bolu neuropatycznego
odpowiadaja w znacznej mierze wymienione komorki immunologiczne i glejowe, w zwigzku
z czym ich modulacja ma znaczny potencjal terapeutyczny.

[1. Udzialu rodziny MIP-1 poprzez wykazanie:

eXVIVO | e zaleznego od czasu wzrostu poziomu biatka CCL3, CCL9, ale nie CCL4 oraz
obecnosci CCR1 1 CCRS na poziomie rdzenia kreggowego

INVivo | e ze podpajeczyndwkowe, jednorazowe podanie

przeciwcial neutralizujagcych CCL3 1 CCL9 powoduje:

obnizenie rozwoju nadwrazliwo$ci na bodzce mechanicznei termiczne
lepsze efekty przeciwbdlowe, po tacznym podaniu z morfing
antagonistow CCR1 (J113863) i CCRS5 (TAK-220, AZD-5672) powoduje:
obnizenie rozwoju nadwrazliwosci na bodzce mechanicznei termiczne
lepsze efekty przeciwbdlowe, po tacznym podaniu z morfing

oo Vo oV

Przeprowadzone analizy pozwolily wytypowa¢ dwie chemokiny CCL3 i CCL9 jako kluczowe
dla rozwoju procesow nocyceptywnych na poziomie rdzenia kregowego u myszy. Wyniki
sugeruja, ze wystepujaca u ludzi chemokina CCL3, jak i jg receptory CCR1 i CCRS5, sa
waznymi potencjalnymi punktami uchwytu dla terapii bolu neuropatycznego.

[11. Znaczenia osi XCL I/XCR1 oraz XCL 1/ITGA9 popr zez wykazanie:

EXVIVO | e obecnosci receptorow XCRI1 oraz ITGA9 oraz dtugotrwatego wzrostu poziomu
XCL1 na poziomie rdzenia kregowego
o 7¢ XCL1 jest wytwarzana przez astroglej, a XCR1 i ITGA9 sa obecne na neuronach

INVivo | e ze podpajeczyndwkowe, jednorazowe podanie
»  XCL1 mawtasciwosci probolowe dziatajac poprzez:
typowy receptor chemokinowy X CR1
atypowy receptor chemokinowy ITGA9
»  przeciwciala neutralizujacego XCL1 powoduje:
obnizenie rozwoju nadwrazliwosci na bodzce mechaniczne i termiczne
lepsze efekty przeciwbdlowe, po facznym podaniu z morfing
»  antagonisty XCR1 powoduije:
obnizenie rozwoju nadwrazliwo$ci na bodzce mechaniczne i1 termiczne
lepsze efekty przeciwbdlowe, po tacznym podaniu z buprenorfing
»  przeciwciata neutralizujacego ITGA9 powoduje:
o  obnizenie rozwoju nadwrazliwo$ci na bodzce mechaniczne i termiczne
o lepsze efekty przeciwbolowe, po tacznym podaniu z morfing i/lub buprenorfing

Nasze badania pokazuja, ze XCL1 dzialajac poprzez oba receptory - XCR1 i ITGAY,
przyczynia si¢ do rozwoju procesé6w nocyceptywnych na poziomie rdzenia kregowego.
Sposrod przebadanych receptorow, to atypowy ITGA9 wydaje sie by¢ bardziel obiecujacym
punktem uchwytu, jednak obydwa sa godne uwagi w poszukiwaniu nowej strategii leczenia
bo6lu neuropatycznego, rowniez w skojar zeniu z lekami opioidowymi.
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8. WNIOSKI KONCOWE

W modelu urazowego uszkodzenia mézgu u myszy wykazaliSmy wzrost poziomu markerow
komoérkowych neutrofili w korze mézgowej, a ponadto mikrogleju/makrofagéw i astrogleju w az
czterech badanych strukturach moézgu. Sa to obszary niezwykle istotne w prawidlowym
funkcjonowaniu: hipokamp (odpowiedzialny gltownie za pamigé), wzgdrze (za integracje
informacji czuciowych 1 ruchowych oraz procesy uwagi), prazkowie (za natezenie
1 ukierunkowanie ruchéw) oraz wreszcie bedaca miejscem uszkodzenia kora mozgowa (za
procesy zwigzane z emocjami, motywacja, pamigcig i nocycepcja). Postulujemy wigc, ze
modulacja wytypowanych komorek immunologicznych i glejowych moze mie¢ znaczacy
potencjal terapeutyczny, szczegélnie biorgc pod uwage wydzielane przez nie czynniki
immunologiczne jakimi sg inicjatory uktadu dopetniacza, a takze chemokiny o silnie probélowym
dziataniu. Dowiedlismy, ze ekspresja sktadnikow kompleksu C1 (C1q, C1r,C1s), ktory inicjuje
klasyczng drogg aktywacji uktadu dopetniacza jest nasilona we wszystkich badanych strukturach
moézgu, natomiast spos$rod inicjatorow lektynowej drogi - tyko fikoliny A. Wyniki badan
wykonanych w warunkach in vitro sugerujg, ze komorki mikrogleju s w duzej mierze
odpowiedzialne za biosynteze inicjatorow szlaku klasycznego, ale w niewielkim stopniu
lektynowego. W naszej opinii silna aktywacja inicjatorow uktadu dopetniacza do pewnego stopnia
odpowiada za rozwdj wtoérnych zmian, a ich blokowanie moze sta¢ si¢ waznym, NOwym
podejsciem terapeutycznym. Ponadto, wykazane po raz pierwszy zmiany w poziomie chemokin
(CCL3, CCL4, CCL9 i XCLI1) oraz ich receptorow (CCR1, CCR5, XCR1, ITGA9) po
uszkodzeniu mozgu sugeruja, ze rowniez one, badz ich analogi, moga stanowi¢ obiecujace punkty
uchwytu do przysztych farmakoterapii urazéw osrodkowego uktadu nerwowego.

Wyniki uzyskane na poziomie rdzenia krggowego w modelu uszkodzenia nerwu
kulszowego, takze wskazuja na silne zaangazowanie komoérek mikrogleju/makrofagéw
i astroglgfu w obserwowane procesy immunologiczne. Natomiast inaczej niz po bezposrednim
uszkodzeniu os$rodkowego uktadu nerwowego, zaobserwowali§my znaczny wzrost poziomu
CCL3, CCLY, dae nie CCLA4. Ponadto, nasze eksperymenty ujawnily potencjal przeciwbolowy
zarowno przeciwciat neutralizujacych chemokiny CCL3 i CCL9, jak rowniez antagonistow CCR1
(J113863) i CCR5 (TAK-220, AZD-5672). Co wigcej, zastosowane narzedzia farmakologiczne
wykazaty lepsze dziatanie przeciwbolowe po tacznych podaniach z morfina, co w przysztosci
moze skutkowa¢ mozliwo$cia zastosowana lekéw o podobnym mechanizmie dzialania w terapii
skojarzongj z opioidami. Uzyskane wyniki sa spojne z danymi literaturowymi wskazujacymi, ze
receptory chemokinowe moga tworzy¢ heterodimery z receptorami opioidowymi, z tego powodu
uwazamy ze ich zablokowanie korzystnie wplywa na przeciwbolowe efekty agonistow
opioidowych. Biorgc pod uwagg fakt, ze CCL9 nie wystepuje u ludzi uwazamy, ze wazng czescia
terapii po uszkodzeniach ukladu nerwowego powinno sta¢ si¢ przede wszystkim poszukiwanie
lekow obnizajacych poziom CCL3, a takze blokujacych CCRI1 i CCRS5. Ponadto, rezultaty
naszych badan wskazujg, ze silne pronocyceptywne efekty XCL1 sa zwigzane z neuronalng
lokalizacja jej receptorow - XCR1 i ITGA9, a dodatkowo wskazuja na receptor ITGA9 jako
szczegdlnie obiecujacy punkt uchwytu dla przysztych strategii terapeutycznych. Co wazne
farmakologiczna blokada zarowno ITGA9, XCR1 jak i XCLI jest korzystna w przypadku terapii
skojarzongj z opioidami o réznym mechanizmie dziatania.

Wyniki badan bedacych podstawa niniejszej rozprawy doktorskiej wskazujg, ze
mechanizmy zachodzace zaro6wno na poziomie mozgu po jego bezposrednim urazie, jak i na
poziomie rdzenia kregowego po uszkodzeniu nerwu kulszowego maja w znacznym stopniu
wspolne podloze immunologiczne. Uzyskane dane pozwalaja wnioskowaé, ze cze$cia przyszlej
terapii zaburzen funkcjonowania ukladu nerwowego po jego uszkodzeniu powinno staé sie
zastosowanie substancji modulujacych funkcje komoérek immunologicznych oraz glejowych.
Ponadto, dokladniejsze zrozumienie zaangazowania inicjatoréw ukladu dopelniacza, a takze
poszczegolnych chemokin moze doprowadzi¢ do powstania innowacyjnych i skutecznych
farmakoterapii skojarzonych o mniejszym ryzyku skutkéw niepozadanych. Jednak konieczne sg
dalsze prace eksperymentalne, poniewaz postep w medycynie jest ograniczony zaréwno przez
etyczne jak i metodologiczne problemy zwiazane z prowadzeniem badan na poziomie ukladu
nerwowego.
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LUCHWALEA NR 1277/2015
z dnia 17 grudnia 2015
Il Lokalnaj Kamis|i Etyezne| do spraw dodwladezen na zwierzetach w Krakowie

§1

Na podstawie arl. 48 pkt. 1 ustawy z dnia 15 stycznia 2015r. o achronie zwlarzgt wykorzystywanych
do celéw naukowych lub edukacyjnych [Dz. U. poz. 266) po rozpatrzeniu wniosku pt.:
<Foszukiwanie nowych punktdw uchwytu dl2 skutecznej terapii bolu neuropatyeznego | nasilania
dziatania lekaow opicidowych w oparciu o zbadanle | modulacje zmian w ukiadach chemokinowych®
2 dnia 11 grudria 2015, 2loZonego przez, adres: Instytut Farmakologii P.b.r-.l,' zaplanowanego ,-.nrz-r_t;_2
dr hab. loanne Mike lokalna komisja etyczna:

WYRAZA ZGODE*
Ma przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku,
§2

W wyniku rozpatrzenia wniosku o ktérym mowa w & 1, Lokalna Komisja Etyczna ustalita, fe:

|, Wnicsek nalezy przypisac do kategoril: badania podstawowe

B-J
H

Majwy2szy stopien dotkliwodci proponowanych procedur to: umiarkowany

1. Doswiadezenia bgdy przeprowadzane na gatunkach lub grupach gatun kéw': szczur Wistar
ok. 62-67 dni— 1720 (ogotem).; mysz Albino-Swiss ok. 32-318 dni - 920 (opdtem) ; samice
cietarne Wistar ok. 2 mies, = 20 [ogdlem)

4, Doswiadczenia beda przeprowadzane preez: ). Mika, B, Przewtacka, M. 2ychowska, W.
Makuch, £. Rojewska, K. Kwiatkowski, A. Piotrowska, A Jurga, D. Pitat

Dotwiadczenie bedzie przeprowadzane w terminie’ od 06,2016 do 06,2021

L]

Doéwiadczenie bedzie przeprowadzone w osrodku® Instytut Farmakologii PAN Krakéw

7. Doswiadczenie bedzie przeprowadrone poza asrodkiem w: nd
. Uryte do procedur zwierzgta deikie zostang odtowione przez nd, w sposob: nd
9. Doswiadczenie nie zostanie” poddane acenie retrospektywnaj ;

' iviig | nazwisko craz adres i migjsoe zamieszkania albt nazwe craz edres | siedzibe udytkownia, kKidry
przeprowadzi to doswindezenia, 7 tym za w prrypadkl ady uzytkownikiem jest csobe fizyczna wykonu/aca
drizzincéd gospodarcrs, ramiast adresu | migjsca zamisszkania te) oscby — adres | misfsce wykonywania
dzigfalnoéch, jezeli 55 inne niz adres | migjsce zamieszkania tej oscby;

“imig | nazwisko osaby, kidra zaplanowata | jast oopowiedziaing za przeprowadzens doswiadczenia

¥ Niewhasciwy zapls usungd

YPadat liczhe, szorep/stado, wisk/stasium rozwoju

* Nie diuzej niz 5 lat

" Podad jedll jest to Inny cirodek nid ubytkownik

' M viadcisy 2apis nsungc
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Uzasadnienie:

Celermn projekiu jest stworzenie eksperymentalnych podsiaw do rezwoju bardzief selektywnej i
skuteczngj terapii bolu neuropatycznego popreez zastosawanie terapli skojarzone], zczgee] leki
przeciwbdlows i substancje modulujgce interakeje neurcimmunaolcgiczne, w szczegolnosc uktady
chemokinowe. Zahamowanie ekspresji czynnikow pochodzenia immunologicznego moie awickszyd
afaktywnosé lekaw przeciwbdlowych oraz umoiliwic stosowanie nizszych dawek, co pozwoli
uniknat wystepowania objawow niepoigdanych. Badania te porwaolg lepie) rrozumied
patomechanizmu bélu neuropatycznega. Wynikiem zaplanowanyeh badand bedzie stwierdzanie,
ktdry z mechzanizmaw dziatania substancjiflekdw moedulujaoych interakeje neurcimmunologiczne

mopthy by korrystny w terapi balu neuropatycenego.
Wyznaczone w projekcie cele maina oslagnat stosujac zaproponowany model | metody badawcze.
B4

Integralng czgsc niniejsze] uchwaty stanowi kopia wriosku, o ktdrym mowa w § 1

Piremwodnicegen
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Qirzymuje Uiptkow ik
Eoucresii:

(M deeyeli Komisji matna whieie ocwalanie do Krajowe| kamisii Elyeins] w anrinile 14 od dnla ctraymania uchsaty.
Ukytkow nik kophe privimeuje:
= Ospha planujgca dodwiadczenle
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UCHWALA NR 301/2017
z dnia 7-11-2017

Il Lokalnej Komisji Etycznej do spraw doswiadczen na ewierzetach w Krakowie

51

Lokalna komisja etyczna po rozpatrzeniu wniosku pt. Poszukiwanie nowych punktow uchwylu dla
skuterznzj terapii balu neuropatycanege | nasilania dziatania lekow opicidowych w oparciu ¢
tbadanie | modulacje imian w ukladach chemokinowych” z dnia 25-10-2017 zlozonego preesz:
Instytut  Farmakologii  Polskie] Akademii Mauk, adeess ul. Smetna 12, 31-343 Krakow',
raplanowanago przez; prof. dr hab. Joanna Milmz, adolyczacego;

dodatkowych vsoh precprowadeajgeych dodwindescnia

w ramach wydane| przez komisje zgody uchwaltg nr 1277/2015 z dnia 17.12 2015 .

WYRAZA ZGODE'

na dokonanie zmian w zakresie okreslonym panize|.

§2

1. Majwyiszy stopierd dotkliwedd proponowanych procedur po zatwisrdzonych zmianach to:
bz rmian.

2. Zespit prowadzacy doswiadczenia rozszerza sie 0 nastepujgce oscby (nazwisko | imig, nazwa
uiytkownika): mgr loanna Kujace, Inslylul Farmakologii Polskiz] Akademil Nauk w Krakowie,
mpr Katargyna Ciapata, Instytut Farmakologii Polskie] Akademii Nauk w Krakowia; mgr Agata
Ciechanowska, Instytut Farmakologi Polskiey Akademil Nauk w Krakowie; mgr inZ. Katarzyna
Fawlik, Instytut Farmakologn Polskic Akademii Mauk w Erakowie,

3. Dadwiadcienie bedzie przeprowsdzane w tarminis | bez zmian.

! Imnée | nazwisko oraz adros | mEeisce mmicsrkania slbo naowg orae adres  siedribe unyvikownlka, ktony przaprowadsi o
duiwiadcrenie, ¢ tymy 2e w przypadku gdy uivthkownikiam jest osoba firyeans wykonujgea dziafalnodl gospodarcey,
ramiast adresi i fmigisea zamleszkaniz 1e) csoby = adres | migjsce wykompwania diintingisd, jeiell 5§ inne niz a0ras |
milejsee Tamieszkanls tej osaby;

* Irmile | narwisko osoby, kfdea caplarowala i jest odpowiedzialng 2z preeprowadzenie dofwiadczenia

' Nizwdadciwy 1apis usunac
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Uzasadnienie:

§3

Celem projektu prredstawiorezo we wriosku macierzysiym jest opracowanie nowego
podeojicia terapeutycznego do leczonia balu neuropatyrznegn popriez wrmaocnienie dziatania lekdw
opicidowych w oparciu o zbadanie | modulacjg zmian w ukladach chemokinowych.

W niniejsaym wniosky Autorka projektu zwraca sig ¢ prodbg o wigczenie de zespotu
wykonawcow tego dodwiadczenia 4 osob posiadajacych wymagane wyznaczenia.

Majac to na uwadze, komisja wyrada igode na wlgczenie Lych dodatkowych osob jako osob
uczestmiczacych w zaplanowanych dodwiadczeniach,

§4

Integralna czest niniejsze] uchwaty stanowi kopia wniosku, o ktdrym mowa w § 1.

it lokalas KEomisiy Riycma
do Sprw Eiogmeamlerdi nn
Fwizrzetich w Krakawie prey
Insrptizeie Farmakologh PARN
il Smetna 13 31343 Krakow
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O pecyej koms) modng whlest odwotanie do Krapeee; Komisj Evycrne) w terminis 19 od dnia otreymania uchaaby
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UCHWALA NR 75/2017
z dnia 16-02-2017

Il Lekalne) Komis)l Etyerne) do spraw dodwiadcren na swierzetach w Krakowie

§1

Na podstawie art. 48 pkt. 1 ustawy z dnia 15 stycznia 2015 r. o ochronie zwierzgt wykorzystywanych
do celéw naukowych lub edukacy|nych [Dz. L. poz. 266) po rozpatrzeniu wniosku pt, , Posukiwanie
nowych punkow uchwytu dla skutecznej terapii bélu neuropatycznego i nasilania dziatania lekdw
opicidowych w aparciu o zbadanie i modulacje zmian w ukladach chemokinowych — badania in vivo
w mysich modelach bélu neuropatycinego” 7 dnia 08-02-2017, ztoionego przez: Instytut
Farmakologii Polskie] Akademii Nauk, adres: ul. Smetna 12, 31-343 Krakow®, zaplanowanego przez:
prof. dr hab. Joanne Mike’, lokalna kemisfa etyczna:

WYRAZA 2GODE

Ma przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku,

§2
W wyniku rozpatrzenia wniosku o ktdrym mowa w § 1, Lokalna Komisja Etyczna ustalita, e:

1. Wniosek nalery preypisac do kategorii: badania podstawowe.

2. Najwyiszy stopien dotkliwodc proponowanych procedur to: dotkliwy.

1. Doswiadczenia bedy preeprowadzane na gatunkach lub grupach gatunkﬁws: 1320 myszy
rasy Albino Swiss, ok. 32-38-dniowych.

4. Doswiadczenia boda przeprowadzane preei: prof. dr hab. Joanna Mika, dr Katarzyna

Popiolek-Barczyk, mgr Magdalena Fychowska, mpr Wialetta Makuch, dr Ewelina Rojewska,

mgr Klaudia Kwiatkowski, mgr Anna Piotrowska, mgr Agnieszka Jurga, Agnieszka Mivnarcayk.

Doswiadczenie bedzie prreprowadzane w terminie™: 1 marca 2017 r. do 1 marca 2022 r.

Doswiadezenie bedrie przeprowadzone w osrodku™: nie dotyezy.

Dotwiadczenie bedzie przeprowadzone poza osrodkiem w: nie dotyczy.

Uzyte do procedur rwierzeta dzikle zostans odlowione przez: nie dotyczy, w sposdb: nie

datycay.

9. Doswiadczenie zostanie” poddane occenie retrospektywne] w terminie: po zakoficzeniu
realizacji badan.

| =i 3 ln

: Imibe | nadwisko oraz adres | miejsce zamisszkania albo mazwe orar adres | sledzibe uhpthkownika, ktdry prieprowadz| 1o
doswiadoienie, 7 tym 28 W privpadks gdy uiytkonwnikiem jest osobs fimgezne wikonujgca delalalmost gospodarczg,
zamizst adresu | mbejsca 2amicstkania te] Ssoby — sdres | misjsce Wﬁ'ﬁh’#l‘lia dilatainodci, jeiell sq inne nid adres
i mipsee- qaminszkania bej osoby;

Timil: i nazwisko osoby, ktdra raplanowala i jest cdpowiedzialna za preeprowadzenie doswiadczenia

“Podaf Herbe, morepy/stado, wiek/stadium rarwoju

*Nia dudef nl2 S lat

* podad jedli jest te inny odrodek niz udytkownik
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Uzasadnienie:

Radania prreprowadzone przez Misdrynarodowe Towarzystwno Badania Bolu wskazujs, 7e co
pigty Europejczyvk cierpl na bal prrewlekly, a jednermu na trzech pacjentéw stan ten uniemozliwiz
prowadzenle dotychczasowego | niezaleinego stylu 2ycla. Pomimeo licznych badan zardwno
klinicznych, jak | dedwiadczalnych, mechanizm powstawonia | utreymywania sic bdlu
neuropatycznegoe u ludzl i awierzat weigz nie jest dokladnie poznany, 3 ten rodzaj bolu jest bolem
lekoopornym. Celem przedstawionych we wniogku badan jest stworzenie eksperymentalnych
podstaw dla rozweju bardzie) selektywne] | skutecznej terapii skojarzonej bolu neuropatycznego
Podamia U rwierrgt chemokin - modulatordw interakeji neurcimmunologicznych, prreciweiat
neutralizujgoych, artagonistow receptorow, do ktdrych badane chemokiny wykazujy najwieksze
powinowactwo, takie w polaczeniu ze stosowanymi apioidowymi lekarmi przeciwbdlowymi porwals
lepiej zrozumiet patomechanizm bolu neurcpatycznego, a wicc | zoptymalizowal jego terapie.
Dczekiwanym  wynikiern  badan  bedoe  stwierdzenie, ktory z  mechanizmow daalanis
substanciiflekow modulujacyeh interakeje neurcimmunologiczne magthy by korzystny w terapii
balu neuropatycznego,. Zahamowanie ekspresji caynnikdw pochodzenia immunologicznepo, mode
owiaksryé efektywnosc lekdw prrecwbalowych oraz umozliwic stosowanie ich nizszych dawek, co
pozwoli uniknad wystepowanla polekowych objawdw nlepoiadanych. Dlatege ted oheeny prajekt
jest istotny 7 punktu widzenia nie tylko naukowego, ale i klinicznego, a badania przedstawione we
wniosku 53 niezwykle istotne pod wzgledem poznawczym (potencjalnych zastosowan praktycznych
— poszukiwanie nowych mozllwoesci terapil bélu neuropatycznege) | uzasadnizja przeprowadzenie
iaplanowanych doswiadczesd. Organizacja baden uwiglednia asady 3R ([preesmukiwanie
pismiegnnictwa, wybor dawek potencialnie najbardzie] skutecznych). Liczebnosé grup oszacowanc
prawidlown (meatodami statystyeznymi | na podstawie pliimiennictwa = liczebnoseé osobnikdw w
grupie: maksymalnie 10 myszy/grupg podano na podstawie wyboru pismiennictwa oraz
wezesnigjszych doswiadczen Autordw. Jak zapewnil obecny na posiedzeniu koemisji Kierownik
ninigjszego projektu, prof, nadzw. dr hab. Joanna Mika, wykorzystywane przez Jej zespdt modele
badawcie bolu neuropalycenego wymagaja uzvcia takie] liczby zwierzat eksperymentalnych, co jest
rwigiane I wystepujgcymi niekiedy, 2 niemozliwymi do przewidzenia, problemami podozas indukgji
inieczulenia ogolnego wykonywanego przed zabiegiem podwigzania nerwy kulszowego, @ nie z
samg miétody wywalywania bélu neuropatycrnege. Zdanie to podzielaja inni exlonkowie komisji
rajmujacy sie zhlizong tematyka badawceq (de hab. kKinga Salat}. Autorka projektu udzielita
wyczerpujgcych wyjasnien wszystkich kwestii dotyczaoych dobrostanu zwierzgt w trakcie operacji i
w okresie pooperacyjnym.

Cezekiwanyoh wynikow nie moEna uzyskad innymi metodami bez uiycia zwlerzat, gdy: nie
ma metod modelowania bolu neuropatycznego w warunkach in vitro. Dotkliwose procedur
oszacowano poprawnie [najwylisza kategoria dotkliwodci: dotkliwa). Zespdd odpowiedrzialny za
realizacje projekiu ma duie dodwiadczenie w wylionywaniu tego typu badan. Zwierzeta bedg mialy
rapewnione odpowiednie warunki bytowania,

Podsumowujic, w Swictle prredstawionych we wniosku danych arar biorge pod uwage
macrenie aczekiwanych wynikdw, 2poda komisi na wnioskowane badania jest urasadriona. MNa
podstawie Art. 53, ust. 1, pkt, 2 Ustawy (Dz. U. 2015, poz. 2G6] doswiadczenie zostanie poddane
pcenie ratrespektywne| po jege rakotczeniu.
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Integralng czgic ninigjsze] uchwatly stanowi kopia wniosku, o ktorym mowa w § 1.

Precwodniceey Il Lokalngg Keinisi

IT Lokalna Komispn Eivoma

do Spraw Dofwisdezen ga ; merlk i bp!“w”::rwlh:ilf: s
Ewierzglieh » Kiskowie prey ;
Insiyineis Famakologii PAN Ahim in

ul-Smetna |12, 51-343 Ermkdw

[Plecret lokalne} komis|l atpczne]] Pedpls praewadnlcigoegn komisfl

Dtes gt Uy sk

0d decyeji kamisji motnn wnisic odwalanie do Krajowe| Komisi Ebyceneg w erminie 14 od dnla ctrepmania uchaady

Wiy thow rik bo e preeacuje:
a  Osoba plawgoa dofwladczenie
s Zespolds. dobrostanu



UCHWALA NR 305/2017
z dnia 7-11-2017

Il Lokalnej Komisji Etyczne] do spraw doswiadczen na zwierzetach w Krakawie

51

Lokalna komisia etyczna po rozpatrzeniu wiiosku pt. Posaukiwanie nowych punktow uchwytu dia
skutecene] terapii bélu neuropatycznego i nasilania driatania lekéw opioidowych w oparciu o
thadanie i modulacle zmian w ukladach chemakinowych = badania in vivo w mysich modelach bolu
neuropatyernegn” 1 dnia 25-10-2017 zozonego przez: Instytul Farmakologi Polskie) Akadermi
MNauk, adres: ul. Smetna 12, 31-343 Krakdw', zaplanowanego przez: prof. dr hab. Joanna Mika’, a

dotyczaceg:

dodatkowych osib preeprowadeajyevch do’ wiaderenia

w ramach wydanej przez komisje zgody uchwalg nr 75/2017 zdr  16.02.2017 1.

WYRAZA 2G6ODE*

na dokonanie zmian w zakresie okre: anym ponizej.

§2

1, Najwyisey stopien dotkliwoscl proponowanych procedur po zatwierdzonych zmianach to:
bax rmian.

2, Zespol prowadzacy doswiadczenia rozszerza sie o nastepujace osoby (nazwiske | imie, nazwa
uiytkownika): mar Joanna Kujace, Instytut Farmakeologii Polskie] Akademil Nauk w Krakowie,
mgr Katarzyna Ciapata, Instytut Farmakologh Polskiej Akademii Nauk w Krakowie; mgr Agata
Ciechanowska, Instytut Farmakologii Polskic] Akademii Nauk w Krakowie; mgr iné. Katarzyna
Pawlik, Instytut Farmakologli Polskie] Akademii Nauk w Krakowie.

1 Doiwiadczenie bedzie prreprowadzane w terminie’: bes zmian,

brnig | naewiske orsd adres | itiejsce zamissikaniz albo nazws; oraz adres | siedziby urytkownika, kiory presprowsdz to
doswiadczenie, 7 tym e o privpadku gdy ubtkowndkiem jest osobz fizyozna wykonuigca driatalrpid gospedarcay,
zammilast adresu | micisca ramiesikanio te] osoby — adees | mesjsce wykonywanla deiatalnedcl, jeiell 55 inng niz adres i
mie s 2 i Ekanka Te) asohy:
*lrmin i narwickn anshy, ktdra 2aplanowata i jest odpowiedzialna a preeprowadzene dotwiadczeniz
; Mieddasciwy Zapis Uibngl



g3
Uzazadnisnie:

Wnicsek dotyczy dodwiadezenia, na ktdre Il LKE w Krakowie wyrazita zgode uchwalg nr
T5/2017 wdn. 12.02.2017 r. Kiorownik projektu, prof. dr hab. loanna Mika, wnioskuje o wiaczenie
dodatkowyeh osdb do realizacji badan. Nowi czionkowie zespolu posiadajg wymagane kwalifikacje |
wyznaczenia jako osoby uczestniczace w dodwiadczeniach, ktore wnioskodawca dofgoeyt do
dokumentacii. W zwigzku 2 tym komisja wyraia zEode na proponowana zmiane.

&4

Integralng cegsd niniejszej uchwaly stanowi kopia wiiosku, o ktdrym mowa w § 1.

Il Loknim Kominis. Riycin Preewadideroey 11 Lokalnei Komisii

Sl w Kishouis sy el Ko
Tmetypiceiz Fanmaholoin PAK \ R

il Emginn 1331343 Rrakdw SAudiin. Roman

(recime fakilne) kamsf stpeene) Fodpis preewadnicrgssge komisji
Cibrry e Ly tkawnik

Pz

ol AecyT i Hnmis modna wiie st odwetanic do Erapowe] Komish Ebyconied w terminie 14 od gk striymania uchwaly
Urpyikowenik kopke prckarge

L] Ceaba planuijce doswiadcaenio

[] Fespnd ds. debrostanu

" Mie cheref nit 5 lat



UCHWALA NR 235/2020
z dnia 24-09-2020
Il Lekalnej Komisji Etycznej da spraw dadwiadczen na zwierzetach w Krakowie
81

Na podstawie art. 48 ust, 1 pkt. 1 ustawy 2 dnia 15 stycenia 2015 1. o ochronie zwierzat wykorzystywanyeh
do celow naukowych lub edukacyjnych (D2, U, paz. 266), rwans| dake] ,ustawa” po rozpatrzeniv wnigsku pt.
Dleredlenie profilu diugatrwatych zmian W biosyntezie wybranych chemokin i ich receptordw w rdeeniu
kregowym u myszy w omodelu bdlu neuropatycznego” z dniz 16-09-2020 r., Hozonego priez Instytut
Farmakologi im. Jerzego Maja Polskie) Akademii Nauk, adres: ul, Smetna 12, 31-343 Krakaw .
raplanowanego preez: prof_dr hab, Joanne Mike™, prey udziale’: nie dotyezy, Lokalna Komisja Etycena:

WYRAZA 2GODE’

Ma przeprowadzenie dofwiadezen na swierzetach w zakresie wniosku,

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w §, Lokalna Komisja Etyczna ustalifa, ze:

1. Wniosek nalety priypisac do kategoril: badania podstawowe, ukiad nerwowy.

2. Mapwyisey stopied dotkliwoscl proponowanych procedur to: dotklhwy,

3. Datwiadczenia beds prieprowadzane na gatunkach lub grupach gatu nkdWw™ mysz domowa,

stado CO1 1GS, 36 szt, 32-38 dni.

4. Doswiadczenia bedq preeprowadzane przez: prof. dr hab, Joanna Mika, dr Ewelina Rojewska,
mar Wiolatta Makuch, mgr Katarzyna Ciapala, mgr Ageta Cicchanowska, Agnieszka Miynanczyk,
mgr ini. Katarzyna Pawlk, mgr Joeanna Bogacka,

Doswiadezenie bedzie przeprowadzans w terminie”: 28.09.2020 r. do 30.09.2022 r.
Doéwiadezenie bedzie preeprewadzone w osrooku’: nie dotyczy.

Doswiadczenie bedzie przeprowadzone poza osrodkiem w: nie dofyrzy.

Usyte do procedur swierzeta daikie 2ostang odiowone przez: nie dotyczy, w sposob: nie datyezy,
Doswiadczenie zostanie poddane acenle retrospekiyvwne] w terminie do & miesiecy od dnia
prrekazania przer uiyvtkownika dokumentac), majace] stanowic podstawe dokonania oceny
ratrospektpwne], Liytkownik jest zobowigzany do przekazanis ww. dokumentacji niezwtacznie,
1. w terminee, o kidrym mowa w art, 52 ust, 2 ustawy,

W OO 4 o Wn
R Tl i -

§3
Uzasadnienie:
Tgodnie 2 art. 107 & 4 KPA, wober uwezglgdnienia w calosci wniosku strony, || Lokalna Komisia

Etyczna ndstepuje od uzasadnienia decyzji.

i Irvile | nazwisko oraz adres | miejsce zamicickanin albo maowe ora: adies ) gedribe urytkownika, ktary progprowadsl 1o
dodwiadezenie, 7 0ym 28 w praypadiy pdy ubytkownikiem jest osoba fisyoina wwkonujata dziatainosc gospodarcey,
formigst adresu i migjsca ramviestkania te) osoby — adres | miejsce wikomwania deisdalnoscl, jedeli 53 inne nii adres
I miemce ramieszkanla bej onolby,

! imle | nazwisko osoby, Ktora zaplanowata i jest odpiwiedzialng za przeprowadzenie doswizdizenia

 wispelnit w proypadku dop rszczenia do pestepowania arganizac)l spoléczng)

' Miewdatciwy sapls usangt.

‘Padad licibe, szoiep/stade, wiekstadium rozwegu.

" Hie dduzei niz 5 faL

' padaé Jesll jest to imny oSrodek nik ubytkownik



§4
Integralng czasd niniejsze) uchwaly stanowi kopla wnicsku, o ktdérym mowaw § 1.

B Eokalne Kornis)s [hyemi Prresrociniezges |1 Lobslne] Komis)|
dio Spein Boriwt i s map Elycim] cly Sprmw Dodwdadcaad ng
Dwilerastach w K rake s pray Fwierzetach w Krskowie

Insiytuicip Fasrrakologii im ercepo Mg FAR - ﬂ“- i
: |
wl. Smgtma 8 -8 K ki areit: dr hab, KI stk
ecred Infalne BEycen e iceqee nsji
F Inimalne] boanisji P pie Wi i Famisji

Tgodnie 2 arm. 33 wst. 30 arr, 40 ustawy woow. T art, 127 10 2 oraz 139 & T ustawy 7 dnda 7 dnka 14 czerweca 1960 r,
Hodeks postopowania administracyjnego (Qz. U, 2007, por. 1257 -t dalej KPA] od ochwaly Lokalne] Komesp Ebpoenisj
stiona Mole wnledd, jel podrednicoéem, odwofanie do Krajowe] Komisfl Etyezne| do Spraw Dodwisdczed na
Swderiatach w terminle 14 oo daia derecienia uchwidy.

M=z podstasde art, 1273 KPA w trakcle biegu terminu do wnleshenia odwotania strona mode triec slg prawas do jegs
whiBLienia, co nalely uciyvnic wobec Lokalng] Kemisi EDycznef, ktdra wydada echiwale. 2 dniem doreczenis Lokalna)
Hormigi Etyeenej néwladcienia o rresczeniu sig praws do wniesienia ofwelanis prier ootatniy 1e stron postecowsnla,
decyzja staje sie ostatecona | prawomocna.

CHr 2y maje:
1] Utytkownik,
1) Organizacja spoleczna dopuszcrona do eddaby w postepowaniu {jedli dotyeey)
3] afa
ivikewnik kopie preekaguje:
s Usoba planujjca dodwiadczanie
s Peapdl ds, debrostanu



UCHWALA NR 40/2023
z dnia 09-02-2023
Il Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzgtach w Krakowie

§1

Na podstawie art. 48 ust. 1 pkt. 1 ustawy 2z dnia 15 stycznia 2015 r. o ochronie wlerzat
wykorzystywanych do celdw naukowych lub edukacyjnych [Dz. U. poz. 266), ewanc| dalej  ustawy”
po  rozpatrzeniu  wniosky pt: Okreflenie efektywnodcl przeciwbdlowes] Igcznych podad
antagonistow receptordw chemokinowych — CCR1 | CCRS w modelu bdlu neuropatycznego u
myszy” 2 dnia 09-02-2023 r, zloionego przez: Instytut Farmakologil im. Jerzege Maja Polskie|
Akademii Nauk, adres: ul. Smetna 12, 31-343 Krakow', zaplanowanego przez: prof. dr hab. Joanne
Mike®, przy udziale’: nie dotyczy, Lokalna Komisja Etyczna;

WYRAZA 2GODE*

MNa preeprowad:zenie doswiadczen na awierzetach w zakresie wniosku.

§2

W wyniku rozpatrzenia wnlosku o ktdrym mowa w § , Lokalna Komisja Etyczna ustaliia, 2e:

1. Wniosek nalely przypisat do kategorii: badanla podstawowe, uklad nerwowy.

2. Najwyisey stopler dotkliwodcl proponowanych procedur 1o: dotkliwy.

3, Doiwiadczenia beds przeprowadzane na gatunkach lub grupach gatunkéw': mysz domowa,

CD1 IGS [Albino Swiss), samce, 40 osobnikéw, 32-38 dni,

4. Dofwiadczenia bedy prreprowadzane preez: prof. dr hab. Joanna Mika, mgr Wioletta
Makuch, Agniesrka Miynarczyk, mgr Katarzyna Clapala, mgr Agata Clechanowska, mgr ini.
Katarzyna Pawlik.

Dodwiadczenie bedzie przeprowadzane w terminie™ 13.02.2023 r. do 10.02.2028 r.

Doéwiadczenie bedzle przeprowadzone w otrodku ™ nie dotyczy.

Dofwiadczenie bedzie prreprowadzone poza osrodkiem w: nie dotyczy.

Uiyte do procedur zwierzeta diikie rostana odlowione przez: nie dotycry, w sposob: nie

dotyczy.

9. Doswiadczenie zostanie poddane ocenie retrospektywnej w terminie do & miesigoy od dnia
przekazania przez uzytkownika dokumentacji, majgoej stanowic podstawe dokonania aceny
retrospektywnej. Uiytkownik jest zobowigeany do priekazanda ww. dokumentaci
nigzwiocznie, tf. w terminie, o ktdrym mowa w art. 52 ust, 2 ustawwy,

m o e

U imie | naowisko oraz adres | misjsce zamizsskania albo nazwe oraz adres | siedzibe uiytkownika, ktdry przeprowads! to
dobwiadczenie, z tym ie w przypadiu gdy ubptkownlklem jest osoba fiycana wykenugics dziatalnodd gospodarcay,
tamiast adresy | migjsca zamiestkania te| osoby — adres | micjsce wykompwanie deisalnodel, jereli sq inne nik adres
i migjsee drnesikania ve) ooy

* Imie 1 narwisko asoby, kidra Faplanowalai jest odpowiedziaing za preeprowadzenie dodwiadczenta,

"wypeknid w proypadku dopusicrenia do postepowania erganizach speleczneg,

! Mlowdasciwy gapis usungt,

' Podad liczbe, szezepfsiado, wiek/stadium rozwoju,

P Mie chinsde) nid 5 lat,

" Padar jedli jest o inny odradek nld utyvekownlk.



N

§3
Uzasadnienie:

Miniejszy wniosek jest rozpatrywany po raz pierwszy, Pochodzi 2 Instytutu Farmakologii im. J.
Maja PAN w Krakowie a osobg planujgcg doswiadczenie jest prof, dr hab. Joanna Mika.

Celem projektu jest zbadanie przeciwbclowego dedalania antagonistdw receptordw
chemokinewych CCR1 i CCRS u samedw mysiy domowe|. Badania podstawowe (PB[2]) majg
by¢ wykonane na modelu luinego podwizzania nerwu kulszowego (model CCI). Testy
behawloralne jakie maja byé wykonane sisdmego dnia po wywolaniu neuropatii to test von
Frey'a i test zimne] plytki. Po zakonczenlu badarnia myszy zostan3 udnilercone poprzez
dekapitacie, a tkanki bedg prickazane do dalszych badan. Kategoria dotkliwodc procedur te
kateporia tagodna (10 myszy) i dotkliwa [30 myszy).

Komisja zwraca uwage na nastepujace uchybienia:

- W punkeie 7A wskazano, Je do badard uiyte bedy samce | samice myszy stada CD1 IGS,
podczas gdy w punkcie 7B wskazano wylgcznie samce.

- Nieprawidiowa kolejnoéé czynnodel w procedurze nr 2 — jak wskazano w opisie czynnosci nr
2, watenie bedzie sie odbywaé w T-ym dniu pe podwigzaniu nerwu kulszowego, dlatego
caynnodt walenia powinna byt czynnoscig nr 3, a czynnodc podwigzania nerwu = czynnodcly nr
Z.

Powyzsie nie stanowi przeszkody w udzieleniu zgody na realizage doswiadczenia,

Podsurmowujac, w Swietle przedstawionych we wniosku danych, jak rownieid biorge pod
uwage szkodliwost dodwiadczenia dla swierzat araz rnaczenie oczekiwanych wynikow, zgoda
Komis|i na wnioskowane badania [est uzasadniona.

MNa podstawle art. 53, ust. 1, pkt. 2 Ustawy (Dz. U, 2015, por. 266) doswiadczenie zostanle
poddane ocenie retrospeklywnej & mies. po jegn rakohczeniu.

L
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Pouczenie

Zpodnie -z art. 3% ust. 3 1 art, 40 ustawy w 3w, £ 8 127 511 2 oraz 129 & 2 ustawy 7 dnia z dnia 14 czerwea 19601
kodeks postagowanlz administracyjnege (Dz. L. 2017, por. 1257 — L].; dalej EPA) od uchwaly Lokalnej Komisji Etyczng
strona mode wnlest, 18 & posrednictwem, odwodanse do Krajowe| Kemlsi Ebycrnel do Spraw Dotwiadczen nz
Dwiereatach w terminle 14 od dnia dorpoeenis uchwaby,

Ma podstawie art. 1272 KPA w tratcie biegu terminu do wnleslenla cdwatanla strona mote Zrzec sle prawa do [ego
wniesienia, tomalery ucryeed wobsc Lokaing] Kemisll Tiveme], kidrz wydale uchwale, Z dnlem doreczenia Lokalng)
komisji Etycrnej oiwiadcrenie o rreecreniu sig prawa do wniesicnia odwelania preez ostatniy ¢ stron postapewania,

decyzja stje sic ostatecng | prawomoona.

Otrzymuje;
17 Ubythownik,
21 Organizaca sprleczna dopuszczona do udsisdu w postepowaniu (jeill detyory)
3 ala
Uzytkowriik kople proakazuje.
= [Oscba planujace dofwladczenie
» Fespol ds. dobrostanu



UCHWALA NR 236/2021
2 dnia 22-07-2021
Il Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzgtach w Krakowie

g1
Mo podsiawie arl. 48 ust, T pkt, 1 ustawy z dnia 15 stycznia 2015 r. o ochronbe swierzat wykorzystywanych
do celdw paukowych lub edukacyjnych [Dz. U, poz. 266), zwansa| dale] Lustawa™ po rozpatrzeniu whlosku pt.:
JOkreslenie efektywnoicl preeciwbdlowej praeciwciate neutralizujgeego integryne af i antagonisty XCR1 po
podaniu probolowe] chemoking XCL1 u myszy” z dnia 14-07-2021 r,, zioionego przez: Instytut Farmakologil
im. Jerzego Maja Polskie] Akademii Nawk, adres: ul. Smetna 12, 31-343 Krakdw', raplanowarego prrer: prof,
dr hab. Joanng Mike?, pray udziale®; nie dotyczy, Lokalna Komisja Etyczna:

WYRAZA 2GODE*

Ma przeprowadzenie doswiadczen na ewierzetach w zakrasie wniosku,

§2
W wyniku rozpatrzenia wniosku o ktdrym mowa w § , Lokalna Komisja Etyczna ustalita, ie:

1. Wnioseknalery preypisad do kategorii; badania podstawowe, uklad nerwowy

2. Najwyzszy stopied dotkliwodcl proponowarych procedur to! dotkliwy

3. Dniwiadczenia bedg prieprowadzane na gatunkach lub grupach gatunkdw®; mysz domowa, stado
CE1 IGS, 130 asobnikdw, 32-38 dni.

4. Dodwiadczenia bedy prreprowadzane preez: prof. dr hab. Joanna Mika, dr Ewelina Rojevrska, mar
Winketta Makuch, mgr Katarzyna Ciapala, mgr Agata Clechanowska, Agnieszka Miynarceyl, mer inz.
Katarryna Pawlik,

5 Dofwiadczenie bedzie przeprowadzane w terminie®; 2907 2021 r. do 26,07 2026 1.

6. Doftwiadczenie bedzie przeprowadzone w odrodku’: nie dotyezy.

7 Dofwiaderenie hedzie przsprowadrone poza odrodkiem wi nie dotycay.

B Uiyte do procedur swierzgta deikie zostang odbowione przez: nie dotyczy, w sposob: nie dotyezy.

9. Dodwiadczenie zostanie poddane ocenie retrospektywney w terminie do & miesiecy od dnia
przekazania preez uiytkownika dokumentaci, majace] stanowit podstawe dokonania oceny
retrospekbywne). Uiytkownik jest zobowigzany do przekazania ww, dokumentac) niezwdocenie, 1, w
terminie, o kidrym mowa w art, 52 ust. 2 ustawy.

§3

Uzasadnienie:

Zpodnia z art. 107 § 4 KPA, wobee uwiglgdnienia w catosci wniosku strony, || Lokalna Komisja
Etyezna adstapuje od uzasadnienia decyzji. Ma podstawie arl, 53, ust. 1, phkt. 2 Ustawy (Dz. U, 2015, poz.
266) doswiadczenie zostanie poddane ocenie relrospekbywnej b miss. po jego zakonczeniu,

! Imig i nazwisko oraz adres | miejsce 2amiesekania albo napwg oraz adres i sisdzibe ubytkownika, kidry przeprowadsi to
doswiadczenie, 2 vm e w przypadku gdy uytkownikiem |est osoba fizycana wykonujuca diafalnold gospodarcza,
zarniast adresu | migjsca Zamiesckania tej osoby = adres | misjsce wykonywianda dratalnodol, jedeli s inne nid sdres
| WibEgsCE zamigszhania 18] eaoby,

*mig | narwisko csoby, kbdrs zaplanowala | jest edpowiedzialing za prreprowadzenia deswiadzenia.

' Wypetnic w przypadiu dopusrceenia do postepowsnia organizacii spotecznej.

' Hiewlasichwy zapls usungt,

* Podad icthe, stezep/stado, wiek/stadium rozwaoju.

*Mie chuie) niz 5 lat

" Pexiad sl jest ko inny oSrodek nid urytkowmik



54
Integralng czedt niniejsze] uchwaly stanowi kopia wniosku, o ktorym mowa w & 1,

T miertiona Ko Fiwesnm Provwsad nicegea i Lodas o

der Sprarwe Dhadad ke reh g Fryernn] da Soraw nw duece
Fuwvaer pasboni 0 S KED Bides Jr %ﬁhw Ko v
Frisbiel i Femakon g s i i e Kada Ty H:... -
al, Sl 32, 41084 Krakibe praf dr bab. ginga s
(Pleczed Iokalne oma] etycane ] Podpis prewadniczqeagn komes)|

EBouczanie:

Zpodnbe £ art 33 sy, 30 art, 40 ustawy waw. z et 127 8 1) 2 oraz 129 & 2 ustawy z dnia 2 driia 14 crerwda 1000 1.
Kodeks postepowania administracyjrego (Dz. U. 2017, poz. 1257 - t.).; dale] KPA| od uchwaly Lokalnej Komisji Etyerne]
strona moie whield, za jaj podiredoictwem, odwolanio do Krajowsj Komis)i Etycene] do Spraw Doswiadcred na
Dwierdgtach w terminie 14 od dnia dorsczenia schwaly.

Ma podslawie art. 127a KPA w trakcke Blepu terminu do wniesienla odwolania strona moze zreec sig prawa do jego
whissienia, co naledy uszynie wobec Lokainej Komisjl Etyceng), ktara wydwla wchwale. Z dniem dorgozenia Lokabe
Komisjl Evpcznej oswiadczenia o oreecieniu sig prawe do winesienia odwafania przez ostatnig re stron postgpowania,
decyzla staje sie ostatecing i prawomocna

Sy e,
1) Utytkewnik,
2} Organizacia spoteczna dopuszczona o wdzlaly w postepowaniu (jesh dotycay|
i) afa
iytkowmik kopie preekazufe
s (Osoba planujacs dodwisdezenie
*  Fespdd ds dobrastanu



UCHWALA NR 297/2021
2 dnia 07-10-2021

Il Lokalnej Komisji Etycznej do spraw dodwiadczen na swierzgtach w Krakowie

§1
MNa podstawie art. 48 ust. 1 pkt. 1 ustawy 7 dnia 15 stycznia 2015 r. 0 ochronie awberzgt wykorzystywanych
do celdw navkowych lub edukacyjnych (D2, U, poz. 266), swane] dale] ,ustawa” po rozpatrzeniu wnilosku pt.:
JOkredlenie efektywnosei preeciwhdlowe] preeciweiala neutralizujgceso integryng af | antagonisty XCR1 w
modely bilu neurapatycznego u myssy™ 2 dnia 29-00-2021 r., ziozonego przez: Instytut Farmakologii im.
Jerzego Maja Polskiej Akademil Nauk, adres: ul. Smetna 12, 31-343 Krakéw', zaplanowanego przez: prof, dr
hab. Joanng Mika’, przy udziale®: nie dotycry, Lokalna Komisja Erycrna:

WYRAZA IGODE’

Ma przeprowadrenie doswiadczen na zwierzetach w zakresie wricsku.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w § , Lokalna Komisja Etyczna ustalifa, ie:

1. Wniosek nalely prevpisacd do kategoril: badanla podstawowe, uklad nerwowy.

Z. Najwyiszy stopien dotkliwosc proponowamych procedur to: dothlivy.

3. Doéwiadczenia bedy przeprowadzane na gatunkach lub grupach gatunkdw’: mysz domows, stado

CO1 1G5, 230 osobnikdw, 32-38 dni.

4. Dofwiadczenia bedy przeprowadzane preez: prof. dr hab. Joanna Mika, dr Bwelina Rojewska, mgr
Wioletta Makuch, mgr Katarzyne Clapata, mgr Agata Ciechanowska, Agnieszha Mhymarczyk, mgr ind.
Eatarzyna Pawlik.

Dodwiadczenie bedzie prieprowadzane w terminie”: 07,10.2021 r, do D6.10.2025 1.

Pofwiadczenie bedzie preeprowadrone w orodku’; nie dotyczy.

Dodwiadezenie bedzle preeprowadzone poza osrodkiem w: nie dotycey.

Uzyte do procedur awierzeta dzikie zostang odlewione przez nie dotyczy, w sposdh: nie dotyezy.
Dedwladezenle zostanie poddane ocenie reliospeklywnegy w terminie do 6 miesiecy nd dnia
przekazgania prez uiytkownika dokumentacii, majace] stanowil podsiaweg dokonania oceny
retrospektywne], Uiytkownik jest zobowigzany do przekazania ww. dokumentacji niezwlocinie, tj. w
terminie, o kidram mowa woart, 52 usk, 2 ustawy.

IR

£3
Uzasadnienie:
Zgodnie z art. 107 § 4 KPA, wobec uwzglednienia w catosd wniosku strony, Il Lokalna Komisja Ftyczna
odstepuje od uzasadnienia decyzji. Na podstawie art. 53, ust, 1, phkr. 2 Ustawy Dz U. 2015, po:. 288)
dofwiadezenie rastanie poddane ocenle retrospektywne) b mies. pa jego rakonczeniu

"t § nazwisko oraz adres | misjsce pamisskania afbo nazrwe oraz adres | siedzibg uiythownila, Kory preeprowadzi to
dotwisdczene, 2 tym 2e w przypadku pdy uiytkownikiem jest oscba fizyezna wykonujgca dzialalnedd gospodancay,
ramiast adresu | miejsce zamieszkania tej osoby — adres | misjsee wykonywanla dziatalnodd, jeieli &4 inné nit adres
| migjsce damasskanip (2] os0by

* lmie i narwisko nsoby, ktora raplanowala i jesl odpowiedizing 2a przeprowadzeniz doswiadczenia

"iypednid w przypadke dopuszezenia do postepowania organizaci spofeczne).

* Miswdadeiwy 2apis usungd,

* Podac liczbe. szcrep/stade, wiek/stadium rozwoju

" Mie dtuie] niz 5 lat

T Podad jedh jest to inny odrodek ni urytkownik.
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Zgodnie ¢ art, 33 ust 3 1 art. 40 ustawy waw. 2 art. 127 § 112 oraz 129 § 2 ustawy 7 dnla ¢ dnis 14 crerwes 1960 r.
Kodeks postepowania administracyinegoe (De. U 2017, poz. 1257 — t.); dale] KPA) od uchwaly Lokalnej Komigji Etyczme
strona. mode wniedt, za jo] podradaictwem, odwolanie oo Krajowe] Komig)i Etyeznel do Spraw Doswiadczen na
Twierzetach wterminle 14 od dnia doreczenis scheaty.

Wa podstawie art. 127a KPA w trakde biegu terminu do wniesienia odwolania strona mode zriec sig prawa do jego
wikiesienia, o nalely ucryald wober Lokalne| Komis]l Etycznel, ktdra wydata uchwate, 2 dniem doracaenia Lokalne]
Eernis]i Etyerne] odwiaderenia o zreecreniu sle prawa do winbeslenka cdwotania przez estainig ze stron postggeswania,
decyzja staje sie ostalesina | pravomoena.
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UCHWALA NR 89/2021
7 dnia 18-03-2021
Il Lokalnej Komisji Etycznej do spraw doswiadcen na swierzetach w Krakowie

g1

Na podstawie art. 48 ust. 1 pkt. 1 ustawy 2 dnla 15 stycznla 2015 r. o ochronie zwierzat
wiykorzystywanych do celdw naukowych lub edukacyjych (Dz. U, poz 2668), twanej dalej ustawg”
po rorpatrzeéniu  wniosku pl: Okredlenie wphywu przeciwciata neutralizujgeege ¥CL1 na
efektywnoié stosowanych w kiinice przeciwbédlowyeh lekdw opicidowyeh w modelu balu
neurapatycznegn u myszy” z dnia 10-03-2021 r., riofonego przez: Instytut Farmakologil im. lerzego
Maja Polskiej Akademii Nauk, adres: ul. Smetna 12, 31-343 Krakow', zaplanowanego przez: prof, dr
hab. Joanne Mike?, przy udziale’; nie dotyczy, Lokalna Komisja Etyczna:

WYRAZA ZGODE'

Ha przeprowadzenie dodwiadczen na rwierzetach w rakresie wniosku.

§12
W wyniku rozpatrzenia wniosku o ktdrym mowa w § , Lokalna Komisja Etyczna ustalita, e:

1. Whiosek nalety przypisac do kategorii: badania podstawowe, uklad nerwowy.

2. Majwyiszy stoplen dotkliwoicl proponowanych procedur ta: dotkliwy.

3. Doswiadczenia bedy preeprowadzane na gatunkach lub grupach gatunkdw': mysz domowa,
stado CD1 IGS, 140 osobnikdw, 32-38 dni.

4. Doswiadczenia bedy przeprowadzane preez: prof. dr hab. Joanna Mika, dr Ewelina
Rojewska, mgr Wioletta Makuch, mgr Katarzyna Ciapata, mpgr Agata Ciechanowska,
Agnieszka Miynarczyk, mgr inz. Katarayna Pawlik, mgr Joanna Bogacka.

5. Doswiadczenie bedzie przeprowadzane w terminie®: 22.03.2021 r. do 22.03.2025 r.

6. Doswiadczenie bedzie prreprowadzone w osrodku’: nie dotyczy.

7. Dodwiadczenie bedzie przeprowadzone poza osrodkiem w: nie dotyczy.

8. Uiyte do procedur zwierzeta drzikie rostang odlowione przez: nie dotycry, w sposob: nie
dotyczy.

9. Doswiadczenie zostanie poddane ocenie retrospektywnej w terminie do B miesigcy od dnia
przekazania prrez uiytkownika dokumentac)i, majacej stanowi¢ podstawe dokonania oceny
retrospektywne]. Ufytkownik jest zobowiazany do prrekazania ww. dokumentacji
niezwlocznie, . w terminie, o ktdrym mowa w art. 52 ust. 2 ustawy.

Vimig | narwisko oraz adres | misjsce gamieszkania albo nazwe oraz adres | siednbe uiytkownika, Btory preeprowadzi to
dotwiadczenie, z tym e w praypadiu gdy ubytkownikiem jest asoba lppema wykonejacs diialainodd gospodarcss,
zamizst adresu | miejsca Tamieszkania & csoby — adras | miepgos wykomyawania driatalnosq, el &3 inne nlk adres
| rielsce ramiesikania b osoby.

* Ime T nazwiska nsohy, kb raplanowata | jest odpowiedrialng 7a prieprowsdzents dodwiadezen:a.
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53
Uzasadnienie:
Zgodnie z art. 107 § 4 KPA, wobec uwzglednienia w calodcl wniosku strony, Il Lokalna

Komisja Etyczna odstepuje od uzasadnienia decyzji. Na podstawie art. 53, ust. 1, pkt. 2 Ustawy
(De. U. 2015, poz. 266) doswiadczenie zostanie poddane ocenie retrospektywne] 6 mies. po jego
takonczeniu.
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UCHWALA NR 98/2022
2 dnia 07404-2022

Il Lokalnej Komisjl Etycenej do spraw doswiadczen na zwierzetach w Krakowie
51

Na podstawie art. 48 ust. 1 pkt. 1 ustawy 2z dnia 15 stycznia 2015 r. o ochronie zwierzat
wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), twane| dalej ,ustawg”
po rozpatrzeniu wniosku uzupeiniajgcego pt.:  Okreslenie wplywu przeciwciata neutralizujacego
XCL1 na efektywnose stosowanych w klinice przeciwbdiowych lekdw apioldowych w modelu bélu
neuropatycznego u myszy” z dnia 29-03-2022, rtotonegn prrez: Instytut Farmakologii im. Jerzego
Maja Polskiej Akademii Mauk, adres: ul. Smatna 12, 31-343 Krakéw', zaplanowanego przez: prof. dr
hab. Joanne Mike® przy udziale'; nie dotyczy, Lokalna Komisja Etyczna:

WYRAZA ZGODE*
Na przeprowadzenie dodwiadezen na 2wierzetach w zakresie ninigjszego wniosku uzupetniajgcego.

§2
W wyniku rozpatrzenia wniosku o ktarym mowa w §, Lokalna Komisja Etyczna ustalita, 2e:

1. Whiosek naleiy przypisac do kategorii; bez emian.

2. Majwyiszy stopien dotkliwesici proponowanych procedur to: bez zmian,

3. Dotwiadezenia beda przeprowadzane na gatunkach lub grupach gatunkow®: mys: domowa,
CO1 IG5 (Albino Swiss), samce, 70 osobnikow, 32-38 dni,

4, Dodwiadczenia bedy prieprowadzane przez: bez zmian.

5. Dodwiadczenie bedzie przeprowadrane w te rminie™ hez zmian.

6. Dodwiadczenie bedrie przeprowadzone w osrodku’: bez zmian.

7. Dodwiadczenie bedrie prreprowadzone pora osrodkiem w; nie dotyczy.

8. Uizyte do procedur zwierzeta dzikie zostang odfowione przez: nie dotycry, w sposob: nie
datyecry.

9, Dodwiadcrenie zostanie® poddane ocenie retrospektywnej w terminie: bez zmian.

§3

Uzasadnienie:
Zgodnie ¢ art. 107 § 4 KPA, wobec uweglednienia w calodcl wniosku streny, Il Lokalna
Komisja Etyczna odstepuje od uzasadnienia decyzji.

! irnie § parwiska oraz adras | misjsce Zamieszkanis albo nanig oraz adres | siedzibe ulytkownlks, Kiéry przeprowadil to
doswiaderenie, 2 v b8 w przypadku gdy ulvtkownikiem |est osoba fizycma wykonujacs doalalnodd gospodarcey,
eammiast adresu i migjsca ramicsikania Loy osoby — adeés | misgce wykonywania deiatalnosci, jezall sy inpe nid adres
i migjsce aminsrkaria bej osoby

! [rnie i narwisko asoby, kidra zaplancwaln i jest sdpowiedzising 2o preeprowadzenie dodwiadczenia,

FWypeinid w pravpadiu dopuszesenia do posigpownnia organizch spolecene).

PN iEwEASCTWY SIS UsUngE,

¥ P b, hﬂ::-':i!Fl-"H:!-r]lJ. whislkdsmdimm rEReNA L.

= Wie dhozej niz 5 lat,

T Padad jedli jest to inry odrodek ni? uryvthownik.

" Migwladciwy Z=plE usungd,



g4
Integralng czesd niniejsze] uchwaly stanowi kopia wniosku, o ktorym mowa w § 1.

B Bdafin Ko Ergrena Presswi il dag i 1 Likalne) Ko
A e DS e 1k Frpcrre o Sprie Dndwiadcien na
Pt e e bk v Brakuveie prey Eacira glac how Kranmyie
bmibytuae | armaketngd im detacgn Wi B e
ub. SrEigana 13, 31943 Krakow me dr hals. #inga Satat
[Pleczed lokalmef komis) etponu]] Fodpis preewodniczacegs komis)i
Fouccenie:

Zgodnie art, 33 wsh. 3 art 40 ustawy wow, z art, 127§ 11 2 graz 129 § 2 wstawy z-dnka z dnia 14 czenyca 1960 T,
kodeks postepowanta administracyinege (Dz. U, 2017, poz. 1257 - L., dalej EPA) od uchwaty Lokalnej Komisjl Ebycznej
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